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HIGH ENERGY PHYSICS

I plan to discuss some of the methods, especial-
ly the new ones, for isolating one component in a beam containing
many kinds of particles.

Some of these methods bhave been used éxténsively in studying antiprofons
in the presence of many other particles. Results of experiments

on antiprotons and antineutrons will be discussed. As time 2llows

we may go on to nucleon~nucleon scattering.

In the use of high--energy accelerators it is
frequently necessary to select, from amonrng all the particles emerging
from a target, a particular component. For instance, in studying
gntiprotons and X particles it is frequentiy necessary to use a
selector that is sensitive only to particles of some chosen mass.

- We will review here some of the methods used
to isolate a particular ‘component, with some emphasis on the newer
methods. Special attention will be given to counter arrangements ..
' which select particles of a particular mass, arrangements that are
being used a great deal at Berkeley and Brookhaven.

On many occasions we will need particle selectors
that are capable of selecting from a beam a rare component.
For example, if we may use the statistical theory of Fermi as a
guide, we expect that even when using very high energy accelarators
antiprotons will be rather rare reaction products. See for instance

the following results of Fermi.

S—

W W
(Relsen in (Rel.en.in Fraction of collision
c.m.s8ysten lab.sgyst.of resulting in antinucleons
of 2N ) one N )

4 + T+ 4 0.I

4.5 9.I 0.00I5 ( X))

5.0 II.5 0.0036

3¢5 I4.3 0.0047

6.0 16.9 0.0054

(X) 0.I( 0-5)7/2=0.008§; gyerestimate



This table is from E.Fermi, Prog.Theor.Phys. 5, 570 ( 1950 )
Note that except for the energy region very near threshold the
rise in antiproton production with energy is very slow , and that
antiprotons are a rare product even at high energies, according to
this theory.

In describing mass selectors let us restrict our at -
tention to singly charged particles. They may be either positive
or negative but we assume the sign of this charge is known, usually
from their direction of bending in a magnetic field.

We can determine the mass o 2 particle by measuring

any two of the quantities in the following list.

Possible measurable guantities.

1. Momentum -~ ( by measuring magaetic rigicdity .

" where B = magnetic flux density and = radius of
orbit curvature. Current practice allows arranging
magnets to give 1% spread in momentum and an uncer-
tainty of 2% in the value of mean momentum. Better
accuracy could be obtained if it were quite important
to do so.

2. Velocity -

(a)By time-of-flight measurement over a known distan-
ce. Current practice allows flight-time measﬁrements
to 5 x I0 sec by purely electronic means, perhaps
I x 10.9 sec if unusually good technique is nused
in electronics, and to 1 x IO_9 sec by paotographing

the pulses on an oscilloscope screen.

(b)By velocity-selecting Chercnkov counters. Current
practice allows determining velocity to about 3%,as
will be discussed in detail.



¢) By grain-density measurement in emulsion.

3~Range
4~ P (momentum times velocity)

a) by measuring multiple coulomb scattering.
b) by measuring rigidity against ¢aflection in an elec-
trostatic field.
5-Bnergy (applicable in special cases)
In special cases limits may be places on the mass of
a particle by measurement of either :
6 Emergy of arvihilation or dzcay
T Rate of‘emission of Lremsstrahlung

Basic momentum selestox.

Many expertmental arrangements used at present irclude some
kind of selection apparatus to select certain charged particles
out of many that emerge from some target that has been struck by
the beam of an accelerator. The simplest of these is a mementum
selector us¥ig” magnetic fields.

At the present time the most elementary arrangement usually
includes magnetic focussing.

For instance: T: target

_~

Deam

L =1ens

-\ft/f ™ : vending magnet

focus point for central momentum
-

In some cases bending and focussing magnets can be combined.

If the particles to be selected are long lived a double magne-
tic spectograph is frequently advisakle. Such an arrangement is
shown in the following sketch.
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See Fig.Il of Chamberlain, Segrd, Wiegand and Ypsilantis, Phys.
Rev. 100, 947 { I955).

Two important advantages are te be had.
1°) The momentym disoersion present at the focus of the
first analyses (position of SI) can be comvensated at the pnsition
52, the second focus. This means that all particles whick pass
through the system come to a much better focus at S.2 than at S.I.
2°) The first counter(in this case SI) counts only those
particles in or near the selected momentum. In particular the
first counter need not be filled with counts from particles irre-
levant to the experiment. General background is usually reduced.
It is 8till true in this arrangement that when SI and 82
(scintillation counters) count in coincidence then one has an ex-
cellent assurance that a particle of the desired momentum passed

through the sgstem.
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The system may be further improved by putting another
magnetic lens near SI - a so called field lens. Such 2 lens can be
used to focus those particles coming out of lens @ I onto the
entrance aperture of Q 2, thus eliminating some loss of intensity
in the double magnetic analysis.

Available magnetic lenses with 4" diameter aperture have
focal lengths of 2 - 3 meters for particles of about IO000 Mev/c,
momentum. Such magnetic lenses yould require 40 oxr 20 kilowatisof

- electrical power, and cost from 5000 to I0.000 dollars.
Time~of-flight measurement by photographing pulses.

‘ If the outputs of two counters are combined electrically
they may be displayed on the same oscilloscope sweep and the time
between the two pulses determined more accurately than by purély

. @lectronic means.
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A good method of determining the time cf an event from the pulse
is to extrapolate the steepest slope back to the base line.
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This met%od of assigning the time to each pulse has advantage that
it is not severly affected Lif there is some saturation in the
. electronic system such as would distort the highest part of the
pulse. The observed r.m.s. time error using the system has been

1 x 1077 sec even when three Hewlett-Packard (Type 460A) amplifiers
were used to supply the pulse voltage to the deflecting plates of
the oscilloscope.
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Velocity determination by Cherenkov velocity -~ selecting counter.

Cherenkov radiation is emitted when a particle travels faster
than the velocity of light in that medium. - ‘
In time t: the particle travels distance v t; the electromagnetic

o / disturbance travels distance ( c/F )t,
/e

AB

A Huyzhohs' construction gives the ex—

pression relating v and Q.

A2l
@ = mngle between light direction and particle direction.
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The intensity of Cherenkov light is &l ven by
- 2
et 7 |
I photong emitted per cm = LFTT' ?’1 — AV &1 - "}ghm’lj
am Z AV .2g Foc e
1d7¢

charge of particle, usually 1 or - 1 in our application.

L}

2
N frequency of light emitted.

Ist report: Cherenkov, P.A., Compt.rendu Académie Sciences U.S.S.R.2
451 (I934) - Explanation: I Frank and I. Tamm,Compte rendu Académie
Sciences U.S.S.R._I4, I09 ( I937) - '

Thea Cherenkov light, to be useful in the usual way, must im-
pinge on a conventional photomultiplier tube, such as the RCA58I9 or
RCA68I0. The sensitivity of one such photomultiplier tubs, as a
function of frequency is shown in the following plot, taken from
John Marshall, Annual Rev.Nuclear Sciences._4 , I4I ( I954). _
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The area under the curve determines the yield of photoelectrons

from the photocathode of the tube,.
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area = .06 X 2.9 X 10t4 4 X
Yield of photoelectrons = .06 440 X g 1 - W) per cm of path
=26 (1=~ F:?) per cm path length.
= 26 sin® @ per cm.

We assume 26 photoelectrons are required in practice less some
loss due to poor optics: often divided between several photomulti-
. 2 2

plier tubes 4 4 A m
P_= length of radiator = .= = = LRy
Sl 4 A pm -4
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P P
1.05 10.8 cm.
1.0 § 5.8
I.I5 4.1
1.20 5 3.3
1.25 2.8
1.30 2.5
140 | 2.0
I.50 I.8




There are many possible forms of velocity-selecting Cherenkov
counter. We shall discuss mainly the one used in the antiproton
selection apparatus of Chamberlain, Segré, Wiegand and Ypsilantis.
Phys.Rev.I00, 947 ( I955). It employs a cylindrical (aluminized )
mirror sﬁ;zzge diameter much greater than the Cherenkov-radiator
diameter to produce an image of the radiator on the photomultiplier
tube as shown in the figure below.

Velocity-selecting counter

Iight path
v

Charged Photom ltiplisy
particles .. L

— e ol o E\.'——-*‘—'i; axls of s:,":pnetx.y

- ‘ ; : — e

Ceagnlsog +.black screen

AT cylindrical mirror

K‘
| I

The action of the counter in selecting particles of a chosen velo-
city is shown in the next figure.

Particle too
Particle correct

Particle too slow

] ; SN axis
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We have previously shown that O, the angle of the Cherenkov

light in air is given by

. \ A 4
—}'D l. ‘TL- &Q, - ! )!_ Ld B S
Brm>
and in order that the light reach the photomultiplier we should

have .
\ 2b
/tOIn, éfa’ = —

ke
By inspection of the geometry of the instrument and by
straight—forvvard differentiation we may determine {he effect of
"geveral factors on tho uncertainty in velocity resolutlon. We
express the uncertairty in terme of !5 = "L'//‘i o The unzcrihainty
inherent in the geomeiry of the imstrumens (Flaite sise of radis-

tor and photomultiplier tube) is

3
‘ ! s
(BF),, = HB B
Yeom - ///,lﬁ-fﬁb)
Another uncertainty arises from the optical dispersion of
the radiator material. If the index of refraction g- changes by an
amount A 7 over the useful range of light wave lengths used this

gives rise to an uncertainty in j?) of {j_\ [3}: é‘Y e/%f A Mo
177 optucal dispetsion

10
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Another limitation of the velocity rsesolution comes from the
change in velocity' of the particle as it passes through the radia-
tor. Taking the length of the Cherenkov radiator as f ( the dimen-
sion parallel to the axis of the instrument) we have

’ kS Q, VI
Femenyyy  Hoss d T dx

where T is the kinetic energy of the particle being counted and
d'T/aLX is the energy loss per unit distance in the radiatoxr

h material.

; The last source of uncertainty 1rf:) ig that due to multiple
E scattering in the radiator material. We may express the angle

E of multipie scattering as

Qj Mev [’/ ,.‘
PV L

where P and U are momeatum and velocity of the particle and

| is the radiation length ( in om) of the radiator material.
Using this eipression the uncertainty in ﬁis
- Awm, © 21 Mav t
(Aﬁ)mult.sca&. m s @ ™M CS- X J2; 2 L
where M is the mass of the particle being counted and ¥ = 4/\“;‘52‘

5
i
]

As an example, consider the velocity—selecting Cherenkov counter
‘used for selecting antiprotons ( Chamterlain,Segré, Wiegand and
Ypsilantis, Phys. Rev.100, 947 ( I955)).

a, = radiator radius = 3 cm.

b = mirror radius =19 cm.

n = index of refraction, fused quartz = I1.47

ﬁ = v/c = 0.75 ¥ = I.51 (480 - Mev protons)
£ € = length of radiator = 6 cm.

o com © = T/pm = 0.9I

0 = 24.5°

sin @ = 0.415

sin Og4= 0.6I0

%a = 37.6.°

cos Qa= 0.793

-




e = distance from radiator to photomultiplier = 49.5 cme.

(A B) (geometry) = 1.55 X 10 2

(cxjg)(optical dispersion) = 0.62 X I0
([Sﬁg(energy loss) = 0.77 X 102
(

2

A p)(muls. scatt.) = 0.47 X 1072

The calculated uncertainties compare well with the actual
performance as determined experimentally using a pure beam of
positive protons, obtained by magnetic selection at the Bevatronm.
The following figure shows the experimentally determined efficien-—

cy as a function of proton energy and proton velocity.

10
°% T,
s | K \\
| 80/.. / \“
govt / \
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079 078 0.77 036 075 °.74 f3

Mev paokon

At the chosen velocity the efficiency reaches 95k, while for
very large velocities the efficiency drops to 3%.

As actually used, the instrument contains an equilateral trian-
gle of 3 plane mirrors that divides the light between 3 photomul =
tiplier tubes. This division of light is necessary only to avoid
having the particles ( to be counted) pass through the photorulti-
plier tube. This refinement is not essential to an understanding
of the mechanism of the counter.

When the light is divided between 3 photomultipliers the
pulses are very small. The efficiency curve shown just above was
obtained meing a coincidence circuit that accepted events when

any 2 of the 3 photomultipliers showed pulses.

12
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Main advantages of this type of counter.

I~ Counter ignores ( to a large exten®t) particles of the
wrong velocity, hence number of unwanted counts reaching electronic
circuits is drastically reduced .

2~ Gives velocity selection without long paths involved in
time-of-flight velocity selectione

3~ Counter ignores particles going in completely wrong
direction.

Disadvantage.
' I~ Bediator must be fairly thick so nuclear collisions can
’ result in fast products that cause counter to count.{3% of relati-
f%,viStic plons count falsely)
'Iﬁtch counter.

Another, simpler, variety is the Fitch ¢ ~Mp1+@f,d951gaed for

velocity band pass.
Uses cylindrical Cherenkov radiator.
Radiation from very fast particles is totally internally reflected,

so does not reach photomultiplier and particle does not count.

«—— Internal reflection keeps yarticle from
counting if P >

If particle is within acceptable ranrge of veloclty then radiation

reaches photomultlpller and particle is counted.

Al foil‘reflector

Parti Oléé.“.v

Actual counter may look like this
(see left)

13



Obviously index of refraction n must be > A4, 44 :\}T

in order to get any rejection by internal total reflection.

If n = 1.62, counter will not count unless 0.62 < f?& <079
providing particles traverse radiator parallel to axis. Also in
Fitch counters, nuclear collisions of relativistic particles may
cause particles to count which should be rejected. This background
is 3% to I0% of relativistic mesons.

Selecting antiprotons using Emulsionsg.

The magnet arrangement used to observe antiprotons in
emulsions has been very similar to systems already discussed,with
the exception that an additional bendiing magret must be placed

* directly before the emulsion stock to cause pusitive particloes,

‘.. especially positive.protons, to enter the siack in a completely
- different direction than *hat ¢ the negative particles. The arran~
gement appears as follows:

T

Mo
If?roton beam

M

L

;
o
<
-
]

In order to find the antiprotons without a wvery great scanning

-

effort it is necessary to use a reduced momentum, about 700 Mev/b,
corresponding to an antiproton kinetic energy of 200 Mev. At this
energy the antiproton have about twice minimum ionization and can
be recognized by eye by experienced scanners even though they are
a very small fraction of the magnetically selected negative beam.

Since we are looking here for lower energy antiprotons they must

14



-I4 -

have been o mitted in the c.m. system with a higher energy ( in the back~-
avard + direction) so the antiprotons are even more rare than in the ca-
gses already discussed. There is one antiproton for eveéy 500.000 minimum-
ionizing particles. In anite of this lirge ratio of background to effect
the antiprotons can be recognized by their heavier ionization when the
tracks are inepected near their entrance in the emulsion stack. The an=-
tiproton tracks can then be followed either to the end of their range or

until they interact in flight in the emulsion.

Selecting a beam of particles by clectrostatic and magnetic deflection.

"Many experiments, such as the antiproton experiments, are seve-
¥ handicapped because there are so many undesired particles in the
(?30.000 7 = to 1 antiproton). It should be possible to form a
B of known momentum using magnets; and then sort out this team the
vesired particles by electrostatic deflection. In a simple form such a

eystan might look lilkoe-‘this:

accelerator beam

eantiprotons & vpions of selected
moaentum

pions

Stk
e-antiprotons only
15



Using cgs units and es units, the lateral displacement of a particle
due to the electrostatic field £ acting for a distance ol along
the path of the particle will be:
2 ‘SLE 2
s d a4 (._.}-4 e £ o

Q2 2 v) T g p Vv

where e is charge, FD momentum, v velocity, a acceleration.

As an example we may consider 480-Mev antiprotons (P = IC60Mev/c)
for which p Ve N1 CQK ji 1.—_ 790 Mov = I.27 X 10 ‘3ergs. We take
€ +to ve 30,000 v/bm corresponding to 300000 volts across IO cme

. Ipiping between plates, or £ = 100 esu. Then

s 4.89 x107% d° (d and s 'vﬂm}

aking as.a reasonable length for the electric field d = 800 cm.

we find s = I2.1 cm. Relativistic particles of the same momenium
‘would be deflécted 9.I cm. so a separation of 3.0 cm. between fo~
and T7 could be obtained. This separation would probably not be
$00 useful unless prosent magnetic lenses were somewhat refined by
& ocareful study to eliminate their aberrations. However a much more
optimistic example can be chosen if one starts with lower momentum
particles. '

An electrostatic deflection system of the genocral varie-~
ty described here has been started in construction by Wenzel and
Lambertson at the Radiation Labotratory, U niversity of California.
It is a promising method, although a number of problems may prove
somewhat troublesome. One of these is due to Ti~ M decay. }L
mesons may appear as a significant contaminant of the final beam
because the orbit is slightly altered whem the Tf-fxdecay occurs.

Selecting a beam of particles by momentum analysis and differential

absorgtian.

Some measure of suoeess has already been achieved in

making a separated antiproton beam by using a momentum selector,

16
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£ollowed by an absorber, and this followed by another momentum
selector, Chamberlain, Goldhaber, Jauncau, Segré, Steiner et al.
In the absorber particles of different masses lose momentum at
different rates so that the second momentum selector brings diffe-
rent particles to different focus points.

The apparatus looked as follows:

n

[M§N~7aosorber
-;zh"
M

L
LI

beam

L e
1‘\

yd

M Emulsion stark

s et et

/s

The magnets between the target and the absorber were adjusted to
momentum 8I9 Mev/c. The absorber comsisted of 20 g/cm2 of lithiun
hydride. Pions leaving this absorber had an average momentum or
776 filev/c, while antiprotons at the same point had 700 Mev/c.
At the second focus ( at the emulsion stack) the separation of
antiproton image from pion image was I5 cme

The detector in this case was an emulsion stack, approxima-
tely ITem x I0 cm x 7 cm. At the momentum (700 MEV/b) at which the

b
E

17
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antiprotons entered the stack the usual relativistic particle-to-
antiproton ratio is 500000 ( as observed without mass separation).
In this exposure the relativistic particle-to-antiproton ratio was
30000, indicating an improvement by more than a factor of IO.
Instead of being limited, by background, to some 20 antiprotons
per stack we obtained in this stack about 200 antiprotons in an
exposure equivalent to about 2 hours of full beam at the Bevatron.
By looking carefully at the stack it is possible to
estimate the composition of the background. The number of pions in
the background can be estimated from the deneity of stars in the
emulsiop.“The number of electrons can be estimated by observing
the shower curve - measuring the number of minimum tracks per
square centimeter at verious depths within the stack. In this
case the curve looked as follows:

s
Ly 167 7 o
particlds/cm . -
95105 | h
4xt0°
c T L} " X 1) 7 v ¥
o 2 4 6 3

The component not pione or electrons is assumed to be muons.
On the basis of this analysis the background is estimated to be
4% pions, 40% electrone, and 56% muons.

18
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In order to further reduce background we plan to make an

exposure of emulsions with a double separation in an apparatus as

follows: N
A
4
/A
£
/ T
<> L

|1 = absorber L
\S ¢ sweeping magnet LT“ A
/
Lo
i\; £

Sta ck

It is hoped and expected that the resulting antiproton beam will
be at least as pure as 1 entiproton in 3000 background particles.
Such a beam may be sufficiently rich in antiprotons to warrant

trying to use a hydrogen bubble chambver as detector.

Spectrum of baryons.

The spectrum of baryons, particles with the nucleon number

N = 1, is believed to be as followss

R ©
A A
S:-.C),. Cz-4 5<0

19 |
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The strangeness is indicated as S, according to the Gell-Mann
scheme. All the indicated particles have been observed except the

neutral cascade particle - ° .

Presumable each of t}lese should have an opposite, its anti =~
particle, with the same mass, but opposite strangeness S and oppo-
site charge. The spectrum of antibaryons N = -1t should then look

as follows: -
+ — e
A gy pp——
(—-—-
.
— Oy ‘v
N -0
A

S=0 5= 4 S$:2

Of thase, only the two forms of antinucleon have been observed
as‘yet. Howéver, in time, the others are expected to be produced
and observed. In any reaction, nucleon number Y and charge number

§ should be rigidly conserved. In order to be a strong reaction
strangeness S and isotopic spin I should also be conserved.

If there is invariance under the transformation 1 & P

(T = time reversal, C = charge conjugation, P = space reflection),
as there is according to the Liiders theorem, then the mass and

lifetime of each antiparticle should be the same as for the corres-

ponding particle. Thus we expect the antiproton is stable in vacuum ,

and the antineutron should have +the same 1lifeitima as the nsuit~on.

We have already discussed the methods of detecting aniiuvwotons.

The results indicate the mass of the experimentally observed anti -
proton is the same as that of the proton, within 2 percent.

The antineutron is difficult to detect among the directly

profiuced products from the Bevatron target because it may too easily

be confused with energetic neutrons,howsver, it has been observed
in a charge-exchange reaction. The elementary reaction is believed

to b - ol
° e b+ p > mM +Mm
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The production of antineutrons was firset observed by
Cork,Lamberton,Piccioni and Wenzel, in an apparatus constructed
approximately as follows:

_—
o
'7

— [
P beawm ;

Ta ngel 1

-iimaa
e

B AT AT

(ounten

The target counter is a container holding liquid scintillator
solution, approximate chemicél composition C.H. The Charge exchan—
se reactions to be detected took place in the scintillator solution
either on protons within carbon or on free protons. The purpose
of making this material be also a commter was to allow rcjection
of events in which antiprotons annihilated within the target coum-
ter. Such annihilation events would be accompanied by large pulses
from the tar. et counter and could be rejected on that hasi=.

If an event was to be interpreted as an antineuiron then
it should show no pulses in either of the ccuaters Iabeled 34
(scintillator, anticoincidence) because the reutral antineutron
should pass through these counters witkout naking any interaction.
The antineutrons were to be detscted by their large enercy release
in counter S ( large pulse hei;ht in S). The counter S consisted
of a large vat of liquid scintillator, or, in part of their expe-
riment, counter S was replaced by a large lead-lass Cherenkov

counter.
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In either case an antineutron was said to be detected if: {a)

an antiproton entered the target ¢ounter making only a small pulse,
(b) showed nau pulse in either of countersSA, (C) showed a large
pulse in counter S, commensurate with over I.8 Bev.energy release
2t annihilation. The lead sheet Pb served to convert gamma rays
and thus keep them from being confused with antineutrons.

Profduction cross sections for antiprotons.

Ffom the work of Chamberlain, Seire,Viecand and Ypsilantis
a production cross section for antiprotons could be estimated.
The method of computation requires a little thoucht because the
apparatus includes two momentum spectrographs, one feeding into
the other. This means that the momentum is over-determined and the-
re are many stops or diaphragms throuch the apparatus.

The result obtainred is the cross section psr nucleon in

copper for preoduction of antiprotons at Q¢ (forwari dilection)
with antiproton momentum I.IQ Bev/c. The coypper varzet was bombar-—
~ ded by protons of kinetic encrgy 6.2 Bev. The resalt:
die 4 10_30 cm”
= X /////

The observed cross section has not been compared with a statistical

theory calculation done for just these circumstances, but the obser-
ved croas section is telieved to be comparable or somewhat larger
than that predicted from statistical theory. The result given
above should replace an erroneous result given in the Cern symposium
report of I1956.

When Cork,Lamberton,Piccioni and Wenzel set up their
antiprdton selector based On momentum and time-of-flight mcasurement,
they obtained some approximate yield numbers for antiprotons at va-
rious antiproton momenta. If their numbers are re-expressed to be

2
proportional to 4 iy/ctmﬂ,d,P they ars:s

Momentum Yield
0.75 Bev/c 0.1
0.90"BwV¥/o 0.3
1.15 Bev/c 1.
1.4 3

22
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In the latest run of Aignew, Chamberlain, Sesré, Sternier,
Wiegand,Ypsilantis et al, tar ets of 032 and C were compared for
their antiproton production, under circumstances that did not
permit an absolute cross section to bs determined. The result
may b oiven in terms of hydrogen and varbon as followss

Cpr E_ - 0.11* 0,06

when the cross sections of the two nuclei are compared. If the

yields per nucleon are compared then we obtain

Yield per nucleon in H . 1,3 + 0.7
¥ield per nucleon in C

The calculated ratio of total yields of antiprotons ( according

to statistical theory) from hydrogen and carbon( per nucleon)is

no larcer than 0.I3 ( compare with 1.3 abova).

The reason for-the theoretical prediction of less yield'per nucleon
from hydrogen than carbon is that the internal momentum of nucleons
in carbon should aid considerably the antiproton production at

the Bevatron energy ( close to threshold).

While the observed production of antiprotons in hydro.en
seems at first sight surprisingly lar.e, we believe it may well
be accounted for by two factors:

(a) The production in hydro..en is concentrated to smaller
angles than the production from carbon, hence detection in the
forward direction favors hydrogen over carbon ( 2nd the theoretical
calculation has only been made for total yield).

(b) There may be a great deal of reabsorption (annihilation)
of antiprotons in carbon, not taken into account in the simple
theory.

Very little information is as yet available on the excitaw=
tion function for antiproton production - the production cross
section as a function of Bevatron proton beam ener.y. An approxi-
mate exeitation function was determined in the ori;inal antiproton

work of Chamberlain, Se;ré,Wiezand and Ypsilantis,Phys.Rev. 100,I947
(1955)v
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giving yields as follows:

Bevatron proton beam energy - Antiprotons per 105 nezative pions
+

4.2 Bev. 0~ 0.2
5.0 0.8 0.5
6.2 2.3% 0.3

Note that only the ratio to mesons was measured, not a strict

production cross section.

Production cross sections for Antineutrons by Charce=~ixchanse.

Chamhexlain, Elioff,Keller,Se¢ré,Steiner, Woeingart,
Wieg,and and Ypsilentis have detected the char.e exchange reaction

in a few elements using an apparatus as followss

by _
(3
—31%' {
L § {
{ I {
% i
A
—-—-—‘.p.) <
>4
beam 7
el A —- /,
Target -
Cherenkov %
counter
Sa
S L

leal sandwich
co&mter

The charge exchan,e reactions to be detected were to
taks place in the target Cherenkov counter ¢xr material placed
in the slots within that counter, and an awnihiladvioa ia that
vicinity was detected by a pulse in the Cueienkov counter(coniai-
ning water or methyl alcohol). Since the antiprotons were too
slow to give Cherenkov radiation in wator or methyl alcohol, a
pulse in the target Cherenkov counter would be ;rounds for

rejeeting an event.
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The antineutron, to be useful, had to pass through the counters
S A and the lead sheet without giving any pulse and cause a large
(annihilation) pulse in the lead sandwich counter. The lead
sandwich counter consisted of a 60 cm. cube filled with alternate
sheete of 0.2 cm lead and O.6cm plastic scintillator. The counter
has an average density of 3.8 g/cm3 and a radiation length of
about 3 cm, so must of the annihilation energy could be contained
within the counter in meny cases.

After the charge—exchange reaction had been studied in
CEQ, by placing that material in the slots of the target Cheren-
kov counter, it could be ascertained thet the information from
the target Cherenkov counter was not essential to the antineu -
tron detection, hence it was removed and replaced by carbon -

(gsraphite) for one run and lead for anoiher run.

The results obtaired may be expressed in terms of the
total cross section for charge exchange of an antiproton to yield
an antineutron in the forward direction a% angles up to I7 de -

grees from the forward direction as follows:

G - 3,8+g°g mb ( I event)
- — - L]
PPb — M .
G“F c A = 4.0 I.5md ( 6 events)
.
G’Ff’ CHy —> 5 uI0.0: 2.8 (I3 events)
— """? ~ =; :O" Io6
PP - 3

Note that thé nuclei hydrogen, carboa, and lead all have compa=
rable charge exchange cross-sections. No detailed explanation is
yet made, but it seeﬁs clear that in heavy elements,; and
even in carbon, the annihilation events cause most aniinvcleons
to be lost at collision. Only the outside reigions of these muclei

are available for the charge exchange reaciione
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Interaction Cross sections of antiprotons.

Some of the earliest measurcments on antiprotons were
determinations of annihilation and total cross sections in
beryllium and copper. The results indicated cross sections
about twice as large as those for ordinary protons (Chamberlain,
Keller,Segré, Steiner, Wiegand and Ypsilantis,Phys.Rev.102,
1637 ( 1956).

More recent measurements by the same group have been

performed using an apparatus sketched below

vf"/-
L
" ] | "/ “ -‘_,‘-'" 1’/‘_“-‘ -
_/"”/":f’? - - s ’ 5
e TN * )
> = s N DAL | L
Beam !
5 ! / r—— ——’ ——
Cherenkov S\ N\ S
counter y - 3

Absorber
slots

Sa

The material whose cross section was to be measured was placed
in the slots of the water Chersmicv counter y. Antiprotons

of this beam were too slow to produce Cherenkov radiation in
counter y, but annihilation processes produced fast charged
mesons and neutral mesons that could be detected in coanter y,
which thus acted as a detector of annihilation eveuss. The
counters 8 2 and S 3 acted to determine the transmission of
the sample (absorber) with cut—off angles of I4.3° and 20.5°

as indicated in the diagram.
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Because of uncertainty in the proper gain setting of

gounter y when the experiment was begun it was necessary to
photograph the pulses from that counter and to determine from
the resulting pulse height spectra the correct interpretation
of pulses from the counter. The method is very laborious but
shoudl give reliable results.

~ The results are quoted I4° (and 20°) cross sections, mea—

ning the cross section for annihilation plus the cross section E
for scattering to angles wider than I4°(and 20°). Furthermore,

the annihilation cross sections are also given.

For comparison and to check the opsration of the apparatus
the cross wections for protons were also mezsured. The results

are ( cross sections in mb.):

Substance and T4 RS Aonih,
inergy(Mev) - - -
P F P P P
Oxygen 559 292 519 246 453
(457 Hev) - +10 +2 40 + 2 +9
Copper 1240 719 T500) €59 1040
(411 Mev) +82 +5 443 44 51
Silver 1630 1052 1640 924 1500
{431 itev) ¥170 ¥ 1183 ¥ & I57
Lead
(436 mev)  m——e — (2680) (1461) 2010
achY} *10 fre2

Only statistical errors are shown. Scme of the lezd results

are doubtful because an excessive tiickuness of lead absorbewn
was usede.
The data for oxygen of the previous itakle were chiaired

in a slightly different apparatus using a couniter y without

slots and slightly thiszker in the beam direction. ¥Witl. this
alteration measurements were made using ligeid oxygen, water,
and heavy water. Substraction of cross ssctions gave the follo-

wing results in mb at 457 lev.

27
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Substance — 142 = 207 An%fh'
P P P P p

H 104 25.1 104 2444 89

d-H 7 - 28.7 10 — 46
B 48 +8

n 112 31.6 112 — 74

The errors are again statistical errors. The proton cross
sections are within T b of known proton cross sections in all
cages. The difference ( &-71) between deuteron and proton cross
sections is not equal to the neutron cross section because
there is considerable hiding by one nmcleorn tehind the othar.
This effect has been stucdied by Glauber, and the calculation

extended to apply to the present case hy J.l.Blzir, Using

Blair's results the cross sections for (d-°I) have been corwected

to yield the cross sections for the neutron ( n). Since the
correctioné are very large it is not possible to claim high
accuracye. _

The conclusions are that the elementary -;5- pand b
cross sections are very large (about 4 times as large as F*P
and P m.cross sections) and that they are mainly (70 per cent
to 80 per cent) annihilation in each case.

The total cross section fc:'g;>has been determined
by Cork, lamboerison, Piccioni and Venzel at a numbér of anti-
proton energies. Iuntsrpolating betwesn their results we find
at the same .cnergy ( 99 -+ 7) mbe Sizac their cross section
was determined in a very good geometry (cuil-»7f angie atout
4°) there should be little doubt that their cross section is

a real total cross section including diffraction scattoring.

28
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Uptical model calculations, using the size of the annihilation
cross-section for 35>P to determine the size of an appropriate
disc, indicated that most(90 %) of the diffraction scattering
should fall within I4° and practically all within 20°.

This means that Ttuv Cros8 SeCT1ONs deTeIminuu miwva CUL~Uss
angles of I4° and 20° do not include diffraction scattering.
Comparing the various results we conclude that the forward
scattering, including most of the diffraction scattering, is
(104 + 8) + (994 7) = («5+¢ II) mb. A negative result is absurd,

but the errors allow some leaway.

I+t is still somewhat puzzling that the diffraction scatte-
ring should be as small as about I0 rh. If the proton were
thought of as representing a black dise for the antiproton then
we would expect a diffraction cross section equal to the ab-
sorption (annihilation) cross section, namely 89 mb. Fortunate—
ly we can say that as sooh as we allow even a small bit of
transparency the diffractizn scattering frors very materiallys
Nevertheless the small forward scattering is a surprizing
result and it makes a simple theoretical intervretation s=ome—
what difficult.

Theorem.

I would like to mention a theorem I have found that is based
on a charge independence. The charge-exchange differential cross
section may be thought of as due to a differencebiween isoto~-
pic spin 1 - © scattering and 1= 4 scattecing.

Writing the wava franction for PP
13
Q

(¢4
A

®

pp=27 (-u

-

and for M. ™M as

Fm -2 (W Wl

&

'
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we may show that after scattering the wave function should be

o Ba s (oo B

showing that the amplitude for the state Yomis proportional
to the difference between scattering amplitude O, for I=0
state and the scattering amplitude a, for I = 4 state.

The difference betweeh I = land | = O scattering
may also be represented in another way. The total Fp>cross
section may be written as

& . S

Pp = —
Cer PP )
Similarly,
Crot Pnoz 6,

The difference is

-— - o Loyt
G" P . — G‘ | - o ._.‘:
tot [ -3 P P 7 9

1}

where in the last step we have applied the optical theorem.

Expressing all of the amplitudes and differential cross sections

at 0°, we have

G [ 109 a, (0]

de - (o) 2| o l S I, (Q.;CLQ)
i i

30



The theorem is then stated

9 o |
as (07 » for] (P P)

In practice the theorem is not terribly restrictive.
If we use the charge-exchange jym collisions ( for which detai=-
led cross sections are known) as a measure of the forward pea-
king of the charge-exchange process we may ostimate that the
left~hand side of the inequality is no larger than 40mb/sterad.
Teking k (lab.system) as 5 x IOIém_1we find that the difference ;
between the two total cross scctions cannot be larger than 50
mb. The experimental results satisfy the ineqﬁality very safely.
Another theorem.
Ve have shown that the scattering amplitude at angle
@ for the reaction Fp - fSP is |
fo, +a.)
. - 4

L
and hence the differential cross scction is B

&

s i s e

{

2
' - - J ;L. +‘Cl° 1 ;
PP —pp Ly
i
Similarly we obtain the differontial cross section
3

Epeiwzlﬁaﬂwh‘ i

7

&

Noting that the differential cross section at the same angle
® for P M- pnis 1

we obtain the inequality

!
Ppofpl0) ¥ SFpain> 5 TFnoga (0
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which has been given by ilalenka and Primakoff,Phys.Rev.105, 338
(1957).
This theorem is very similar to one known for nucleon -

nucleon scattering, namely

‘ .
fmp-p’n;, (8) +ﬁ'%p_’ P {8) = 3 GJPP""PP (&)

S

i

Cr’rnp-—-va (- 8)

Pptical model calculations.

It ie perhaps worth while to try to explain the cross
sections of antiprotons on complex nuclei in terms of the clec=
mentary nucleon-antinucleon cross sections. At the present time
we look at these calculations to see if everything is self-
consistent. Originally they werc regarded as a method of getting
some 2stimate of the elementary interaction cross section,~
before direct measurements on hydrogen or deuterium had been
made.

One of.the first of these calculations for antiprotons
was done by Gerson Goldhaber .
He used the following expression:

oo _
- -fo,pdt
a3 fe
Glmeacuox., 2 " 1 - e F hdbw
Q‘—
where is the elementaty nucleon-antinucleon total cross

section (average of meand‘ﬁ P )y £ is the density of nucleons
at a distance Il from the center of the nucleons,f. is a coor-
dinate parallel to the beam direction,b the impact parameter,

gi*-eiz nt
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The factor

LY R

is then the transparency of the nucleus at impact parameter
b. For the density function.f> Goldhaber took the Saxon poten~
tial, developed largely in connection with the scattering of

protons

Pp =2
c /1*£("L*Q)/g‘

where R = I.33 AI/B, with R and r evpresscd in units IO~ 1500

Goldhaber obtained calculeted curves for antiproton cross sec—
tions as a functicn of atomic weigh’t A for varicus values of

the elementary cross section.

cross section

33
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Comparison of his calculated curves with obsorved cross sections
in complex nuclei indicated the elementary cross-—section was
between I00 and 200 mb. However, the radius used in the Saxon
potential is considerably larger than that found by Hofstadter
cloctron scattering. Use of the Hofstodter density distribution
in the same calculation does not give agreement with experiment.
Apparently the difficulty can be overcome by taking into
account the finite radius of interaction. Another calculation
has been performed by Donald Keller in which the nucleon density
P is replaced by the average density in a small spkerical
region about the point in question. The radius of the small
spherical region may be taken from the elementary annihilation
cross section (now known) or by adjusiing it to give the correct
cross section for hydrogen (for Whichfjﬁ?}:,étgj). In either
case good agreement can then be found using Hofstadter's nucleon
density distribution
RESULTS FROM PHOTOGRAPHIG EMULSICONS.

The originel intent of the emulsion work was to obtain as

soon as possille an event that gave a proof of the annihilation
property of the so-called antiproton that had been observed
in counter experiments. The proof would involve finding an anti-
proton star in which the visible energy rclease in the star
was definitely greater than the rest energy(plus kinetic energy;
if any) of the incoming particle. When tkis was found.it would
be proof that this particle really had the property not just
of changing its own mass—ernergy into vieible energy tut of
annihilating a particle from the rucleus as well. This proof
was supplied in the work of Chamberlain, Ckupp, PF:izpong,Ccidhaber,
Lofgren,Segré,Wiegand, dmaldi,Baroni,Castagnoli,Franziuetti and
Manfredini, Phys.Rev.I02, 92I(I$56).

The work then shifted to studies of oroperties of antiprotons
that are not direct consequences of the antinucleonic nature of

particle.
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At tho present time the best summary of this work is contained
in a collaborative paper of Barkas, Birge ,Chupp,Fkspong,
Goldhaber,Heckman,Perkins,Sandweiss, Segré,Smith,Stork, Van
Rossum, Amaldi, Baroni,Castagnoli, Franzinetti and Manfredini,
Phys.Rev.I05, 1037 ( I957) . The paper describes 35 antiproton
stars.

From the numbers of antiproton annihilations occurring
at rest and the number occurring in flight it has been possible
to estimate nuclear cross sections fcr emulsion for comparison.
with computed geometrical cross sestions or with kwown meson
cross sections. The resulis substaztiate qualitatively the
measurements with cousters, abt a lower enexgy (. I49D liev.) and
with perhaps somewist limited staticiical accuracy.(Some re-
sults from a separa’ed antiproton beam svposure wers given asb
the Rcchester Conference, 1557, indicating a similar crosa
section based on 233 antisroions.)

The annibilation stars have been analvwgzed to ohiain
information about the elementary (muiclecu-auiinvcleon) anniiila~
tion process. The ctars at rest show, on the average, tus

enetgy divided as follows:

(1005 + I70) Mev in charged pions

( 265 + 20) Mev in nuclear excitation
( 150
( 448

I20) lev in K parsicles

200) liov in neutwal particles {(by suvsiraciion )

B t——

1868 ilav, Lr.cwi cnergy available.

i+ 1+

The results avove make it seem very probable +that most
annihilation processes Isad predominantiv 50 plonsd,; and oncas-
sionally K-mesons, and that the chmerved muolear erciiotion i
due to collisions of mesons with the rexainder of the nucieus,
In fact, so : little enszgy apnears as nuslear excitation
that it seems that the annihilatioun processes must be taking
place for the most part in the outer-most region of the nucleus

where the density of nucleons is quite small.
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If this were not true, one would expect more mesons to collide
with the nucleus, yielding greater than the observed nuclear
excitation. The stars in flight show a greater proportion of
their e nmergy appsaring as nuclear excitation, but the fraction
is still small enough to suggest that even in flight the ave-
rage annihilation is taking place near the outside of the
nucleus. '
The observed charged-pion multiplicity (average number
_of observed charged pions per annihilation) is 2.6: 0.3 When
- corrected for .an estimated loss in scanning this number becomes
2.9. By assuming cherge independence = (total number of pions
equals 3/? the number of charged mesons) arnd correcting for
an average I.0 mesons absorbed to give nuclear excitation, it
is possible to obtain ths esiimate 5.4 + 0.8 for the elementa-
ry pion multiplicity. An independent estimate of tue muisiniici-
ty bas been obtained by dividing the tolal avalliable energyV
for pions by the {corrected) average energy of pions. This re-
sult is 5.2. 4+ 0.5, in excellent agreemengy%he number above.
The combined result is given as 5.3. + 0.4 pions per elementa-
ry annihilatione.
In the same work seceral methads have ben used t: neasure the
antiproton nmass w:m?stlyfﬁ‘atargg o ottoonxg'e'st before annihilating.
The combined result indicates a mass equal to the proton mass,
with an accuracy of 2.5 percent.

From the 35 annihilation stars, 4 K-particles were
found in all. Since none of the K particles came to rest in the
emulsion stack their identity had to be established by ioniza=
tion and multiple-scattering measurements.{ In a later EXPLELTS,
however, one K-meson from annihilation did stop in the stack and
was positively identified). If we assume half of the K mesons
are charged, and hence detectable, we would say the ratio of
K mesons to pions is 8/I85, or one K meson for each 23 pions.
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The Fermi statistical theory does not seem capable of
explaining the observed pion multiplicity in annihilation

except with the unreasonable choice of interaction volume of

12 (‘1»T"/3 ) (‘FL//.LC), where M. is the pion mass.

Theory of the largo elementaxy annihila¥ion cross_sgoction:

T e i e

Koba and Takeda have tried to explain the large cross
section by utilizing a wave mechanical effect that allows the
absopption cross section of an ahsorbing region to be slightly
larger than the geometrical cross section {(depending on the
particie wave length). By using aa absorbing region of radius
(2/3) (‘#id//i}i.c ) they have calculated results of 6I mb
annihilation cross section and 33 mb scattering. in spite of
their efforts the calculated annihilation cross section is too
small and scattering cross section too large 1o give agreement
with presently available experimental recults.

Chew has suggested that since aniinucleon-nucleon forces
should be closely related to nucleon-nucleon forces (especially
for large ssparation of the particles) it should be possidble to
uge information about nucleon-nucleon forces in explaining
annihilation. His hope is that one may be able to obtain an
effective potential for antinucleon-nucleon interaction with a
strongly absorbing region only at very small distances which
would give agreement with experiment. As yot there are no

numerical results to bear out such a hope.




-37-

Determination of charged-particle trajectories by current-

carrying wires.

In all of the experiments at Berkeley that have

required megnetic lenses, the action of the lenses has been

ae e ey e e RS T Tt ST T

checked by using a current-carrying wire under temsion to 3]
imitate the particle trajectories in the magnetic field. A

brief argument may be used to show the equivalencey, at least

for the simplest case in which the magnetic field is perpendicular
to the plane of the orkit . The relation between.}if>=(magnetic
field) times (radius oft curvature) and momentum jo is

P c |
:§3‘f3 = : ‘ Ei

o
\»

The curvature is then

4 _ e B ,

P poc

for the particle trajectory. On the other hand, a current

carrying wire under tension T must have the following equal

and opposite forces on a length d.5 of the wire:

de
JasB = T o ds

if it is in equilibrium. This gives the wire ' curvature as:

d 6 JB

-
- -

d s T

where :f = wire current in e.meu., T = tension in c.g.s.units.

4
P

This ourvature is again proportional tc.fi , B0 the wire will f

imitate the particle trajectory at all points in the field



-38 -

(no matter how non-uniform the field) if

j’ - T e
= . |
typical values might be P = 4 Beoyc' (orx_ Pc = |Bev A
LExi0 'en,%)

J-0.2e.m.u-: 20»"'435, 7= 6.7xf05¢33w = 630 groams

The current in the wire should be opposite in
direction to the beam current being represenied.Alsc the wire
is unstable if it extends from one focus tc amother in the
magnetic system. The wire may start at ore focus, but then
it must be terminated at a fixed point that falls short of a
focus. By making lateral position measursements at a pair of
points along the wire, one obtains the dat. from which an

¢xtrapolation can be made to the position of the Ffocus.

Difficulty of electrostatic separation of short-lived particles.

The separation of one mass particle from another by
electrostatic deflection is not practicable unless the particles
to be selected are reasonably long lived. Since the separatién,
if it is to he performed, must best be done with particles that
are not too relatisvistic, we may use a non-relatiwistic treatment
to determine the time a particle must spend in the electrostatic
field in order that it suffer a reasonable deflection. Letting
s be the lateral deflection, t the time, a the acceleration,

B the slectric field in e.s.u., © the electronic rhar-e  wo

v
have . ot

Az —= A = \Q-gﬁ//og

LA
4

i6
.a': b= 3)’. ’D f/m/sec‘z
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if the electric field is 30.000 v/cm or I00 e.s.u, and M is
taken as the proton mass for this example. If we require a
deflection & of IO cm we find

L = 3« 10"% sec

This clearly shows that electrostatic separation is not useful -

for particles with lifetimes much less than 10-8890.

40




, Proton-Proton differential scattering cross-section.

Only a very brief account of proton-proton scattering
will be included here, as far as measurements without polarization
are concerned. Details are here taken from Charberlain,Segrs,
and Wiegand, although many others have made similar experiments
at a great variety of proton energies.

The cyclotron external proton beam was obtained by
multiple coulomb scattering at very small angles on a target
within the cyclotron vacuum tank. (leasurements have since shown
the beam unpolerized). In the process of getting the beam away
from the cyclotron magnetic field a magnetic analysis was per-
formed.R8nge curves, obtained using two ionigation. chambers
with a variable absorber between them, showed the beam to be
of only one component which was therefore assumed to be pure
protons. The beam was collimated by & one-meter long brass
collimeter which could be accurately aligned to be parallel +to
the proton beam. The proton energy was about 340Mev.

Argon-fillad parallel-plate ionigation chambers in
connection with integrating electrometers were used as a seconda-
ry standard of integrated beam. The primary standard was a Faraday-
cup consisting of a IScmxISem cylindrical brass block supported
in vacuum. See Fbys.Rev.83 -923(195I)

The targets consisted of Cﬂé and C, or liquid hydrogen,
in various phases of the work.

The countere have most recently been scintillation
counters (with plastic scintillators) and the solid angle within
which particles were counted was determined by the geometrical
sige of one of the counters. In some cases, both scattered proton
and recoil proton were counted in coincidence, in which case one
of the counters was emall, and defined the solid angle, and the
other counter was quite large, sao it would be sure to count all
the companion protons of protons that redched the small counterf




Only a very qualitative description of the proton-proton
interaction can be obtained unless the scattering measurements
are augmented by polarization experiments.

-

.

Follapino® Fr Bopliow, e

With the discovery by Oxly, Cartwright, Rouvina,Baskir,
Klein,Ring and Skillman (Phys.Rev. 9I, 4I9 (I953), see also
Phys.Rev.33, 806 (I954) by the first three authors) that protons
could be highly polarized by scattering from targets such as
beryllium and carbon, it became possible in a number of laborato=-
ries to use highly polarized-proton beams. See Phys.Réééng,
1659, (1956) for rerences to work at Berkeley, Chicago, Carnegie
Toch. Harvard and Harwell.

To obtain the polarized beam, protons are scattered,

let us say to the left, at a first target (perhaps carbon) which
is usually within the cyclotron wvacuum tank. To demonstrate the
polarization of the once~scattered protons they are scattered
a second time, perhaps on a target of the same material. If they
show a preference for scattering to the laft (rather than at an
equal angle to the right ) at the second target then the
polarization has been demonstrateds

. For scattering of protons ( spin I/2 ) on a spin-gzero
target the scattering matrix must be of the form

qlel + h(8) . ™
in which -
— k.x\';.
M. =
- -t ‘ ® kt l

and R ana R are proton momenta before and after scattering.

5{. is 2 unit normal to the scattering plane. See Michel's notes,
Ecole d'Eté de Physique Théorique, 1957, for mathematicalmethods.
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We use the following relationship: the beam polarization is:

N up N dawn

| N wp + N down
where N up and N downaTe the numbers of beam particles with

-

beao m

spins directed up and down along some chosen direction = the
direction bn which a polarization component is desired to be
‘known; Also

, -— -

P = <V>bemm;

beo,m

The polarization induced by 2 given scattering process ( as
scattering on carbon at 3I0 Mev at I3° lab.) (when an unpolarized (
beam ia used ) will be called P. It may be related to other para-
meters as follows: For an unpolarized beam the density matrix

is p = "/2 . The beam after scattering may be represented

by the density matrix

j”= H}P M*: (g-i-ha‘r‘?)( '/2,){ 3'4- P '\?.)

and the expectation value or average value of the apin (times
the intensity) in the scattered beam is

I<o> = Ta{p'o) = Tm(ﬂpﬁ*t?)

*

Tn((%mam(a«g(gﬂ ho) & ]

¥

L1

(3 ?: +.g*h) "~
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while the intensity is

IT= Tn (NJPM*) = }g
so0 the polarigation is
(gh +9"h)
ol + 1hi®

Therefore after one scattering we have

(&M) =

_p - (3K + %)
bzom ' 3 )
|9t + k™

This beam may be represented by the density matrix

:(g(4+€§3

At a second scattering, the scattering matrix may again be
iy

given as M = a + h O ';t and the intensity for

scattering in a‘given direction will be

LeTo(npn®) z[3)Ta[lar nER0-ENSVER)]

Thus the scattered intensity depends on scattering angle 6
through % and h and a,lso on the azimuthal scattering angle

through the prod.uct —P r\. of the pclarization wvector with'.the 3

-

unit normal 'V'L to the scattering plene. .
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e may also write I, : ‘3‘1 + ihil
'—i ] Qh* + 8 h g
“H%\kll

T=I, (1+PP) =1, (1+PF, ws d )

o
Using @ = 0 and I80° and letting the asyo*try be inidcttu’l

a8 ¢ we have
e = ‘\Io' I,SO)//H,;, +‘-I‘3{>)

:(‘+?'b?),“1*?%}/(‘*RPL*','"P'PQ) =7 PJ’

If, in particular, the conditions at both targets (I and 2)

are the same then we may say

This means measurement of e determines P except for sign.

(Its direction could be guaranteed from theory ( with parity
¢conservation) to be in the same direction ?as indicated aboves)
The sign of P is positive (‘33’ parallel to M ) for
scattering at angle of 5° to 20° from ‘light glements at about
300 Mev,.: as determined by lMarshall and Marshall (Phys.Rev.Q@__
I398 (1955)) by degrading a high-energy polarized beam down to

about 5 Mev. and scattering from helium under circumstances
governed by a complete phase~shift analysis that gave a known
polarization versus ensrgy. The sign of the polarization is the
same? a8 that predicted from the sign of spin-orbid coupling used

in shell-model theory.
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Thus far we have discussed only scattering of protons by a
spin-péro nuclaus.Wblfenstein has shown that exactly the same CO=
stdordticne  apply to the scattering by unpolarized nuclel of
finite spin providing that the collisionsare time-~reversible.
This means that the collisions must be elactic. Thus some care

must be taken to ensure elastic collisions at both targets to

ensure the relation

2
e = P
In part, absorbers or magnetic nalysis have been used to guaran=
tee that ohly the highest energy particles leaving the targets
were utilised. Also, the scattering angle is chosen small enough
so that diffraction scattering predominates over inelastic

scattering.
The polarized proton beam most used in Berkeley has a
polarization P = 0.76, at 3I5 lev. It was made by scattering

from beryllium at I3°,
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Triple Scattering Experiments.

By restricting our attention to interactions satisfying

parity conservation we may see which components of polarization &

of particles after scattering can depend on the various compo=- s
nents of polarization before the scattering. We are presuming
here that a first scattering would be used to produce the

polarized beam, a second scattering (the one under investiga-

tion) would change the polarization in some way to be deter =

o g b e o

mined, and a third scattering would be used to measure the
polarization of the scattered particles. R >
In the beam,we could say that the quantity < < > n
is a scalar quantity, being the product of two pseudovectors,
while the quantities <c?>,- X and <,5:>‘ LR ox A are
pseudo scalars.
The subscript ! means"after the first scattering "
and would therefore refer to the beam used at the second
targets. The subscript 2 will indicate"after the 2nd scattering"
Using the same commidorations. furthe components of spin after
scattering, we would allow the final spin components to depend

on the initial spin components only to the following extents

= N -~
I¢o>.w = 1 (P+D<3>.n_)
2 o '
— - ~> ;
I‘*‘?%"“ = L { A<G?.>,'H+R<<?>‘-mxﬁ7.)

! -~ > e Evid P g 1
T <<r—?7z .’T’QZ = Io[_/"‘r’<o’>', o+ Q‘(o‘,>‘ . A x %J,

where 1 is the scattered intensity at the given angle and lp 3

the scattered intensity at the same angle for an unpolarized

- ety 7§
beam, A is a unit vector i = W HZ ’ with ~t€.' the

unit vector in the direction of momentum after scattering,and
\ /
the coefficents 0O, A R, AT, R, are functions
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of scattering angle CED , as defined by Wolfenstein,Phys.Rev.

96, 1654 (I954). P is polarization, as defined previously.

Ciearly P is the polarization that would be induced by the scate
tering at the (second) target if an unpolarized beam were incident
there, P is determined by a double scattering experiment but the
other moefficients could be determined by triple scattering expe~

riments, at least in principle,

Only the quantities D and R can be measured in the sim—
plest triple scattering experiments because only they can be
treated with a transversely polarized beam and an analyzer for
transverse polarizations Some work has been done to measure the
quantity A, by bending a (transversely) polarized proton beam
in a magnetic field. Due to the large anomalous magnetic moment
of the rroton a longitudinal polarization can be induced by a
reasonable bending in a magnetic fields

final
polarization ¢
initial
polarization

T 2 X“”’#//-- M-
proton orbit \«*"'ﬂﬂw

In principle R' could me measured using the same technigue but
this has not yet been done, and would be experimentally more dif-
ficult because the beam of particles after the second scattering
is usually much more divergent than the beam hitting the second
target.

For complex nuclei (carbon and aluminium) a few measu-
rements of R and D have been made; see Phys.Rev.102, I659 ( 1956).
The measurements of R are useful to determine more fully the scat-~
tering matrix. Consider the scattering matrix M for scattering

from spin-zero nucleus.
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M may be written as

Mtg"‘h&-).{ ’

as mentioned previously.Measurements of I; and P can be

taken into account by writing

%,r{L [%3(‘4'P>]%L‘ekd

1]

4ot A [LO-PIJE )

As far as I, and P are concerned these are just identities,
in that these expressions automatically give the indicated I,
and P. The phase factor o\ is an over-all phase which is not
available to experimental measurement directly, but the phase
f% does not affect the quantity R. Wolfenstein has shown that
R is giwven by

R :(\3 D)}{L CO":((‘B—{Z)

in which G) is the angle of scattering.
Comparisons of R from experiment and from calculations based
on potential interactions to represent a complex nucleus have
not given very good agreement. This presumably indicates that
in this cage we do not have a satisfactory potential model to
represent the scattering process.

From spin-zero targets the parameter D should slways
be 1.~ It has been measured for carbon, mainly to check the

technique of measuring D under especially difficult conditions.

Experimental Conditions in a Triple-Scattering Experiment.

The details of a triple scattering experiment can per-
haps best be given in connection with the scattering from hydrogen

49
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(second target). The first target (beryllium) was within the
cyclotron vacuum tank. The incident beam was of the order of
IO"'6 amperesy The protons scattered to the left at I.3o were
formed into a beam and magnetically analyzed to excluds all
except the highest energy component, which was presumed elesty~—
cally scattered. A collimator 5 cm in diameter allowed-a beam
of about 106 protons per second outside the cyclotron shielding
wall, and the beam was reasonably parallel. Its energy was 3I5
Mev, and the polarization 0.76.

The polarized beam impinged on the ligquid hydrogen
target (I6cm thick). The twice-scattered beam was formed, not
by a collinator, but by two scintillation counters in coinciden=-
.ces The counterswsre 8 cm square, and were respectively 50 cm
end I00 em away from the liquid hydrogen target in a typical
case. The intensity of the beam so formed was about 30 rrotons
per second.

The third scattering target was of carbon or beryllium,
placed directly behind the second of the beam~forming counters
mentioned above, and the three-times scattered protons were
counted in a counter telescope either to "left" or to "right"
at about I3° scattering angle. Absorbers were used in the counter
telescope to limit the counted protons to reasonable energies.
The counting rate was typically 0.03 per second. A sketch of the
apparatus at the 2nd. and 3rd. targets looks as follows, as it
has Been used to measure D. For that measurement all scatterings
occur in a horizontal planc.

The targets are indicated as T2 (hydrogen) and T3 (carbon or
beryllium). Scintillation counters are indicated S1, S2, etc.
Scattering angles are indicated 652 y and 695 .

The only shielding used in this part of the apparatus consisted
of two iron blocks, one on each side of counter S2(only one of
which is shown in the sketch). Great care was used to be sure
particles could not scatter off these shielding blocks and at

the same time register in all counters S1, 52,53,34.
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This means a little space was left between counter S2 and the
shielding block. The shielding blocks served only to reduce
the 53 and 54 counting rates.

4
’
e

Shielding /’
™~ ¢
@ F
/,iggg 53‘754
- T3
-7 2 . Absorber

T';_ -7 Si
,-""'\ -
e,
} : ___]_.._._L.._.....
Polarized \\%.Mﬂ

proton bsam
polarized out of page

The triple scattering experiments on hydrogen could not
be extended to very 1arge angles 651 (even though the whole
range O to 90 labe would be of theozetieal interest) hecause
the analyzing power of the third-target arrangethent drops rapidly
for proton energies at the third-target of less than I50 liev.
Since statistics are limited and the scattering angle at the
third target rather poorly defined, good analyzing power was
somewhat essential to a convincing result.

Although absorber was used to Limit the counted protons
to those that had scattered nearly elastically at both the 2nd,

51



- 50 -

and the 3rd.targets, some inelastic scattering was certainly
inocluded. This meant that the 3rd.farget analyzing power had to
be checked by using a beam of known polarization and observing
how much left-right asymmetry the known beam produced. When
this calibration was done great care was taken to ensure that
the beam incident on the last target was as similar as possible
to that used in the actual experiment. Target 2 was replaced
by a piece of uranium or lead to give ( by multiple scattering)
a rather divergent beam leaving target 2. The angle@2 Was Trow
duced to zero so the 3rd.target was in the polarized beam.
Absorbers of graphite were placed near the target 2 ., position
to allow the same average energy of proton to reach target 3

as reached that point when the experiment on hydrogen was per—

formed. Through the relation

P _ _%s . &s
>. 0.76

szém

The analyzing power P3 of the 3rd target was determined.

The quantity D was measured at several angles between
23° and 80° c.m., and R over the same range of angles. The quanti-
ty A was measured at 3 angles only, ranging from 25° to 76° ce.m.
See Phys.Rev.I05, 288 (I1957)

Theory of Proton-Proton Scattering Analysis.

Wolfenstein, Ashkin, Dalitz, and perhaps others have
shown that for the proton~proton system the scattering matrix

can always be written as:

M=BS+C(cvaLJ+,(ﬁ)ﬁ(ﬂﬁﬂgfﬁrﬁpyr

. - ; F T
N (‘/Z)H (Q—lkcrlﬁ ““,p("‘z? )Tt N (T;NTQN
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where B, C, G, H, and N are arbitrary functions of the scattering
angle ( indicated © for c.m.angle), S is the singlet projection
operator, T is the triplet projection operator, I and 2 respec~
tively indicate incident proton and target proton,cqriindicates
the spin component of incident proton in the direction of the
unit normal 1i ( T *:.d:T . "v ) and the directions of unit
vectorsEﬁuﬁlFEre given by difference and sum of final and

initial momenta &? :.';FL' -R anda P o + 42 (except K and
P are unit vectors in those directions). The form of If is
dictated by these requirements:

I°) The terms should be linearly independent.

2°) They should be symmetrical in indices 1 and 2.

3°) The terms must retain their sign under time reversal.
In epplying the last ocondition notice +that & and e both chamge

sign under time reversal.

in order to avoid the necessity of antisymmetrizing. the
initial states.it is convenient to place requirements on the
coefficients B,C, etc so that the scattering occurs only into
states that satisfy the Pauli principle. This requires that B
be an even function of (cos @), G odd, H even, N odd, and Cbe an
even function-of cos ©. In the case of € it is more proper to
say it is an even function of (cos o) times(sin O). In applying
the Pauli-principle conditions note that on exchange of the two

Putgoing protons

ﬁ? - - E? and FP>-K and W — -m.
Note also that the singlet spin state is antisymmetric on inter~
change.

Given the density-matrix method discussed by Michel(notes,
Ecole d'Eté de Physique Théorique, I1957) it is not too diffiéult,

but somewhat tedious, to obtain the expression for I, IP,ete




in terms of the coefficients B,C, etc. . Here Iois the differenw
tial scattering cross-section ( for pp scattering) for unpolarized
beams Since the density matrix is in this case 4 x 4 the first

such relation 1s

T, = (Vo) T (MM*)

The resulting expressions are
I = ()18l 2 e e ()l G-NE e (A) [N |2+ (2) LRIZ
1Pz 2 Re (C*n)

I (1-D)= (W) G-N-8[" ¢ |H]>

I R = (72)Re L(a-N) (v e H) + BY(N-t] cos(8/2)

[+

# I Le*(Bea-N)] sin (8/2)
I, A =-(/2) Ra [(C‘J‘N)*(Nfﬁ)f‘ 6’(N'-H)] A (6/2)

y Im L (B8+G-N)] cos (8/2)

The last two relations need some comment in that the components
of polarization analysis would be different for R and A depending
on whether center-of-mass or laboratory coordinate system were
naode The expressions given here refer to the laboratory system,
if the transformations are made quite non-relativistically.

Phase-Shift Analysis.

Unfortunately we have at one given angle only 5 experimen—
tal measurements namely Io’ P, D, R, and A, while we would need
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9 measurements to fix the 5 complex numbers B,C, G, I, nd I
except for one overall phase factor. This means that to get
definite results we must correlate knowlelge at one angle with
that at other angles through a phase-shift analysis and the
assumption that waves higher than, say, f-waves, are not prominent
in the scattering. For this purpose B,C, and so forth must be
expressed in terms of the phase shifts. With some effort, and
with several people calculating indcpendently, this has been
donee The result is given here only for B, which involves only
singlet states and therefore (Pauli principle) only even orbital

angular momentum states.

B (/s ;»h,)[(%eko -loml - z},\a ) +

. . ST
(604, . 270 dq)ws (3{»315’»;414 oS (,J

For simplicity coulomb effects have not been included here even
though they were included in the actual computation. In the

above expression ,

2t 5.
- - At
x, = e

in which J ape the phase shifts klis the center-of-mass wave
number,

The computation of the phase shifts was carried out
by Stapp,Ypsilantis, and Metropolis (Phys.Rev.105, 302 (I957)).
They used a high speed computer and were able to include up to
h waves in the analysis, showing that g- and h~wave phasec shifts

are quite small in all acceptable solutions.
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Their calculation procedure was essentially that used by Fermi
for the meson-nucleon scattering problem. The machine was asked
to make successive small charges in a given set of phaae shifts
until the best possible fit was obtained to the experimental
results for Io’ P, D, R, and A atthe various angles at which
the quantities were measured. The goodness of fit was measured

by the smallness of the quantity.

L
(calc.) - Observable;_(expt.)]
(Bxptl. error ; )&

WY\ - Z: ' [Observablei

4

The machine had 36 experimental measurements with which I4
phase shifts and mixing parameters were to be determined.

’ Unfortunately 8 sets of phase shifts (8 solutions)
were found that gave reasonable agreement with the experiments.
By comparing with meson production information in the reaction.

P+ p — 7t +a

three solutions could be rejected, leaving 5 solutions acceptable.
The argument is given in Gell-Mann and Watson, Annual Revigwk®
of Nuclear Science (I954), and concerns the phase angle T -8 noson
production frogf‘so state of two protons and the phase angle T, «
of meson production from thesFﬁ state. In each case the phase
angles are given as relative to the production from the'c%_stata
of the two protons.

The five remaining solutions (numbered 1, 2,3, 4
and 6 in Stapp,Ypsilantis, and Metropolis) have been liscusacd Ly Bethe
by Gammel and Thaler at the Rochester Conference, 1957. Bethe
finds, using an argument of Heckrotte, that solution 6 is unaccep-
table because the scattering amplitudes given cannot explain
the observed large polarization in proton-carbon(elastic)scatte—
ring. The argument hinges on the Taes that the term in Bt «ngpe
tering matrix with the coefficient H is a depolarizing term.
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Using as the preferred direction the direction of the normal
(to the scattering plane) . , the term H leads from an initial
state‘[T to.a final statel | and so reverses the spin direction

of both the incident and the struck protone

In proton-carbon scattering this term is suppressed by the fact
that we require elastic scattering. Thus a large term in H is
required to explain the larger polarization in proton-casbon
scattering than in the1ur« scattering. The argument is slightly
complicated by the fact that the carbon scattering depends also
on vxp.scattering. However, the argument may be used to elimi-
nate solution 6 regardless of assumptions aboutbuplscattering.

Solutions 1, 2, 3 and 4 have been discussed by Gammel
and Thaler. They find that solutions 2 and 4 give unreasonable
singlet phase shifts when compared with information at lower
cnergies. They argue that at low cnergy (for cxample I8 lev)
the s-wave and a small d-wave scattering are well known and
can be used to fix the parameters of a singlet potential.Since
there is no tensor force or spin-orbit force in singlet states
they argue that a singlet potentizl concept should be reliables
Since solutions 2 and 4 do not fit such a potential they discard
these.

Of the remaining two solutions they find only solution 1
showing the effect of a consistent sign of tensor force and
fitting rcasonably to lower energy data. They believe only solu-
tion 1 of Stapp,Ypsilantis and letropolis should be acceptables

Polarization Correlation Bxperiments.

The arguments for rejecting all but solution 1 are
Persuasive but not absolutely convincing. We hope that within
the coming year additional experimental information may be
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available which will make the choice more firm, and perhaps
add to the redéability of the whole analysis (which is based in
part on some experiments which have been performed only once).
One of the most promising types of experiments is the
polarization correlation experiment. In its simplest form it
consis¥s of alp1yscattering made with an unpolarized proton
beam, with the polarisation state “ffﬂﬁZL outgoing protons
analyzed by a further scattering of each.

5

Carbon ,/ o X:‘L Ss

-ﬂ’: o)

> {
beam X
unpolarized

Carbon

\._Jv
=
24

One would compare the coincidences S1S3 (or S2S4) with coincideﬁ-
ces S184 (or S2S3) to see to what extent the spins of the out-
going protons are parallel or antiparallel. At 90° c,.,m.angle,
this experiment has the interesting property that it would tell
directly the fractions of singlet and of triplet scattering-
something not done up to the present time. Several varietiss

of polarization correlation experiment could be performed,some
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requiring an incident proton beam that is polarized. It is ex~
pected that experiments of this type will bo attempted at
Liverpool,Berkeley and perhaps Cern, in the next few years,If
they are successful there seems no question but that they will
succeod in resulving any remaining doubt about the rf\soattering

amplitudes and phase shifts.

The analysis of «.r.scattering has not yet been
carried as fas as the 1\%} scattering analysis. However, a great
deal of experimental information exists and it should be possi-
ble to carry the 1\T\analysis at least as far as the.f\f\ analy=
gis providing one is willing to use chargo independence and
take the 1S, 3 .

analysis.

F, 1D, BF,etc soattering directly from the

The hope throughout &il this work is that we may reach
the point of being able to say positively wheth$§ all nuclear
structure can be explained in terms of 2-body inferactions, and,
can fully specify the nucleon~nucleon interaction that should
be explained in detail through meéon theorye.

Antinucleon—Nucleon Interagdtion.

In the course of the coming year it is hoped it may
be possible to stop antiprotons in a liquid~hydrogen bubble
chamber. Besides giving direct information about the elementary
annihilation prooess( multiplicity of mesons, etc.) such an expe=
riment may give information on the size of the annihilation

matrix elements.

To estimate the matrix element size ( or the life-
time for antinucleons in nuclear matter) it is necessary to
determine how annihilationcdﬁﬁgﬁﬁba';with some reaction. Bethe
and Hamilton (Nuovo Cimento 4, 1(1938)) have shown how the ab-
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solute rate of annihilation could be established by determining
whether antiprotons in hydrogen and helium annihilate from s, p,
or d states. There are suffifient selection rules on the anti =~
proton~proton system so that the characteristics of the annihila-
tion (efecially the annibilation into 2-meson or 3-meson final
statos) can be expected to determine the orbital state from which

annihilation occurs.

The selection rules for annihilation have been given
by Michel in I953 (Nuovo “imento IO, 3I9 (I953). Besides the
usual requirements of parity and angular momentum ‘there is an
intoresting selection rule based on the operator I shall call
C R. C is charge conjugation and involves a reflection with
respect to the xz plane in the isotopic spin ( I-spiﬁ) space
whose axes correspon@ to the components,Ixj 1 ’ 1. of the
isotopic spin. R is a rotation of I80° about the I ., axis in the
same space, wﬁich I shall also call the charge-symmetry operator
even though I believe it may differ from the charge-~symmetry
operator used by some people. The combined operation CR makes a

complete inversion in the J-spin space.

Since the meson wave-function is an ordinary vestor
in this space all three components of the meson wave function
‘change sign under this transformation. Thus any state having n

mesons behaves as

-1
under this transformatione

The behaviour of the nucleon ( or antinucleon ) states
under R can be obtained from the usual Pauli matrices, represen=

ting the rotation by W around direction y by




-60-

5 1 .
etqﬁ?/ = Cas(ﬁ/l)+4—f} ﬁn(ﬂyz): Li}

which means
R‘P:‘.%I R*YL:{’-, Rﬁ.:—f ) RF.—..'T\

The behaviour oh the f P system under charge conjuga=
tion C has nothing to do with isotopic spin ( it is like the
behaviour of ¢ et ). For example the 'S, state of;fl 1 may be
seen to be a state for which C = 1 by any of the following
arguments: .
' 1. Michel showed it for any state of J = 0 (Ecole
d'Eté de Physique Théorique, 1957) .

2. Fermi constructed a neutral pion from this state,
for which we know C = 1 because a reflection in the xz plane
does not affect ?}which is the neutral part.

3. This state of positronium decays into two gamma
rays and C = 1 for even number of gamma rays.

4. This state is odd on spin interchange, even on space
interchange, hence must be even for charge conjugation to obey
thé Pauli principle.

5. Representing proton creation by 0-+ and antiproton
creation by 'er*a.nd using arrows to indicate spin direction the
operator to create one state starting from the vacuum state

would be

+ + _ c1.+ 4& +

Ty T

which on charge conjugation becomes

LF ot 8t at . ot 4t t 0+
1oy -ty oy A e ag 4
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because the operators anticommute. Hence C leads to the same

operatgriand C = 1.

Using the property we may construct a table of va-
rious decay possibilities in which the table is left blank if
the decay is permitted, and when the decay is forbidden one rea-
son for being forbidden is entered in the table. P indicates
parity, J angular momentum, C charge conjugation, R charge
symmetry, I fn means the I-spin function does not contain that
particular final state, I indicates total I-spin

TABLE OF FORBIDDEN DECAYS FOR $ © SYSTEM:

PR C CRI wtwg~| ¢ g° TT*&;véﬂ°1r°n;?

, I=0 | - + + + FJ PJ CR| I fn
So I =1 - -+ - PJ PJ

3 =0 - 4 - - CR CR I fn
> I=f |- - - + Ifa| CR| CR
1 I=0. + ot = - PJ P I fn
P I=1 + - - 4 PJ PJ CR CR

% I=0 + + + o+ PJ PJ
Po I=1 + -+ - CR Ifn| PJ| PJ

z I=«0 + o+ o+ o+ PJ PJ CR Ifn
P I=1 {+ = +« = | PJ PJ

z I=0 + + + + CR |41 fn
Fl I=1 +#8 4+ - ! CR I fn '

Clearly most decay possibilities are forbiiden, so ¥
the decay events could be used to determine from which.spin-an-
gular momentum states the annihilation were occurring.Depending
on the angular momentum states, we could tell whether the anni-
hilations were occurring from QL states (honce with a very large
matrix element) or from fv states (smaller matrix element). We

would be comparing rate of annihilation with the known rate at
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which $he system emits X-rays as it falls through the successive

orbital states, F, Dy P, S of the system. Such experiments would

decide whether the lifetime of an antinucleon in nuclear matter

were as short as IO"24 seconds or as long as IO'Zzseconds.

Following Wigner (Phys.Rev.1932): Be prepared.
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PHYSIQUE DES ELECTRONS DE HAUTE ENERGIE

1 -~ INTRODUCTION

La plus grande partie des expériences analysées dans le cours
qui va suivre, ont &té réalisées & 1'Université Stanford avec ltaccéléra—
teur linéaire de 220 pieds (Mark III). Cet accélérateur produit des élec-
trons dont l'énergie pouvait, jusqu'a l'annee derniére, atteindre 600 Mev,
I1 a eté depuis reconstruit entiérement, et il est probable qu'il pourra
produire prochainement des électrons de 1 Bev environ.

Les principaux travaux sur la diffuéién des electrons par ies
noyaux ont été faits par Hofstadter et scs dollaborateux‘s. Nous analyserons
cependant aussi une expérience sur la mesure absolue de la section offica-
ce de diffusion électron—proton, qui a été effectuée par le groupe de
Panofsky. 4 ce dernier sont dues également les expériences sur l'électro-
production des mésons TF et la photoproduction des paires de mésons V’

dont nous parlerons & la fin.

En plus des articles originaux, dont les références seront in-
diquées dans le texte, nous signalerons immédiatement deux articles de
revue qui contiennent un grand nombre de renseignements sur la plupart

des problémes discutés dans ce cours.
- R. HOFSTADTIR : Electron Scattering and Nuclear Structure,
Rev. Mod. Fhys. 28, 214, (1956).

-~ D. YENNIE, M. LEVY, D. RAVENHALL. slectromeagnetic Struciure of
Nucleons.
Rev. Mod. rhys. 29, 1'', (1957).

1 - INTERET DES MESURES DE DIFFUSION DIS ELLCTRONS

L'importance des expériences sur la diffusion des électrons de

grande énergie est qu'elles apportent un grand nombre d'informations sur
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les noyaux et la structure nucleéaire. La diffusion élastique, analysée
jusqu'a des énergies élevées, permet en principe de connalftre de fagon
précise, l'étendue de la distribution de charge des noyaux, dans leur
état fondamental, ainsi que la forme de celle-ci. Il en est de m&me pour
la distribution du courant magnétique pour les noyaux doues d'un moment

magnétique dans 1'état fondamental,

Far ailleurs, la diffusion élastique permet d'obtenir de nom-
breux renseignements sur les nivaux cxcités des noyaux. £lle permet aussi
de mettre en évidence les effets particulicers dfls aux déformations des
noyaux qui ont un moment quadrupolaire important (apparition de nivaux -
de rotation en accord avec le moddle de Bohr ot Mottelson). Enfin, l'uti-
lisation d'électrons d'énergie trés élevée (expérience a 400 Hev.), per- |
met d'étudier l'influence des correlations entre protons a l'intérieur du

noyau , qui donne & la distribution de charge un aspect granuleux.

En principe, les expériences faites au yoyen d'électrons per—
mettent une interprétation plus sure que celles effectudel avec des mésons
ou des nucléons, car l'interaction électromagnétique gst mieux connuse
théoriquement que les interactions du type mésonique:. De plus, le fait
que la constante de structure fine ( ~ = &2 /e = 1 /137 ) est re-
lativement petite, permet d'avoir davantage confiance dans les calculs
basés sur des méthodes de perturbaticn. Cependant, nous verrons que des
difficultés existent,; surtout pour des noyaux relativemsnt lourds.

~a) parce que Z , le hombre de Lrotons, est élevé, ce qui a pour
effet de contrebalancer la petitesse dc & , puisque c'est Z ez/h'c = Z/337
qui est alors le paramétre de développement. :

b) parce que l'énergie des électroms est élevée, ce qui rend
particulierement incommodes les méthodes de calcul basées sur un dévelop—
pement en ondes partielles (avec integration numerique. exacte dos

équations différentielles correspondantes).

2 - DASCRIPTION RAPIDL DS DISPOSITIFS AXPURIMENTAUX.

Nous ne donnerons ici qu'un apergu ectrémement bref des méthodeg
expérimentales. L'accélérataur linéaire de Stanford est longucement décrit
dans l'article de M. Chodorow et al. Rev. Scient. Inst. 26, 134,(1953)

Les dispositifs de scattering sont diséutés en détail dans
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o
1'article de Hofddter cité plus haut, ainsi que dans plusieurs autres

. 1
articles ).
Deux series distinctes d'expériences ont été faites 3

-~

a) A 190 dev environ, en extrayant le faisceau d'sledtrons a peu prés
34 la moitié de la longueur totale de l'accélérateur, au moyen d'une
double déviation magnétique qui a pour effet de refocaliser le faisceau

dans la chambre de diffusion (Fig 1).

1~ Ahccelerator

2- Collimator

3- Beam Stopper

4— Deflecting Magnet
5= S1it

6~ Deflecting Magnet
T7- Concrete Shielding
8- Scattering Chamber

9- Spectrometer.

o (1) s Voir par cxemple : Hofstadter, Fechter et McIntyre, Phys. Rev.
92, 978 (1953) ; Chambers et Hofstadter Phys. Rev. 103, 1454 (1956).

EEET T
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. N 9
1'accélérateur fournit 60 impulsions par seconde, et environ 2a3X10

électrons sont utilisables par impulsion dans la chambre de dif
Les principales difficultés

fusion.

L'énergie couvre une bande de 2 Mev environ.
de détection des électrons diffusés proviennent de ce que le faisc
ne dure que 0,6 microseconde par impulsion et gque toutes les mesures
doivent 8tre faites pendant ce temps. rar ailleurs, les compteurs &

scintillation sont inutilisables en raison de 1l'important "pvackground"

eau

de rayons K~et de neutrons. Les compteurs employés sont du type de
lerenkav. Le spectrométre magnétique & double focalisation permet de
sélectionner les électrons que l'on désire étudier en particulier (pic
élastique, spectre inélastique etc..s) La chambre & diffusion peut soit

étre remplie de gaz (diffusion par 1l'bydrogéne par exemple), soit con~

tenir une monture sur laquelle sont placées les feuilles métalliques des

substances étudiées. A

En général, par ce dispositif, on n'effectue pas de mesures
absolues des sections efficaces. Les comptages observés sont comparés &

ceux obtenus sur des protons.

b) A 550 Mev, en extrayant le faisceau & la fin du tube accélerateur.

Le dispositif est représenté sur la fig 2.

Le principe de la détection est le méme que plus haut, sauf
que, cette fois, le spectrométre analyseur est d'un type beaucoup plus

perfectionné.

3- FORULES LELEMENTAIRES DE DIFFUSION WLASTIQUsS FAR UN CHa.:F CONLOUGLILN

La formule classigue qui donne la section efficace différentiel-~
je de diffusion d'une particule de charge =z par le potenticl coulombien

produit par une charge 2@ est la formule de Rutherford :

dd _ 2 Ze"
ase 16 E* sint 2 (1)

N

Cette formule est pratiquement inutilisable pour le probldme qui nous

préocupe, car les électrons utilisés sont extrémement relativistes ; de
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(fige 2).

l
10 ‘BT ‘ ‘——_L____’\:_._Lﬁ

1— Bean

2— Ifagnotic probe

3— Deflocting Magnet
4— &ncrgy Definning S1it
5— Rafocusing ilagnet
6— Shicld

7— Vacuum Pipe

8— Gunmount ways

99— Sccondary Electron Monitor
10~ Ilagnet

11— Target

12~ Shicld Platform
13—~ TFaraday Cup

14— Detector

15— Shield.
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plus il faut tenir compte de leur spin. La section efficace différentielle

est, dans ce cas, donnée par la formule de Mott (é, lt'ordre le plus bas

en %)

dao, __(zZe‘)" (-t 1-prsint 2
dgz T\ 2m ﬁq sin’l% (2)

équation qui peut &tre simplifiée en remarquant que (5 = ru-/c ~ A

ot que l'énergie des électrons E = mcz“ -ﬁl)"’/‘?‘ dtol
'Y . P .

i-p = (r'mcllE)l. On obtient ainsi : |

i\ 2
dow 5},\‘('Z.ZQ) cos” 5 (3)
d gz 2E sin ‘%
Les formules ( 2 ) et (3) sont expriméesq dans le systéme du centre de

masses« Dans le systéme de . laboratoire , on obtient :
‘ 2 2 Q

- dow (z.Ze) cos” ¥ 4
2

dQ  VZE/ TenY 1+ Esn'd (4)

o1 M est la masse du centre diffuseur (cette derniere formule est surtout

utile dans le cas de la diffusion par les protons ou les neutrons).

II - DIFFUSION DES ELECTRONS PAR LES NUCLEONS.

Dans ce chapitre, nous examinerons succéssivement les expe~
riences effectudes sur les protons, les neutrons, les deuterons, et les
conséquences théoriques que l'on peut en tirer sur la structure des .
nucléons.

1— PREIIERES EXPERIENCES SUR LA DIFFUSION DiS ELECTRONS DE 188 1IBV PAR
LES PROTONS. (McAllister et Hofstadter, Phys. Rev. 102, 831

' 1956).

Les résultats expérimentaux de la diffusion des électrons de
188 llev sur les protons sont représentés sur la fig. 3 ol est basée la
variation de do’/dQen fonction de l'angle de diffusion 'S' dans le

systéme du laboratoire. En méme temps owb ropxréaecntde en pointillés 1la
pourbho de d4iffueios ds Uott (Eq. 4). On peut comstater qu!auw -grands
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angles , c'est & dire pour les grandes valeurs du transfert d'impulsion :

% - 2-E Sih:&' (5)
[44— P 19’]“2

le désaccord entre les deux courbes atteint déjd un rapport 5 environ.

On peut envisager plusieurs raisons 3 ce désaccord :

a) l'existence du moment magnétique 'normal" du proton (qui
résulte simplement de ce que celui-ci est une particule de spin %— ’
qui obéit & ltéquation de Dirac ) 5 il n'est pas tenu compts de ce
moment magnédtique dans la formule de Mott, qui traite bien 1l'électron
comme une particule relativiste de spin 5 5 mais oon31d§re le proton

comme une source infiniment lourde dénué¢e de spin.

b) 1ltexistence d'un moment magnétique "anormal" du proton
celui-ci sur lequel nous aurons & revenir, provient du nuage de mésons
virtuels qui entourent le “"proton nmu" (le proton entouré de son nuage
sera souvent dans la suitedésigné sous le nom de "proton physique"),
nuage qui porte une charge et intéragit indépendamment avec le champ
le moment magnétique anormal du proton est égal en

H
magnétoné de Bohr & 3

=47‘9r4. (6)

Le moment magnétique total étant par conséquent égal a'uip-. 44'4 13 2 7-3

magnétons' de Bohr. Remarquons tout de suite que, pour les mémes raisons

le neutrons aura sussi un moment magnétique anormal.

"-49)”“(3 (7)

le s:.gne négatif correspondant simplement au fait que le mcment magné—

tique du neutron est dirigé dans la direction opposée & celle de son

spin.
¢) IL'influence de l'extension finiedu proton.

d) D'autres effets telles que les corrections radiatives, les
corrections d'ordre supérieur a la formule de iott (2&me approximation de

Born ) etCove

Nous discuterons successivement ces differents effets,
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2 INFLUZNCE DU MOMsNT LIAGNATIQUE DU FPROTON (Théorie de ROSENBLUTH, Phys.
Rev. 79, 615, 1950).

I1 serait trés difficile de calculer 1l'influence du nuage mé-
sique en considérant en détail les differentes intéractions de champ
des nmosons du nuage avec le champ électromagnétique. Rosenbluth a cal-
culé cet effet en se donnant phénoménologiquement le moment magnétique
anormal ’Bﬂp et en ajoutant av moment de Dirac du proton un terme de
Pauli, destiné & tenir compte de la contridution de 3, o L'interac~

tion électromagnétique du proton s'écrit donc
(» ( 4
- p) op G‘(P) 8
Ha [ [ A + 3 M F;v (8
ola Ri‘ est le potentiel vedteur qui décrit le champ magnétique et F’(,

les forces de champ correspondantes : l

£ _R _ 28,

YT AX, (3)

Les '8" sont les 4 matrices habituelles de la théorie de Dirac et les

(& 2

"y constituent le tenseur antisymétrique de Spin @

N Y GRS
Cpov “”5.[/3)*.'51] (10)

U+ilisant la techniqus de Feynmann, Rosenbluth calcule la section effi-
cace différentielle & la premiére approximation de Born, c'est A dire

qu'il exclut 1'élément de matrice correcpoudant au diagrarme de la Tig 4 *

N,
p/\a

NUCLEON HELECTHON
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Le résultat est le Suivant 3

20'5%3) =38 )§ §:1L1(4+aer_,\”‘{gl.i+se",;]}< 1)

ol nous avons posé pour simplifier OTV‘(Q‘) égal 4 la section différen=.

tielle de 1'équation ( 4 ) (avec évidemment Z = 7 =4 ).

La fig. 5 représente cette fois en plus des résultats expési-
mentaﬁx, (cour‘be a), la section efficace gue 1l'on obtiendrait en
faisant ’}E = dans la formule ( 11 ) (c'est & dire en ne retenant
gque le terme "normal" de Dirac dans l'expression du courant 4 ),
(cour’be b), et enfin la section efficace compldte donnée par 1‘equat10n
( 11 ). On voit que les courbes ( b ) et ( ¢ ) encadrent la courbe ( a )
mais qu'aucune ne rend compte de fagon satisfaisante des résultats '
expeérimentaux. Il est donc nécessaire de tenir compte de l'extension

finie du proton.

2 29 \I\

® 10 \
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£ ‘:
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z -

g y -30 \

= Ny |
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g \\\\
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3~ INFLUENCE DE L'EXTZNSION FINLE DU PROTON (Yennie, Levy et Ravenhall
Rev. Mod-- PhyS’o, _2_2, 144’ 1957 )o

Indépendemment d'une théorie détaillée de la structure des nu-
cléons (sur laquelle nous reviendrons dans la suite de ce cours), il est
possible de décrire phénoménologiquement 1'influence de 1'extension finie
du proton en se basant uniquement sur des arguments trés généraux d'in-

variance @

. . .. . i)
l) L'invariance relativiste qui veut que le courant j}%e trangs-~
1N

forme comme un quadrivecteur.
2) La loi de conservation du courant

3) Le fait que le nucléon est une particule de Dirac ( cette
derniére condition n'est pas absolument indispensable § il suffit de sup-
poser qutil s'agit d'une particule de spin~% )

Dans ces conditions, la transformée de Fourier du courant peut

N

s'écrire de fagon tout A fait générale s

() | s - ' ¢
£ (PP = e DRI 4 )+ 3 o 0, Rqdltt 22

ol P et P' sont les quadrivecteurs énergie-impulsion initial et final du
proton, v ( P ) le spinsex de Dirac correspondant ¢ = P' - P le quadri-

vecteur qui décrit le transfert d'énergie-impulsion. Fl et Fé enfin

. 2 . .
sont deux fonctions quelconques de ¢ « La loi de conservation du courant

s'écrit dans l'espace des impulsions :

[y |
™ ;3)'(10) ' DY = -
iL /\\ 3).“ (’[‘)M"‘O :'_3)
b Les spinersv et v obeissent aux éguations

(4, B = mMYu(P) =0 1)

et

—_ t
T (B -M)=0. (15)
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I1 est facile.ae montrer que tout autre terme quisatisfait aux conditions
(1), (2), (3) ci-dessus, peut se ramener aux deux termes qui sont déja
inclus dans la partie entre crochets de (12) au moyen des équations (14)
et (15). Par exemple, un terme de la forme {}'(’P') (’P}b?ﬁ) ¥ (’P)
peut s'exprimer en fonction des deux autres par la méthode suivante
Multplions (14) & gauche par Tﬁ("Pl) '3\'},\ , {(15) & droite par

’3“}‘ Ay (’P) et additionnons. Il vient 1'équation :

ST, + BB 1P = 2MB(P) p,u(P)0o)

La partie entre crochets du ler membre peut stécrire en tenant compte des

relations dlanticommutation des matrices T 3

| F
!
(28, -1 IR+ 3B = 3,7, (BB + 2R,

ou bien

\ |
0B+ @83 ) B = - 5T (BRI,

et en prenant la demi-somme de ces desux expressions ¢
)
 +P
o, Sy qv -

Par conséquent, l'équation (16) peut s'écrire
T (P (’Pr' +-Pjﬂ)q,*(’P) =9MT (P) { Vo iLMCTHYq,}g(?).(N)

Le second membre é bien exactement la forme du second membre de l'équa~
tion(12) .

Les positions Fl et F2 peuvent étre considérées comme des
géneéralisations des"facteurs de forme" qui apparalissent dans la théorie
de la diffusion par des noyaux lourds. Mais il est important de remar-—
quer qu'elles ne pouvaient &tre égales aux transformées de Fourier des
distributions de charge et de moment magnétique du proton. Ceci est dl

& plusieurs effets :

a) F, est le coefficient de l'opérateur “ 'K‘Hqui contribue &

la foig¢ & la charge du proton et & son moment magnétique normal.
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b) Les effets cinétiques de recul des nucléons viennent compli-
gquer la relation entre les distributions de charge ct de moment magnéti-
que, d'une part, les transforméés de Fourier des positiouns Fl et FQ’

dtautre part. Nous prenons dans la suite 3

() = (i€ et (18)

L

et par conséquent s
-n>
. _ f&"
1[,;(4) = (27)"> g (9" o™ Ay, (29)

Si on développe les Ffonationa Fien puissances de q2, on peut
introduire des "rayons carrée moyens" des distributions 'g' correspondan«—
tes par les relations : ' |
2 :

G/
F@) = a=2 < (20)

et

<’f;l> — g,*,l .{,L(A-‘) d¥. (21)

Pour illustrer ce gue nous venons de dire sur la relation entre g‘(q‘-)
et les distributions de charge gch(’r) et de moment magnethue
g rnag (»1- } nous calculerons, & l'ordre le plus bas en ™M~
la relatlon entre {1} >defin1 par (21) et le rayon carré de la dis-

trivbution de charges

0D = g T g (F) A (22)

Pour cela il suffit de prendre la forme non relativiste de la guatridme
composante 3, du courant (12), en se limitant aux termes du premier

ordre en qq"/ 3,:

o= e ¥ F~—q’l E 423, F ) '
30 q)j_ de_[i W( 4 ‘p ;1,}}‘ +(23)
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' .
ol q) et .(P sont les grandes composantes des Spiners ge¢ Dirac. En
tenant compte Hae (20), et en conservant seulement dans (23) les termes

en q, /M on obtient ¢

Sy (4423, (24)

2 o
PR R

le 2&me terme de (24) est essentiellement dd au recul du proton et son-
importance a été reconnue en premier lieu par Foldy (Phys. Rev. 87, 688,

1952).

Finalement le résultat du calcyl de la section efficace dif-
férentielle de diffusion électron-proton , lorsqu!on prend comme cou~
rant du proton l'expression (12) et qu'on utilise la premiére approxi-
mation de Born, est :

do{) v{—2, & -+
....::CTM(S\} F’; +""~*"':z: 2( + 3‘6._;, ‘!'(?
d 5é LM
1r:~fl]
+ R,
égqaation qui se réduit évidemment & celle de Rosenbluth lorsqu'on fait
F = F: = {i . L'influence de l'extension finie du proton sera

4 |
analysée par comparaison &

C’Y: ('\9‘, Cﬁ')‘ défini par
3% Pomt [@\(’3:% 1 (26)

ol poirt est donnée par 1'é,uation (11). Q;T dépend en général

cette derniére au moyen du '"facteur de forme"

de l'angle ; sauf si- F? f:' = Fr « Dans ce cas il sera

. < g
posslbie de représenter le rapport (Opomt} (O‘n, en fonction
de

diffusés.

sur une seule courbe indépendante de l'énergie des électrons

4~ ANALYSE DES RESULTATS EXPERIMEN®AUX AUX GRAVDES ENERGIES.

La structure du proton a été étudiée de fagon systématique par
Chambers et Hofstadter (Phys. Rev. 103, 1454, 1950)qui ont poussé les
mesures de diffusion jusqu'd 500 Mev environ. La premiére observation &
tirer de leurs résultats est que 1l'effet de l'extension finie du proton

('\-.
devient trés importanty puisque les facteurs de forme f‘ peuvent décroitre
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jusqu'é. 0,1. Par ailleurs, les expériences sont suffis mment précises pour

permettre non seulement de mesurer les carrés moyens <f{'~7—> mais
aussi de déterminer quells forme de distribution staccorde 01: ne s'ac-
corde pas avec les résultats expérimentaux. Nous ne ferons que résumer
trés rapidement ici leurs conclusions. De tous les moddles qui ont été
essayés celui qui s'accorde le misux avec l'expérience est fourni .par la

distribution "exponentielle creuse"

-

Q ?-Cgo’f@ ‘ (27)

avec

, 2
| <'ﬁ2> = <”r11> = [ (O;??' + 0,10). 10 'Sc,m] (28)

Dlautres moddles peuvent également 8tre considérés comme satisfaisants. . .

La distribution Gaussienne, par exemple

2
g=ge" @)

avec @

o 2
C47) =<K = (0,70 %4077 em) o
o ¥

ou bien la distribukion exponentlelle 9 g o avec

(%1‘) <ff"1)..(o 80)(!0 (.n Par contre, ume distribution du sype de
Yukawa. (‘3 9,92011 bien du type "uniforme" (? cte pour + Lo
ne s'accordent absolument pas awec l'expérience. Un remarquera également
que le meilleur accord est toujours obtenu au moyen &g représentations

- identiques pour {! et -fl « I1 28t trés important théoriqueoment de
savoir dans quelle mesure ces deux fonctions psuvent s'écarter llune de
1'autre sans contredire les résultats expérimentaux. La conclusion de
Chambers et de Hofstadter eost gquiaucun des deux rayons ne peut &irs
inférieur a 0,6 X 10-'3 cm ou supérieur & ’5,5 X 50_13 cm.
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Dans ces équations, le densité ds courant de l!'électron s'ex-
“a
prime en fonetion du champ 4/(){,*&) de 1l'électron par la formule
habituelle 3

R -~
@) (X1) = LQL‘((X,{)',E:F}%"{X VO, 39)

¢

Nous considérons deux états du systeme : un état initial f? ~
wf“:

e

u

qui correspond & la présence d'un électron dont 1'énergie~impulsion e

représentée par le quadrivecteur P}» s 1'état -des photons étant

celul du vide 3
s un état final é’i’s
L,

qui ne contient qu'un électron dfénergie-imrulsion ! .

TR
Npus cherchons la probabilité de transition de 1'état A & 1l'état
B, aprés interavtion avec le champ extérieur et le chemp propre (fig. 6)

Celle—ci s'obtient a partir de l‘élément H

'wm3“(§ﬁ)H' } (36)

-’

de la matrice de collision EB qui est donnée par la formule de Dyson 3

Z (-O S GEO’P% H,-,,L(tA)"‘HLnt (’cnﬁ}c'{t*“o&n()lw)

m
=0 -0 o0

le symbole 13 signifiant que le produit entre accolades doit &tre ordon-

& ce que les temps {;,,..}tw, aillent en croissant de la

droite vers la gauche. L'élément d'ordre zéro de la mairice S est Evi--

né de fagon

demment égal & 1. Il correspond & la propagation libre de 1l'électron con-
sidére dahs l'état initial A. A l'ordre 1, seul le terme “n F4Fx Ve,
contribuéy car 1'élément de matrice de F} ,{Qi—t) ensre deux étatls du
vide des photons est nul. L'élément correspondant est celui de la diffu-.
sion de 1'électron par le champ du proton & l'approximation de Born. C'est

celui que nous avons calculé par la formule de Mott.

M, = eulp) 7y, ﬁ:ft(q,)u({b)- (38)

Au second ordre en e, nous rencontrons deux sortes de contribu-
tions non nulles. Celles qui, dans 1l'equation (37), contiennent un produit

de deux termes en F4€Xt :
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il stagit de la deuxiéme approximation de Born a la diffusion de l'électron

P —

par le prbton, dont nous savons qu'elles est ngyligeable. Celles, par
ailleurs,qui contiennent un produit de deux termes HI g i1 s'agit alors
d'un terme d'énergie propre de l'électron dont nous avons & tenir comptee.
Les termes crolisés Hexb HI ne donnent pas de contribution pour la

m&me raison que plus haut (les éléments de matrices de H,_,.‘ dans le
vide sont nuls). On voit facilement que les termes d'énergie propre peu-

vent se mettre sous la forme :

M,=te* B ulP (- Q, o

olr Q@ est un nopbre qui est donné par une.cettaine intégrale divergente
dont 1'expression ne nous est ias né:'cessai‘re pour comprendre le principe
de la méthode de renormalisation. Nous allons montrer que ce terme
résulte uniquement d'une addition & A la masse "mécanique® M de

o
1'électron. Comme seule la masse totale

m =T+ ém (40)

est observable, nous ne dsvons pas nous attendre au moindre effet mesu-

A

rable dans la diffusion de 1l'électron & cet ordre. Zecrivons en effet le

Lagrangien de 1l'électron, ; ‘ '
i =y (M-%rmg«lz z 1 (fr%ﬁ m\‘P ’8"‘:{;4"(41)

Si nous convenons d'inclure dans la partie libre de l'Hamiltonien la

masse m, il en résulte une addition & 1'Hamiltonien d'interaction :

1

—ar ]
Hint - hz + Hext + Hs.e. , (42)
o M (Bamiltonien de self-énergic) s'écrit :

5@
H = 8?’1‘) Sﬂ :};—’(‘)?,“Q 4’(?14‘:) d; (43)
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Au premisr ordre en  GOM Hs.e. ‘produit , par l'intsrmédiaire des

formules (36) et (37) un élément d¢ matrice de diffusion :

Mg = - i8m (1)’ S(p-p') Grpiu(p).  (44)

Far suite, si nous choisissons pour ém-la valeur @

8m=?%%;)—; &Ql‘v - (45)

nous garantissons, par la relation :
My+ Mo =0 (46)

llabsence de tout effet observable au 28me ordre en e dans la diffusion

de 1'électron.

Nous calculons maintenant en 38me ordre en ¢ les éléments de
matiien de scéttering en introduisant dans la formule (37) qui definit S
ltexpression (42) de Ht{nt , en n'oubliant pas toutefois que si H.‘I
et cht sont du ler ordre en e, HS‘Q' est un terme en e2. Au troi-
siéme ordre en e, les effets non nuls proviendront donc de produits de la
forme HI HI Hexé ou He.xt Hs.e,’ Les diagrammes correspondant
au ler .groupe sont representés sur la fig (7), ol ll'interaction avec le

champ axtérieur est indiqué par un gros point noir.
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Chacun des processus représentés sur cette figure diverge qua dratrlquement :
mais cette divergence est annulée par l'addition des vermes du second
groupe, S étant toujours donné par 1'équation (45). Il reste que

chacun des termes représentés sur la figure (7) diverge encore logarith—
miquement, mais que leur somme est finie, au moins en ce qui concerne la
partie des intégrales qui correspond aux graudces fréquences . phoion
virtuel (région ultra-viclette). Il exisie encore une divergence pour les
petites valeurs de la fréquence du-photon (catastrophe indma-rongsz) qui
provient de ce que dans un terme comme celul-ol

A s
B . o i “.} 3 D

—r— v smbennve. 08 AR vv- n--.
uy !

=, e . - (47)
u(p )(ﬁr}‘* @”si'afz,’(fa‘~ta‘s+n"}y “fﬂ" Fyed RS

qui correspond 3 un facteur prés, au terme (b) de la fig (7), lesfonctions
. — 1] 5
d'onde Li(P) et LL(P) de 1'électron corrsspondant & des yparticiles liibres

gqui satisfont &4 l'équation de Dirac habituelle :

(igp«a-m)u(m =0 (p) (AP + NENe) (48) |

Par suite, 1'élément de matrice (47) peut s‘écrire( on pose 3 (%ﬁ§0t~P)

o ) |
Gomye U 3’*')[“:","5 U R Vv‘ n FL@)y(p) (42)

et 1l'on voit que l'intégrale en R diverge logarithmlquement pour {§*90.

Pour élimirer la divergence infra-rouge, il est nécessaire de
tenir compte des diffusions inélastiques aves émisson ds photons dent la
fréquence est trop faible pour &tre détectée,; et qui apparaltront par
conséquent comme des diffusions élastiques expérimenialilement. S1 1'on
appelle A&E; la fréquence minimum qui peuﬁ 8tre détectte par les appa-
reils de mesure, on obtient finalement pour 1'élément de matrice correct

jusqu'au 3&me ordre :

tot —
M =M +M, = ?«‘iiLL-S(%‘;t_ﬂ (50)
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ol S(S\E) sst donne, a la limite relativiste de l'électron

par 1' expression

VE sind ] - -
S = L%a[Lo%l%_i- ﬂb"‘%%@-%]*’% + dP(.g‘)} (51)

(;) (9-) etant defini par 1'intégrale :

4
| X =X (52
(;P(S))z’-'isin%g [LOg 3 _ LO% 7 } d X ’ )
(P (3‘)n'ast pas calculable analytiquement sauf pour (;)(o)-:.o e't(g;)(n—\:zt;

I1 existe unc approximation par excés qui vaut toujours aux angles pas

trop grands :

O (N > oot ‘[LO%*‘*L““““’ /"":‘%%*'ﬁ(sa»)
' [ad(@rms )™~ 20ke3) 2

Dans le calcul précedent, on a négligé le recul du proton qui n'apporte
que des corrections de ltordre de E/M , soit aux énergies qui seront
consiéérées au paragraphe suivant,de 1l'ordre de 10%. Ces corrections doi~ :
vent 8tre incluses si l'on veut comparer (S aux mesures gqui pour- '

raient Btre faites & des énergiss de l'ordre de 500 Mev ou 1 bev.

Le calcul de J que nous avons esquissé ne tient compte
que des effets & l'ordre le plus bas dans le nombre de photons virtuels.
On pourrait se demander si, en raison de la présence du terme logarith-
mique en E /AE dans l'équation (51), 1l'approximation n'est pas su-
jette & critiques malgré la petitesse de la constante X = A/137 .
Yennie et Suura (rhys. Rev. 105 , 1378, 1957 )ont montré que l'inclusion
d'un nombre arbitraire de photons virtusls rovicent simplement a remplacer;
1téquation (50) par s

SS9 F
esc )

Mt M (54)

4

-

confirmant en celd une hypothése qui avait 6t8 faite initialement par

Schwinger.
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6~ MESURE DE L4 SECTION EFFICACE ABSOLUE DE DIFFUSION PAR LZS PROTONS A
- 188 MEV (Tautfest et Panofsky Fhys. Rev. 105, 1358, 1957).

La seule mesure absolue de section efficace a été faite par
Tautfest et Panofsky, utilisant le méme dispositif de diffusion que
Hofstadter, sauf qu'ils ont observé non pas les électrons diffusés, mais
le recul des protons dens des émulsions photographiques disposée autour
du faisceau & l'intérieur de la chambre de diffusion. Dans ces conditions

les formules (50) et (51) doivent &tre modifiées pour deux raisons :

a) elles doivent 8tre éxprimées en fonction de l'angle de recul
a/\ des protons ; dans le cas simplifié ot 1'on fait E/m » 1 et
E/M<%14, on a.la relation : '

r=T_.% | (55)
2 2

b) il est nécessaire de tenir compte decgu'une grande partie ds

la diffusion inélastique est incluse ; la quantité qui limite expérimen~

tallement la mesure n'est pas la fréquence minimum des photons détectables

‘mais le recul minimum O‘mi%es protons qui peut &tre observé , étant

données les conditions géoméetriques de l'expérience. Le recul des protons

est donné en fonction de l'énergie par la relation :

g, = 1Ecos Y- | (56)

Le calcul du terme correctif a ét8 fait par Schiff (Phys. Rev. 87, 750,

1952, ) qui trouve pour 1'e¢lément de matrice total :

M =M, 4+ 8.8 (57)

- dont A (’OA‘ E) es donné par la formule :

=& 2Ecosy 410 L I 1 _ by Yss
A fﬁ {[LDS -.—--HTT—' ZJLLQQ(X + ‘i‘ _2.)""‘ X - 6] '8 ('b‘ﬂ l,}}’ )

ol l'on a posé ¢ X = Cl,/ Doin = 2E cos r/q,,,.-,,

et ol (,b(ﬂ) est toujours donné par 1'équation (52).
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La quantité mesurée par Tautfest et Panofsky est le nombre total
Nt; de traces de protons correspondant & des reculs compris entre 54°
et 789, clest & dire la "section efficace intégree”

78°

N = GX (‘fl} (‘l,)(i**&) Siny dy (59)

F:' (c1f)étant le facteur de forme commun aux distributions de charge
et de moment magnétique déterminé par Hofstadter et ses collaborateurs
et G un coefficient ne dépendant que des propriétés géométriques du sys—
téme de déteebion. Le dispositif dans la chambre de scattering est
représenté en détail sur la figure (8). Plusieurs difficultés particusk . -3
lidres ont a0 &tre surmontées dans cette expérience. Les plus notables
ont été&

a) le fait que les sels d'argent des émulsions se trouvaient
réduits par 1l'hydrogéne de la chambre, d'ol apparition de grains dlar—-
gent métallique qui rendaient tout scanning impossilble j cette diffi-
culté a été surmontée en refroidissant 1'ensomble de la chambre de
diffusion & ~30° C ; il était en outre trés impoftant de maintenir la

température uniforme, avec des variations extremes inférieures & 0,5°

b) 1'obscurcissement des plaques par la radiation caractéris—
 tique de 1'hydrogéne bombardé par les électrons ; le seul moyen de
liniter cette difficulté s'est trouvé étre la réduction du temps 4d'ex—

position, de fagon & n'avoir pas plus de 1()14 dlectrons dans les plaques.

Tl est trés important dans cette expérience, de disposer les
plaques symetriguement par rapport au faisceau de fagon & additionner
las evenemeﬂ%géﬁﬂgisdes bandes d'émulsion symétriques, ce qui élimine
3 peu prés compldtement les erreurs dfles au centrage du faisceau. La fig.
(9) indique les différents facteurs géométriqugs qui intsrvisnnent. En

fonction de ces quantitss, le nombre Eﬁ?qt de traces se trouvant dans

Y

T3y

1'intervalle compris entre BA et "4-:571 est donné par la relation :

dN, =N,N, % ¢ z.e“" 4 sondy (69)

[

ot Hi . y' = \i/ et PJP et PQQ sont respectivement le nom—

bre de protons par unité de volume et le nombre d'électrons total arri~

vant sur la cidle.
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Pour apprécier la difficulté de cette expérience et 1l'ordre de
grandeur de la précision & laguelle on peut raisonnablement mesurer une
Section efficace absolue , il est interpssant de faire la liste des erreurt

qui interviennent dans le calcul deCHVtﬂifdéfini par l'équation (60) ¢

1) BErreur sur PQP ¢ provient sssentiellement des variations

de pression et de température, estimées chacunc & 0,2 % .

2) Erreur sur PQE ¢ due principalement aux variations du

systéme intégrateur du faisceau,estimé 4 1% au maximum.

3) Erreur géométrique : (définition mécanique des dimentions
du porteur de plaques , séparation de celles-ci, surface totale scannée,

etc...) estimées 2 1,2% .(erreur sur le facteur d'angle solide).
4) Centrage du faisceau : erreur négligeable.

5) Erreur d'observation ("scanning efficiency") : certainement
inférieure & 1%.

6) Mesure de "range" et détermination de l'énergie primaire
1,46% ou tout. ’ i

7) Erreur statistique, provenant de la division des 2350 traces
dans l'intervalle 54°-78° en intervalle de 2° : incertitude estimée 2
2, 06%.

8) Baé&round $ incertitude corrigées sur les résultats expéri-

mentaux avec une errveur possible de 0,2%.

9) futres erreuwrs (négligeables) longueur scannée, variation
de la dsnsité de 1'hydrogéne en raison du chauffage par le faisceau 3

contamination possible du gaz de la chambre par du deuterium.

En définitive, la combinaison de ces erreurs a 618 estimée
statistiquement & i 2,1% (erreur probable). La section efficace théorique,
définie par (59), a évidemment été corrigée pour tenir compte di recul des

protons. Finalement le résultat de Tanifest ot Panofwky's‘écrit :

Ny (exp)
— = 0, 0,024
N, {(th) 588 21

boof.
¢ U

(61)
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I1 faut remarquer que les corrections radiatives ntinterviennent dans ce

résgultat que pour
A=—274%. | (62)

A une énergie de 500 Mev, cette correction serait beaucoup plus importante
(30% environ): Le facteur de forme ne différe de son coté de 1'unité que
de -2,93%.

7~- INTERACTION ELECTRON--NEUTRON.

' I1 est trds important de comparer maintenant les résultats obte~-
nus par diffusion des électrons sur les protons avec les mesures qui ont
é+té faites indépendemment sur ltinteraction électron-neutron. Historique-~
ment, ces mesures furent les premiéres qui donnérent, par diffusion de
neutrons trés lents sur les atomes, des informations sur la structure des
nucléons. Les promidres mesures sont dues & Fermi et Marshall(Phys. Rev.
72, 1139, 1947)et & Hamermesh, Ringo et Wattenberg (Phys. Rev. 85, 583,
1952_}. Nous parlerons un peu en détail des mesures plus récentes de Hughes
Harvey, Gol'dberg et Stafne (Fhys.Reve. 90, 497, 1953) qui furent les pre-
midres 3 fournir une valeur relativemert précise de l'interaction électron
neutron. L'expérience consiste & mesurver l'angle de réflexion critique
de neutrons de grande longueur d'onde ( A ) sur une surface de sépara-—
“tion de bismuth et dlozigéne liquide. Cet angle critigue ‘.;)-c est donné

en fonction des longueuvs de diffusicn des neuftrons par le bismuth , 1'oxy—

géne et les 6leciron OLB‘ \ QO et O,e rocpectivement, au
¥
moyen de la relation ¢
o~ ; '
W 2
X9 - N o - ) b =N 7 163)
22 Sc 0 Qo ~ Ny @ gt deig\asza; | Lof
o NBi ) NO sont respectivement les nombres de noyaux de bismuth et

dtoxygéne par cm”. .
On trouve : .Q\c-“: 3,6‘—% i"O‘OL\ minutes, et par comnséquent
(en utilisant des mesures directes de Q. et Qg )e
)

-16
QQ = ‘;L%O X ‘O cim.
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Ltinteraction électron~neutron s'exprime traditionnellement et
conventionellement par la profondeurxz;du puits carré d'un potentiel de
portée égale au rayon classique de l'electron Ty = e'z’/m, qui fourni-
rait la méme longueur de diffusion. L'équation (63) conduit par conséquent

a s

V, = -3860x370 V. (64)

D'autres mesures encore plus récentes, employant des méthodes
différentes, sont dues & Crouch, Krohn et Ringo (Physi Rev. 102, 1321,
1956) qui trouvent \/0 = - 3900 =+ gGGgV, et 3 Melkonian, Rustad
ot Havens (Bull. 4m. Phys. Soc. Série 11, 1, 62,1956) qui obtiennent le

résultat. relativement précis suivant @

Vo= -BI65E165 eV (65)

Q

Si 1'on prend la moyenne des deux résultats (64) et (65) on

peut admettre pour i"‘o la valeur :

V, = -4000x 300eV. (66)

Les experiences précédentes ayant été faites 2 trés basse

énergie, il es% permis de développer les facteurs de forme en puissances de

9 ¢ VA . .
f,’Mz , ot Gest le carré du transfert d'impulsion, et M 1la masse

des nucléons. la formule (24), s*éorit dans 1e cas du neutren (qui nfa

évidemment pas de moment magnétique de Dirac)

1y - 3 (A2 (61
(AR = Tpqn (228 A4 g

-, - o 2.
ou QPhest le moment magnétigue anormal < i,f_}i ;Aae‘b <‘\:n> le ra-
yon carré moyen du facteur de Torme E; correspondant au neutron. Celui-ci

peut avec nos définitions, &tre négatir cax, pour le neutron nous avons 3
T
Q"

2y -
E O et c.

. (68)
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La quantité <+2> hes’c lide & l'écart Cgv par rapport au
c

potentiel résultant d'une distribution ponoituelle par la relation :

¢l @- ZTe” vy, gé \V 7. (69)

L'intégrale sur J%st 4 son tour, exprimable en fonction de
Vo en Supg.osa.nt que celui-ci s'étend & l'intérisur d'une sphére
de rayon A, =R /fin

S,J\/d.«? = %’14;3\/0 (70)

d'olr 1'on déduit :

¢ ? ___Q»l 37, ]
Vo =35 <+> B 2_+03[' N 4'( ) )

Le premier terme qui figure 3 la droite de (71) est le terme bien connu de
Foldy s

2
°©  He! M
I1 en résulte que le second terme de (71) est sensiblement égal & :

_ VvV - 0+300ev,

d'oli 1%on tire 1

= -4070 V. (12)

-26
(+2Y =(0,000£0,006) 10" em-(13)

I1 existe donc un contraste frappant entre l'extension de la
distribution de charge du proton et celle du neutron. Si 1l'on adme} 1'ima-
g¢, gue nous examinerons de fagon plus critique dans la suite, selon la-
quelie 1'extension des nucléons est due en majeure partie & leur nuage
mésique (les effots de recul du '"coeur" étant considérés comme petits), le.
résultat que nous venons d'obtenir semble &tre en contradiction avec
l'indépendance de charge des forces nucléaires, qui suppose essentiellement
que le couplage du prcton, avec son champ mésique, est identique a celui
du neutron.
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Avant de discuter de fagon plus détaillée de 1'extension des
nucléons prodite par la théorie du méson, nous continuerons notre ana-
lyse des résultats expérimentaux, en considérant la diffusion des élec-
trons par le deutérium.

8~ DIFFUSION ELASTIQUE DES ELECTRONS PAR LE DEUTERIUM.

La diffusion élastique et inélastique (électro—désintégration)
a 6té étudide par licIntyre, Hofstadter ot leurs collaborateurs. Pour
1'énorgie de 190 llev environ, les résultets ont été publiés dans : Phys.
Rev. 98, 158, 1955. Les résultats préliminaires pour 500 Mev ont paru
dans Phys. Rev. 103, 1464, 1956 . Une étude systématique de la diffusion
3 haute énergie a, enfin été faite par McInfyre e‘E Dhar :(Electron
scattering from the deuteron and the neutron-proton potential), (sous
presse & la Phys. Rev.). Les mesures ont été effectuées & 400 Mev pour

-~

des angles de diffusion compris eutre 30° et 90° et & 500 Mev pour des
angles compris entre 30 et 80°. Les sections efficaces n'ont pas été
déterminées en valeur absolue, mais seulement par comparaison avec

1thydrogéne.

Si :ﬁiP(+) ot ¥1éﬁreprésentent respectivement, dans le

5 ) ~»
deutéron, 1'extension de la charge du proton et du neutron, et si s!/L\(T) ,

est la fonction d'onde de 1'état fondamental, la distribution de charge

{exprimée en unités égales & la charge de 1télectron) est égale & 3

— - -3 ] ‘..g, - ,.:>' x
o (=1 R+ CRPHNNC ¥

fzp
et, par suite, le facteur de forme correspondant peut s'écrire :
== Q2 r - A 2 — 1
g =iF,, (") +F (a )] Iy (q%) (75)

= , 2 , - L
ol ‘D(q}est la transformée de Fourier de “*’D (’T)]‘

'
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Si nous développons l'expression entre crochets de (75) en

puissances de q2, nous avons d'aprds @0) et (68)
| r. o ; 9 -
Flan =1 - L (b + D)+ el . 19

Un calcul des distributions de charges statiques du nuage mési~
que de chague nucléon conduirait rigoureusement au resultat( <'f1>
et par suite & l"‘ (C-] ) !"' (q“}'} Nous avons vu au paragraphe précé-
dent que ceci est en contradlctlon avec les résultsts expérimentaux sur
1a diffusion des électrons par les nucléons lidbres. Nous supposons, pour
commencer, qgue dans le deutéron, conformément & la théorie du méson, les
contributions des nuages mésigues s'annulent identiquement et que le
faoteur de forme se réduit effectivement & F- . Cette dernidre fonctionm
a 6té calculde par Jenkins (Phys. Rev. 102, 1586, 1956) qui ont la section

efficace de diffusion élastique sous la forme :

HE L2 N
Sj«__O' ;__(:*__\ ,CDSQ"*Z:‘ ] ( 1) (77)

a8 2E Sin %— {+ n"c‘)‘ D

et la fonctiom d."onde du deuteron dans 1l'état fondamental 3

‘ i 4 |
Cb (’:«’?}x ;‘—ﬁ';[ut(ﬂ +|-[~£~g, 54110(4% an (78?

ol "*{mest 1a fonction de epin correspondant aux 3 valeurs du nombre

quantique magnétique +1, 0, ou =1 j i {$Tet wWI(P) sont respectivement
les fonctions rediales des états S et D et 812 , ltopérateur tensoriel

de spin habituel :

= 2y o - =
5»1 - & AeT) (5,9,)- (19

42

2
Dans ces conditions Fﬁ se divise en trois parties

-2 CAE , N = . 3 Z
!‘D (C] )y {a%) + 'Q(ql) - Fm(ql) X % [cos"gz ‘_1}80)
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ol r est la contribution de la partie de la distribution de charge
qui a la. symétrie sphérique :

o)
£ () ={ (@+M 4 (Lgn ax (61)
O
F'-Q est un terme qua.drupolagge :
— . A '
“O‘(qla) - S Ly (u-% Vi (VAT )
(4]

et Ev‘un texme d'origine magnétique :

P (81 = _E ’1'”‘"( (p..-\—p»tpvu‘-x—w‘) -3 > (gt pnm )w’- 3]
(83)

) AN L A 3
+€E€ L) () +“V"”g'}31( 3)}

oty r,mpetrin sont les monunts ma.gnethues totaux du proton et du neutron,

et J [){ les founctions de Bessel sphériques habituelles.

En probique, les termes qui font intervenir ux(+)en facteur
sont trés petits U 18 représentent une correction de quelques milliémes
2
seulement). Si on leg niglige, on peut éecrire }——D sous la forme :
r ot 2 h
u 2 [ i
£ 2 w4 . — A b (h+ i} 8
D(C‘\) i.s""b cog,.g _L/ }“p H")J S (Ci (84)
La comparaison détaillée de ces formules avec les résultats
expérimentauz so jhourte & la &ifficulté que lion ne connait pas avec
certitude, ltinteraction naut*ﬂon-proton, et par suite, la fonction d'oncé
du ‘deutéwren dans 1l'état Tondemental (v\_; 4~ 3D) HcIntyre et Dhar onmt

&tudié systemetisuement les diflférents patentiels qui permsttent de rendre

compte correcicment ¢= 1 énerzie de liaisonet du moment élecirique qua-
drupolaire de la diffision neutron-proton aux basses énergies dans 1'état
triplet (" efrective v nge" ). Ce sont, tout d'abord, deux types
phénoménologigres ds potentiels de Yukawa déterminés par Feshbach et
Schwinger (Phys. Rev. 84, 194, 1951), qui ne different entre eux que par
une prediction légérement différente du pourcentage F)D dtétat U  dans
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1*état fondamental. Ensuite ils ont considéré le potentiel de Gartenhaus,
qui contient un coeur répulsif aux environ de ’&’O:z 0,5—).{10*‘3 Cn‘f

et qui se déduit de la théorie mésique avec source fixe de Chevi' et Low
(Phys~ Rev. 100, 900, 1955)« Les valeurs correspondantes deF sont
représentés sur la figure(10) en méme temps que les points exper:.mentaux
obtenus entre 188 Mev et 500 Mev (on remarquera que F’;’ ne doit dépen-—
dre que de qg*
dents & laquelle les mesures sont faites):

;, et non pas de l'énergie particuliére des électrons inci-—
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On constate gue pour les valeurs de q qui aprschent de 3)( \Ol?)c‘\'ﬁi,le
désaccoTd entre 1l'expérience et le moddle le plus favorable (potentiel &
coeur :x:'épu.lsif) correspond & un facteur 3 environ. On remarguera égale-—
ment gue pour des transferts d'impulsion aussi grands, les prédictions
+théoriques peuvent varier d'un facteur 2 d'un moddle & l'autre. En tout
cas, les résultats expérimentaux indiquent que la distribution de charge
du deuteron est nettement plus étendue que celle prédite par les trois
modadles consicdérés plus haut. Pour s'affranchir de 1'incertitude sur
1linteraction neutron-proton, McIntyre et Dhar se sont demandé quelle
était 1liinteracvion qui, pour une portée effective?’f*f‘(’) fixée & sa valeurx
expérimentale 34"0 = (43-0 + 0'03) )(20"3 ¢n , donnera la fonction
d'onde du deuteron la plus étendue. On voit assez facilement qu'il suffit

de prendre une interagtion de la forme ¢
\ — “
V = =V, (F-) Tro

(85)
V= oo A <O

ctest & dire une combinaison d'un coeur répulsif et dfune force attrac—

tive de portée nulle. Il apparait, cependant, que méme cette intéraction

extréme conduit quand méme & un désaccord do 1'ordre de 100% (G:h /(}'z y o~
2 } avec les résultats expérimentaux. I1 est done nécessaire diad— "
mettre que le proton et le neutron n'ont pas, dans le deuteron, des
nuages mésigues de charge opposée et d'extension comparable. S'inspirant
des resultats obtenus sur les nucléons libres, McIntyre et Dhar prennent
dans la formule (75), F:n =Q et Ep 6gal & celui déterminé par
Mofstadter sur les protons libres. Ils stefforcent de décider alors quel
est le potentiel neutron-proton qui s'accorde le mieux avec les résultats »
expérimentaux. Il semblc que le meilleur accord soit obtenu avec l'un

des wpotenilel.s du type Vikawa de Feshbach et SchwingsT. Cspendant, la
grande latiude aui oxiste sur 1a forme de distribution de charge du
proton (§5) perust en réalité dtcbtenir vn accord satisfaisant avec tous

lee +trois posaunsiels considérés.Ceci a8t illustré par la table suivante &
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DIFFUSION ELECTRON-DEUTERON

Espéce de deutéron Rayon et forme de protonAnécessaire
supposée Exponentielle creuse | Gaussienne
Gartenhaus 0,68 * 0,02 é 0,66 & 0,02
+ +
Yukewa I 0,80 - 0,02 0,77 - 0302
+ +
Yukawa II 0,84 - 0,02 0,80 = 0,02

L L e

DIFFUSION ELECTRON-PROTON

1+

0,78 I 0,05 0,72 ¥ 0,05

I1 convient de remarguer enfin gqu'il est peu vraisemblable que

la distribution de

d'un neutron m&me ponctuel, puisque celui-ci posséde un moment magnétique

anormale

charge du proton ne soit pas déformée par la présence
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9- DIFFUSION INSLASTIQUE DES ELECTRONS PAR LE DEUTERLUM

La diffusion inélastique des électrons sur le deutérium, qui a

été étudié par Blankenbecler, Hofstadter, et Yearian (& paraftre dans Phys.

Rev.), permet en principe de connaitre la distridbution des impulsions

des nucléons dans le noyau, puisqu'on peut la considerer comme une dif-
fusion élastique sur les nucléons en mouvement & l'intérieur du deutéron.
La formule de Rosenbluth montre qu'aux grands angles et pour les grandes
énergies (valeurs élevées de qz), ¢'est la diffusion par le moment magné-
tique anormal qui prédomine. Par ailleurs, le diffusion par le neutron

stécrit de fagon analogue :

{m) (86)

"0'(3) [2843 3..+ye] F (o2

-

et 1'on peut s'attendre & ce que, pour les grandes valeurs de qa, le rap-
port G"/Q’ soit de l'ordre de (Z-EP/Q{ )"'.2.’ a4 condition que les
facteurs de forme magnétigues soient comparables. Si ltextension de la
distribution magnétique du proton est trés supérieure & celle du neutron
on pourra s'attendre & ce que la section efficace de diffusion par les
neutrons soit, pour les grands transferts d'impulsions, comparable ou

méme supérieure & celle des protons.

Jenkins a calculé également la section efficace de diffusion

inélastique(électro de31ntégrat10n du deutéron) qui est donnée par

 1lexpression suivante 3

A =<’M{1"Ef qu[ (e pr =3RS en

+f“‘p ""f“'n - 3K 1.]}

qui se réduit, si q2 est grand et F: <3:i,& H

”"... o] { Amx[z (Mo "’Pn)'tﬂ 3)4’ NP""Hl] (88)
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et par comséquent & :

- : |
0, (3) > O, +C,,. (89)

On peut, en principe, determiner O (et, par suite F;(n) )
on soustrayant, aux grands angles, la section efficacepour des protons
libres de la valeur obitenue pour 1a section efficace inélastique. lLa fié-
(11) représente pour E=500 Mev et @=135, le spectre inélastique des
électrons diffusés sur du polyéthyléne deuntéré (courbe en trait plein) et,
aprés soustraction de la diffusion par le carbone, le spectre inélastique
correspondant au deutérium.

Hodstadter, Blankenbecler, to be published

103




-39 -

I1 est évidemment beaucoup plus large que le pic élastique (50 mev, au lieu
de Smev environ), en raison du mouvement des nucléons dans le noyau. lLa
soustraction du pic de diffusion libre des protons permst de calculer a;b

a4 135°, Les expériences préliminaires de Blankenbesler ot al, dont la
précision est encore insuffisante, semblent indiquer cependant que le car=
ié moyen du rayon de la distribution magnéti!ue du neutron est & peu prés
du méme ordre que celle du neutron ( ('}:h) L 0,6 - 4013 cm e

T1 semblera donc que la mystérieuse annulation de llextension finie du
neutron, miee en évidence aux § T et 8, ne concerne en fait que la distri-

bution de charge, et non pas son moment magnetigue anormal.

10~ COMPARAISON QUALITATIVEZ DES DISTRIBUTIONS DE CHARGE DU PROTON BT DU
NEUTRON. INFLUENCE DES MESCNS K.

Nous supposons que les nucléons physiques sont composés d'un
nucléon nu (ou coeur) et d'un nuage mésique, principalement dl aux mésons
W virtuels (1'effet des mésons K sera discuté ensvite). L hypothése

de la symétrie de charge de l'interaction nucléon-méson ‘4 implique
que, chaque fois que 1'état du proton physique contient un méson d'une
certaine charge, il y a un état physique correspondant pour le neutron ,

qui contient un méson de charge opposée. (Fig. 12).

® ®
o
w° AT
? o)
J ~* -
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Ceci est vrai quel guesoit le nombre de mésons T qul composent 1e‘guaée
Utilisant une méthode due & Lack (Phys. Rev. 87,1100, 1952), on peut utili-
ser ce fait pour éliminer la contribution du nuage mésique & la distriﬁth
tion de ocharge des nucléons. Si gc(‘?)est la distribution du coeur, on a
exactement (dans la mesure ol 1'ypothése de la symétrie de charge est va~
lable) :

=5 <
()= Q (¥) + Q (+) 0
gc 5, S, (90)
et, par suite, le rayon carré moyen de la distribution Qc stécerit

<A = <+2)1 , +<{+ v 251 +2 (zfe"+2r€")}(91)

an M7 [

I1 en résulte que :
Yy -9
2, ‘2 \
Y%= 0,710 cm, (52)

Coci doit &tre comparé 3 la longueur de Compton des nucléons qui est de

0,21 X 1013 cm et au rayon de la distribution de charge du proton, qui est _
de 0,84 X 0,1‘3 cm. On voit que le rayon du coeur est égé.l & 3 fois et demie
la longueur de Compton des nucléons et aux 3/ 10 du rayon de la distribution
de charge du proton observée par Hofstadter et Chambers. Nous verrons

qu'il est trds difficile dtinterpréter ce résultat sur la base de la théorie
du méson, m8me en incluant les effets de recul. Contentons nous d'indiquer
dés maintenant que la valeur (92) du rayon du coeur semble &tre en contra-
diction avec les valeurs pratiquement égales et opposées des moments magné-
tiques anormaux des nucléons, qui tendent & montrer que la contribution

du coeur est extrémement faible.

L'effet du nuage des mésoms N peut, dans une certaine mesure,
8tre contrebalancé par celui des mésons X virtuels, dont une théorie com-
pléte doit ndécessairement tenir compte. Cette remarque ingénieuse due 3
Sandri (Phys. Rev. Joi, 1616, 1956) est basée sur le comportement différent
des mésons XK' et X~ dont ltétrangeté (voir par exemple Gell Mann, Nuov.
Cim. Suppl. 848, 1956) est différentei Pour comprendre gualitativement cette
influence, comparons, dans 1'hypothdse du couplage faible (dissociation des

nucléons avec émission d'un seul méson virtuel), le comportement des deux
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types do mésons. Pour les mésoms fi* (si 1'on 6limine les émissions de

mésons neutres) les deux reactions sont @

~~"

nN=-> P+

p—o>n+T
Pour les mésons K, au contraire, on a i

p>T°+K? l n— 5 +K"
1'émission d'un seul K étant interdite par la conservation de 1'étrangeté.
On voit done que les nuages de T et de K ont tendance a ajouter leurs
charges dans l¢ cas des protons et & les retrancher dans le cas des noeu-
trons. Il convient de remarquer cependant que la longueur d'onde de
Coupion des mésons K étant trds inférieure & celle des P cet effet ris-
que de ne pas 8tre trds important. Une estimation basée sur l'interaction
K-nucléons A basse énergie observée dans les émulsions photographigues
conduit & une contribution & ltintéraction électron-neutron due aux mésons
K de 1'ordre de +1 Kev. Cet effet va donc dans la bonne direction, mais
semble trés insuffisant pour supprimer le désaccord existant actuellement.
On peut remarquer également que si les effets de recul des "coeurs"
devaient s'averer importants, les contributions dues au recul des protons
et des E:fb dans le cas de la dissociation du neutron, se compenseraient

en grande partie.

11.~ STRUCTURE DU NUCLEON DANS LA THEORIE DU MESON AVEC SOURCE FIXE.

Dans la théorie du méson avec source fixe de Chew et Luw
(Phys. Rev. 101, 1597, 1956), il est possible de calculer exactement en
fonction des amplitudes de diffusion méson-nucléon, toutes les valeurs
moyennes (dans 1'état du nucléon physique) des opérateurs qui s'expriment
sous forme bilinésire en fonction des opératours de crdation et d'anni-
hilation des mésons. Ceci a 6té réalisé pour la premidre fois par Miya-
zawa qui a appliqué cette technique trés élégante au calcul dos moments
magnétiques anormaux des nucléons (Phys. Rav. 101, 1564, 1956). On peut
comprendre qualitativement la raison de ce phénoméne si l'on se reporte
& la fig. 13, qui représentes;hﬁua%iqueman% & l'ordre le plus bas de la
constante de structure fine éfgctromagnétique ( mais & tous les ordres
en ce qui concerne le couplage avec le champ mésique),l'intéraction du
champ électromagnétique avec le nuage mésique (dans tout ca raragragphe,
les intéractions avec le "coeur" des nucléons sont négligés).
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On voit que la partie de 1la figure qui est entourée d'un trait pointillé
n'est pas autre chose qu'une diffusion d'un méson de qQuantité de mouvement,
initiale i} et finale ?’. Il convient de remarquer que cependant expéri- §
montalonont les amplitudes de diffusion ne sont connues que sur la cou-
che d'énergie( UJ',Q = Q_)b’ ) tandis que dane la fig. 13, les mésons ’
n'intervenant que de fagon virttelle, il n'est pas nécessaire de conserver
1'énergie. C'est pourquoi il n'est possible de calculer les intéractions l
électromagnétiques des mésons M 3 partip de la dift‘usion‘ méson-nucléon,

que dans la théorie de la source fixe, ou les éléments de matrice peuveni

s;‘i extrapoler tras facilement, hors de la couche d'énergie;.llfiya.zawa a

montré également (Phys: Rev. 104, 1741, 1956) que si 1'on se borne aux

échanges ne faisant pas intervenir plus de deux mésons virtusls, on peut
calculer exactement les forces nucléou-nucldon i partir des amplitudes

de diffusion méeon-muocléon (fig. 14). Le diagramme (a) se raméne au

potentiel déduit par la théorie des perturbations au deuxidme ordre, si

l'on remplace la constante de couplage non renormalisée :Po par la
constante renormalisée 12 » Le diagramme (b) se décompose en une partie

qui est proportionnelle & . et qul correspond au terme de perturba-

tion du 4éme ordre, et une partie indépendante de i‘? qui s'exprime en

fonction des amplitudes de diffusion.

Nous écrirons 1'Hamiltonien de Chew eb Low sous la forme @

H=H +H, (3)
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f

H - = + ' .

o T 2O Oy W, (94)
Ret A

est 1lt'Hamiltonien des mésons libres j wﬁz(ﬁl-q-pl), N =masse des

mésons W, les & (1, 2, 3,) correspondent au spin isotopique.

1! Hamiltonien dtintéraction s'écrit :

- + 4 .
HI “&{Vha Qo ¥ Vi Qna} (95)

~ ol l'on pose i

. 4?‘; ,
Vi = o SO T, ) (56)
By R
Les Q, et Qkusont respectivement les opérateurs E_;annihilation et
de création de mésons d'impulsion k dans 1l'état &X ; O et sont les
spin et spin isotopique du nucléon, représenté par une fonction de

source dont la transformée de¢ Fourier est v(h}

Supposons que nous voulions calculer 1la distribution de charge
des mésons. Celle-ci est donnée par la valeur moyenne, dans l'état du

nucléon physique, de 1‘ogérateur (Wentzel, Quantum théory of field) s
i h+3’)2 '

-5 — ;& e | + +
9 =i T S [lon-0i(en - dididn
+ +
- (wh"'w.h' )(Q‘-kiaklg-— Qﬁ?a*ﬁz')]

ol seuls, évidemment, interviennent les opérateurs des mésons chargés.

. e '
On voit que 9(+)depend bilindairement des O"hrx ot th. Le calcul,
ot la détermination de la distribution de charge des protons, ainsi que

de l'intéxraction électron-neutron, a été fait indépendemment par Fubini
(Nuov. Cim. 3, 1425, 1956), Treiman et Sachs(Physs Rev. 103, 435, 1956 )
et Salzman (Phys. Rev. 105, 1076, 1957) « Nous en indiquerons le princi=
pe en calculant la valeur moyenne dans l'état du nucléon physique d'un
produit de deux opérateurs Q& Q_&, , (nous laissons tomber, pour

simplifiexr 1l'écriture les indices O )e

<~
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Le nucléan physique est représenté par la fonction propre d'énergie la
plus basse de l'Hamiltonien total 2

HY, =0 (98)
et nous proposons de calculer :

Po(ﬁ,&l) = (YO,Q,ﬁQgYo). (99)

A partiz des équations (94) et (95), on vérifie facilement que &

[ H,Qh] = -WeQy, "V:. | (100)

En appliquant les deux membres de (100) & Yo s ot en tenant compte de
(98), on obtient la relation 3 ;

(H+w)a, V¥ = }\/:'ya (201)

que l'on peut écrire aussi formellement : !

.
Y, =- 4 v Va Yo (102)

Si nous ajoutons qﬁwa, aux deux membres de {100) nous obtenpns

ltéquation :
-+
(H ""‘*’h“"#)'&n ‘-‘-—""Vh +Q, (H+w,;). (103)

En sppligquant les deux membres de (103) & Q&', et en utilisant encore
I
1téquation (100) (avec a} — . ), on obtient }

+

S 104)
= ~Vko,4; + Qh[-vhv +Qy I—ﬁ.
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Nous appliquons les 2 membres de (104) & Yo , et nous tenons compte de
(98) et (102) : ‘

vt (105)
(H+w,tw, )(:1‘«(11.Q Y, =V, H+ f‘\/% Yvo+

+ V‘h H+u_) v& ’Yo )
(ne pas oublier que Q& et v+ commutent) Ceci peut st'éerire, en opé-

rant & gauche avec ( I—-l+- wﬁ.;. ) K ) i son multipliant par 'Y et
en tenant compte de (98) :

(‘PQ f?)-—- w _'_w [(’Y‘“ -fq _“.w Y}- terme obtenu

en échangeant k et k' {que nous dési-

gneront simplement par ex. dans la

suite). (106)

Pour nous débarasser du terme en (H—H,,) :) a droite de (106), nous uti=-
liserons la régle de multiplication des éléments de matrice en prement
pour base compléte et orthonormale 1'ensemb1e des vecteurs propres
Pentrants® ("incoming" state vectors)Y -) de l'Hamiltonien total H 3

HYO = Ei,,'Yn{-*. (107)

Nous avons donc :

Bkk) = {z: = o (Y, Sy 0w

W *w., n

(’Y{“ Vhr\f\) +ex_'

Nous considérons un élément de la ma rice S entre un état & un méson g
et un état quelcongue, et nous l'exprimons en fonction des élements

de la matrice de réaction par la relation

(MS’ Ov) = an -3 8(-E%*E.,) T%In\. (109)
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On peut alors montrer (voir l'article de Chew et Low cité plus haut) que ‘:
~ - -) .
| T%(n) ...(Yn' V% Yo)) (110)
mt + A (=) (BN
et qus : l%(h) = (’Yo;v;" Yn ) :‘(Yo%(yn )

. ' (111)

dtolt 1'équation

Pk =-—

wﬁ+ wh

A +
2[ = T& (h}Tf;'(n)+ex](112)

nt g

Dans la somme située & droite de (112) le premier terme qui
correspond aux états du nucléon physique conduit, en ce gqui concerne la
distri‘bution de charge,au m@me résultat que celui de la théorie des per-
turbations, avec remplacement de ‘¥ par la constante de couplage renor-
malisée +« Les autres termes sontaexprimables en fonction des amplitudes
de diffusion méson-nucléon (en utilisant la relation de fermeture).
I1 est commode, de plus, de décomposer les éléments de matrice de réaction
en élément qui se référent & des états de spin isolopigue i et de spin

total j bien def:u.ms. Si 1l'on pose, comme d'habitude :

S(h\ S(fa - %L:%)a&(h;'}-%,izé) (113)
8*‘9 S (% j=%, u-)

ol les (S .sont les déphasages dela diffusion dans les états p et si l'on
écrit @

h; () = " S;?g (118)
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les amplitudes de diffus:.on correspondan’ces, on obtient pour la distri-
pution de charge ()() ou un certam nombre de valeurs moyennes du type
(11 2) enterviennent) 1'expression suivante

9(?) = 90('?)‘*‘91(?) (115)

ou l'on pose :

| BB
(R) = - be .5. 2 S ' 'U'(M (ke - 3)(116)
Lo 28 (}*) T, d i d.h {0 0 (0, ) {hh)
et =
4(f9+h )f?
= - Sdh dR’ Blyv(k)e (BRI
81 3(2..)6 E (wn o) (k&) ,
S g va(ﬁ'){lh(&ﬁ Py 2= 216 ¢ n;ti} |
. d.h” 4 =i jm ‘ ;
(Wt Yoy +eg)w

On remarquera que oomme Z_H\ llest en moyenne beaucoup plus grand que
{‘Pﬁijz’-}-”\ l (en ralson de la résonnance dans 1'etat (% ,__) )
le terme en Qi("}-) est de signe opposé a 9 (+ ) , ce cf'u:}. montre
que les corrections d'ordre supérieur (ou.corrections de diffusion) 3 1a

~

distribution de charge, tendront & diminuer celle-ci.

Salzman (référence plus haut) a appliqué le calcul précédent '
a4 la diffusion &lectron proton & 180 mev, en négligeant toutefois les
corraotions de diffusion (117). Il montre qu'un bon accord peut &tre
obtenu avec les mesures d'Hofetadter et al, sn prenani pour impulsi-na da
cut—off.{Qmax [ Ulfa)= 4 pour h\(‘hm“, U(k)=0 pour
“fQ )'hmm: et pour constante # les mémes valeurs que Chew et Low. Il
convient de remarquer cependant qu'a l'énergie considérée, les résultats
expérimentaux sont exprimables uniquement en fonction du carré moyen de
la distribution de charge <+ qui, comme nous le verrons plus loin,
est modifié d'environ 20% par les correations de scattering., Il serait
intéréssant de déterminer lt'influence de ces corrections & des énergies

Plus élevées, et de comparer la forme de la distridbution prévue avec
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celle qutont obtenu Chambers et Hofstadter 2 500 Ueve

Treiman et Sachs ont utilisé la méme technique pour le calcul de

1fintéraction électron-neutronyou plus exactement du terme 3

\/o = + o J‘r /O(T“)d.l (118)

défini par 1l'équation (71)+ Cette intéraction peut s'exprimer en fonction

des sections efficaces totales de diffusion de mésons positifs et négatifs

G‘+{K) et @_iK)gra;:e aux velations 3
sty = BT {i\l13(K1{2+lh1(!<\[i}
_ 2 2 L 1
ekl AL (] hy (0] sl by o 2w [

dtolt 1'on tire 3

e} 2
sl - 6T ks 22T @ Uhi(k)li*r\h‘(mli~i|h3(&<)j } (120)
K *

(119)

On reconnait au second membre de (120) la méme combinaison des i h J‘i que

celle qui apparait & droite de (117}; Le ealcul de la valeur moyenne de

"Ps' fait intervenir dex différenciations par rapport aux variables k et

k! cetgui conduit & l'expression suivante : \j[”g-.- o!:l) + ::
)
Vo, résulte une fois de plus du terme de perturbation
Vm e {* ik Ly [9, e (dw)? 5 3w. zki)uﬁ'(“} (122)
° ) ) ? ( ) ( K
.a}zﬂ“’ a v oAk
et Voz des corrections de diffusion @

LIPS .l . .
v e & Jw ke jax“‘(“"ﬁ‘,w U () ) €123)

2
°r e pdNY ) W w, v (K]

ot 1l'on a posé ¢

A
( L 3 L (3wt ) do 12
Ut“‘-" w,) = lw*}k‘&d‘:’s’{ 1)" (124)
KDY X (un,w} w* v AR K w \r}l“(
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Peux difficultés interviennent dans 1l'évaluation de (123)

1) BEn principe, il devrait &tre inutile d'inclure un cut=-off
dans 1'intégration éur k', puisque la différence (%{\ - (?l)
doit forcement tendre vers zéro aux trés grandes énergies. Cependant,
comme les sections efficaces de diffusion sont mal connues au dela de
quelques centaines de ilev, ot Tton ne doit pas s'attendre & ce que la
théorie statique du méson soit valable au dela, Treiman et Sackhs utilisent
un cut-off égal & 5 ou 6 fois la masse du méson n ( ,.A, dans nos

notations).

2) L'existence de dérivées de la fonction de cut-off U’(’h)

rend impossible l'emploi d'une fonotion du type carré, car la disconti-

nuité a hman introduiradt des singularités sans signification physique.

Une autre méthode consisterait donc & prendre une fonction de cut-off
arrondie sur les bords, en modifiant, en conséquence, le paramdire qui
d5termine sa largeur de fagon & obtenir des expressions corrsctes pour
les sections efficaces de diffusion méson-nucléon. Treiman et Sﬂchs se
contentdrent de faire v = 1 dans (123) et(124) , d’\)’l 3} ‘ra?—u/f'z
et d'introduire un cut-off hmnx dans les deux intégrations. Leur
résultat final s'exprime par le tableau suivant :

Vo(a) correspondant & la distridbution statique du nuage mésigue 3

- | {2) (2) 2) -
cutt—off Voi Vo3 | VO( )
5 M - 10,9 kev + 2,0 kev - 8,9 kev

6 M 1 - 12,4 kev + 2,4 kev - 10,0 kev

On voit qu'il subsiste un- trés grand désaccord avec la valeur expérimen—

tale que nous avons donnée pour Vo(z) ( G £300ev )
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12- INFLUENCE DU RECUL DU COEUR DES NUCLEONS SUR LA DISTRIBUTION DE CHARGE
Dans toute la discussion qui précéde, nousd '¢S¥stamment négligé

les effets du recul du coeur dm nucléon qui, si nous en jugeons par la

formule (92), doivent 8tre tréds importants. Dans le terme de "recul", on

inclut en réalité deux type dleffets trés différents :

. des créations 3 ..
1) Lt'influence de paires virtuelles de nucléons. Ce phénoméng

est en général considéré comme négligeable (ce qui ezt & la base mBme

du succés de la théorie de la aoﬁrce.fixe)car la probabilité de produire
une paire de nucléons (méme virtuels) est trds faible. C'est ce que, dans
le langage de la théorie du méson on appelle l'effet de “pair damping'.

I1 est confirmé par trois types dtévidences expérimentalles :

a) la faible section efficace de production des enti-nucléons & Berkeley
(par comparaison & ce que l'on cobtiendrait par de simples considerations

basées sur les volumes dans 1'espace des phases);

b) la durée de vie relativement longue du méson GT°, qui se désintégre
en deux rayons ap par un diagramme du type de la fig.(15) (mais cette
évidence est moins certaine, & la suite des nouvelles mesures de la
durse de vie du ‘M9 ); (voir p. 47 bis)

EN

¢) la petite contribntion des mésons dans 1l'état 8 & la diffuéion méson .
nucléon et aux forces nucléairos (voir, par exemple, l'article de Miya-
zawa, (Phys. Rev. 104, 1741 1956). Notons toutefois, sans insister,
qu'aucune de ces évidences n'est & 1l'abri de discussion, mais c'est plu-
18t leur concordance qui est impressionnante, ainsi que 1l‘'ampleur du
succds de la théorie de Chew et Low, qui néglige explicitement tout phé-

nomdne de création de paires.

Malgré ce que nous venons de dire, Tamme (Communication au
Congrds International de Physique Théorique de Seattle, Septembre 1556)
a proposé une explication de 1'étendue du coeur des nucléons basée sur
la création de paires virtuelles, Supposons par exemple, que dans le
nuage mésique, et assez loin du cosur, supposé pour l'instant quasi ponc-
tuel, une paire de nucléons-antinucléons soit créees. Nous savons depuis
les expériences de Berkeley, qu'il existe une force atitractive & longue
portée entre les nucléons et les anti-nucléons. Il y aura donc une
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certaine probabilité pour que l'anti-nucléon ainsi créé s'annihile avec

le coeur initialement présent, laissant comme nouwveau cocur l'autre nu-

cléon de la paire. Ce phénoméne pouvant se reproduire un grand nombre de .
fois, le coeur du nucléon voyagera en pratique dans la totalité du nuage
mésique, donnant aindi au carré moyen < 4~1) une valeur pratique-
ment égale & celle correspondant au nucléon physique. Cette explication
est ingénieuse, mais repose sur l'existence d'une forte probabilité de
création de paires virtuelles ( l'annihilation étant, de toute fagon, trés

probabie) qui n'est pas, pour le moment, confirmée expérimentallement.

2) Un autre effet qui peut agrandir le rayon du coeur des
nucléons provient du phénoméne purement dymamique de recul aprés émission
et absorption d*un grand nombre de mésons. On trouvera une discussion
qualitative de ce phénoméne dans 1l'article de Yennie et al. (Rev. Mod.
Phys. 29, 144, 1957); Nous parlerons plutdt ici d'un travail plus détail-
16 de Suura (Contribution of recoil to charge distribution of nucléons),’_ a
paraftre & la Phys. Rev.,qui est basé sur une modification de la théorie
de lasourco fixe de Chew et Low qui inclut les effets dynamigues du
nucléon. On suppose que le champ mésique ¢o( (x = 1, 2, 3, correspon~

dant au spin isotopique) est couplé aux nucléons par l'Haxiltonion @

. o 4
H=H, -i&-V+pM+ g Wb, (126)

ol HA est 1'Hamiltonien du champ mésique libre, M la masse des nucléons,

-’
& et les matrices de Da.rac habituelles. Nous appelc¢ns x les |

coordonées du nucléon source ¢t Z celles du champ mésigue.

La densité de charge est donnée par la formule :
9(x,z)~i(4+t3)<§(z—-><)+g_ﬁ.(z) (127)

ol T est la densité habituelle du nuage mésique.
Nous considérons 1l'état é du systéme qui représente un nucléon physique

d'impulsion r;' et qui satisfait aux relations :

Hépz Ep@p (128)
B@P = B ép

117



- 52 -

Y :
ou = ;’(Pli- Ml) et ol B ost l'opérateur impulsion totale:

4

.=
P =-LV+ pye (129)

Ltéiément de matrice dans 1'état du nucléon physique de l'intédraction

avec le champ électromagnétique scalaire Ao s'écrit :
> - |
Me= (3. (D), (a@ )R, 2)dZ § R no)
>

On élimine maintenant les coordonnées du centre de gravité X , puis

e
.

celles du nucléon au moyen de la transformation canonique
4

éo(;)f- e—wpi-x. * | (131)

(4]

Q

ou @ (2) est 1'état du nucléon en repos défini par s
(w )

@ :et{:’)?@ . | (132)
S o

o

Le nouvel Hamiltonien s'écrit

3 - |
H=-1&V +BM =Py +Hp + G T 0o (133)
Les coordonndes du centre de gravité étant définies par 3
v_ > o
X =X +y (134)
avec @
- =12 Lr=2 ,4
¥ =H R -&[c&H ] (135)
4
et =

> >
R‘Ssz dz. (136)

- La nouvelle densité de charge s'écrit :
-

g Z.X) =%(1+t3)é(£_§?) +0 (Z-
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Si l'on definit la transformee de Fourier %(oy) :

(=t +{ g e az (138)

sa valeur moyenne dans ls nouvel stat ’dfo est egale 3

Co=(v, eiq’ﬁ eV ) (139)

oll nous avons posé q =p -0

Bn fonction do cette valeur moyenne de O(Qym peut définir (par un déve-
loppement en série de q ) les rayons carrés noyons des distributions de

charge du proton ou du neutron par les relations

— 2 , A2
{42y =Lt >é+<%*?~>wls g
A2 ==H2y  + ()

(140)
™ R
(on vérifie bien la relation <‘+ >+<+,‘> _../'\“>) olt le carré moyen du

rayon duy coeur est donné par :

2 w “>1‘ i~ \)
A2 = ( |
=3 l.
'j, étant défini on fonction de H par (135) et (136), et ol {+
l
et ’f‘a>%\ R sont respectivement le carré moyen du rayon de la ﬁ.lSwI‘l'-

bution static{ue du nuage des mésons T
4 ')“1),‘?' o = (AYO (142)

avec :
2}; = .Y g? (Z) :L’.:\ d,g : (143)

et le carré moyen du recul du nuage mésique 3

= 2(% 3T 1) e

119




-54 -

ot nous avons posé :
-

T = g g(l) :z‘;-3 d_{ (145)

- :
I1 reste a &wvaluer les valgurs moyennes .S, 31' et \d.T « Le premier
opérateur est une expression bilinéaire des opérateurs de création et
d'a.nnihilétion du CIﬁmp ¢ (d'aprds ce que nous avons vu plus haut)
tandis que y2 et g-‘r sont des fonctions quadrilinéaires,qui, lorsque
seuls des mé&sons dans l'état p sont présents dans les nuages se rédui-
sent & des fonctions bilinéaires des O‘E@:et Og.;:m . En négligeant,
comme au paxagraphe précedent, les corrections de scattering et les
dérivées de 1la fonction de source,Suura obtient pour (WL")c :

<1"1> et '<"‘"2'>_~ RZLes valeurs suivantes :
t ’ L

s
Pl — 2 (GRS
{+r Ve =CHILL 3

d'ol l'on tire <+z'>n ~ 0 (en accord avec 1'expérience) et :

6

<ﬂ°1>p~<ﬂ“">c o2 OAF. 40 %% um? - (147)

ce qui est environ quatre fois trop faidle. La conclusion semblerait
8tre que les offets de recul réduisent simultanément les rayons du pro-

ton et du neutron.

13~ VALIDITE DE L'ELECTRODYNAMIQUE QUANTIQUE 4 HAUTE ENEBG'QE_:_

Nous venons de voir que l'ensemble de l'interpreétation des
intéractions des neutrons et protons avec les électrons parait se heurter,
méme si l'on tient compte des effets de recul, & une contradiction,
Yennie et_al.(référence citée plus haut) se sont donc demandés s'il ne
fallait pas voir 13 1'indication que 1'élactrodynemique quantique cesse
d'8tre valable & trés haute énergie ou, en d'autres termes, que la loi
dtintéraction entie deux charges ponctuelles cesse d'8tre, aux distances
'tiés petites, prouvée par la loi de Coulomb (effet qui doit &tre distinct

de l'influence des corrections radiatives dont il a d6ja été tenu compte)
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Si par exemple, le potentiel Coulombien est donné par une expression de

1a forme 3

V.(4) = 2 H(&’-;")-‘l‘-“—}—. (148)

ou Lf-(w -‘\ st une fonction universelle (é, déterminer) de portée assez
petite, 1la transformée de Fourier de VC stécrit

b K
VC(%) = — b e? Q%EZ | (149)
1
avec 3
» ‘ L"? -
C(‘%z);‘g*f'(ﬂe 1T a4 (150)
et la formule de Rosenbluth s'écrira :
2 {~2 ot - 2
g =5, (NC (q/l){a + Wﬁ}{ﬁ-}-)@pa) {31%(151)

2 - 2} '
+ 025}
On voit par suite, que les expériences de diffusion des électrons ne per-
mettront pas de séparer C, F et F2 mais déterminerpnt simplement les

produits CF, et CF,. Si nous appelons <+ >1e carré moyen whservi de lo
distribution de charge du proton sera donné par

& 3
<+2 P =<+§> +<4&f;) 4-31—\;5(1 +28€,).(152)

Par contre, le neutron étant ponctuellemdnt (ou globalement) neutre, le

terme (4;2) ne figurcra pas dans le carré moyen de sa dietribution
de charge s
' (n) > 3
2 - 2R
+ = (t 1 222, (153)
+%, AV
-26 2

On voit que si 1l'on prend {’t” > de 1l'ordre 0,4 et 0,5 X 10
il n'y aura plus de contradiction. Cette modification de la loi d'lnté-
1‘3?C='l"_icm de deux charges ponctuelles n'affecteraient en rien les observa-

tions faites, aux basses énergies, sur le déplacement des raies de .
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1thydrogéne ou bien le moment magnétique anormal de 1télectron. En effet,

1a totalité de 1l'extension observée du proton ne produit, dans le spectre
de 1'hydrogéne qu'un déplacement égal a ¢ |

2 1
LB, = *3'% 1%(0)1155\/41? ==%—:.<+2%Al\i_,d(o))(154)

ol \Laﬁ))est la fonction d'onde de l'atome d’hydrogéne dans 1'état consi~ -
dérd. Pour 1l'état :34; , en prenant pour <f$ >.C la valeur de
Chambers et Hofstadter, on obtient :

AE{*8,,) 04 Me (155)

ce qui est trés inférieur a 1t'incertitude actuelle sur la valeur du

déplacement de Lamb.

i; } I1 faut remarquer, cependant, qu'un facteur du type Cj{ﬁ{a}

| dans 1'équation (149) ne pourrait pas résulter d'une simple modification §
de la fonction de propagation des photons due a 1'inclusion des champs
dtautres particules qui sont actuellement négligés en électrodynamique.

En offet, on peut montrer, de fagon générale gue la forme du propagateur
renormalisé du photon (Kallen, Helv. Phys. Acta 25, 417, 1952); Lehman
(Nuov. Cim. 11, 342, 1957); J. Schwinger (Cours de Stanford 1956) conduit

nécessairement & l'cxpression de :

o (k%) gk
) %. q‘ QL* (qz.‘.hl)} (156)

ol Cf(&?)est une fonction positive ou nulle, dont on peut voir facile-
ment qu'elle est une fonction croissante de ¢ , ce qui va en sens con-
traire de 1'effet recherché., Il faudrait donc admettre une modification
fondamentale des concepts quivsont 3 la base de la théoris des champs

actuelle.

Les considérations qui précddent ne doivent, pour le moment,
Btre considérées que comme des spéculations. Il serait trés important
d'egaminer d‘abord, de plus prés, l'influence des créations de paires

virtuelles ou bien, de réaliser des expériences qui mettent indépendam-
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ment & 1'épreuve la validité de 1'$lectrodynamique quantique aux

grandes énergies.

1II. DIFFUSION DES ELECTRONS DE HAUTE ENERGIE PAR LES NOYAUX.

Ltanalyse de la diffusion des électrons de haute énergie par
les protons, neutrons et deutérons, nous avait 6té facilitée par la
validité de l'approximation de Born (dans le cas ou Z = 1) pour les
énergies considérées. Dans le cas des noyaux lourds, des difficultés
apparaissent, qui proviennent de ce quc 1tapproximation de Born suppose

réalisée la condition :

VIR <4 0
v

ou V est le potentiel, R le rayon noyen de la région diffusante et v

la vitesse des particules incidentes. Dans le cas des électrons on a
dss que = ,?JTO mev U N et llinégalité (1) se réduit & une con-

dition indépendante de 1l'énergie :

IVIR 7 '
+c ~m Sl (@)

Nous commencerons par discuter le cas des noyaux légers pour lesquels

dans une certaine mesure, la situation est similaire a celle que nous
avons rencontrée au Chap. II. ILa seule différence provient de l'exis-
tence de niveaux d'excitation des noyaux, avec possibilité de diffusion
inélastique, ou d'effets de dispersion dans la diffusion élastique
(excitation & des niveaux différents du niveau fondamental dans les

états intermédiaires).
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1.~ DIFFUSION ELASTIQUL ET INELASTIQUZ 4 L! APPROXIMATION DE BORN.

, Nous donnerons dans ce paragraphe, un traitement simplifié de
1'approximation de Born pour des électrons de grande énergice Un traite- 1
ment plus d6taillé sera donné ultérieurement en relation avee une méthode !
de calcul plus compldte de 1l'amplitude de diffusion. Nous considérons
le noyau initialement dans 1'état fondamental ‘fo et, aprés diffusion,
dans 1t'état l}/ (qui pourrs,dans le cas de diffusion élastique, coin—
cider avec n.y ) Au 1fer ordre en e"/’ﬁc , 1'élément de matrice de

1t'intéraction Coulombienne avec l'électron s'écrit 3

. -k, + l.
(D | PN e o (
=y v Q, = w0 Pad, &13)
fo QH K C o ¥R, o a4
ou les R,“...'Rﬁson‘b les coordonnées de tous les nucléons ‘& et ?Q

sont les impulsions initiales et finales de 1t'électron et CL_{O est 1‘ele—--%

ment de matrice de l'opérateur unité de Dirac :

A,

prcvenant de la 4&me composante du courant (puisque le potentiel vecteur

xS -
=u (fqi_)u("%) (4)

se réduit a, sa partle scalaire A o ). Si nous prenons comme nouvelle

variable - g ’f‘ - et posons
- -
= [
Q= ho- Ry | (5)

(transfert dfimpulsion), nous voyons apparaftre la transformée de Fourier

du potentiel Coulombien s

ey
(e @F g7 = tmel
Ar,l a4 (6)

et v(é) s'éorit simploment 1t
fo .3
@) _ Lrelag o 3> = 4k 2y D
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La section officace de diffusion inélastique, lemnoyau restant dans 1'état
(£), s'obtient par sommation 5. sur les spins de 1'électron dans 1'état
final (états d'énergie positive seulement) et moyenne, sur les spins de
116tat inisial %50 . On obtiont ainsi

2 z .S 2
(& 2e4f 2§ * _ig R, (8)
o {4 —,-;(;_.._..F) cos O ' dt | .
Pour la 4iffusion élastique ( f = 0), on peut exprimer facilement (8) en

fonc':iﬁn de la densité de charge des protons dans 1l!'état fgndamenta.l s
E= -
_ ol = =2
gi+) j o (R,.7) {‘}ﬁ(*‘-ﬂ)%(ﬂ,...wg dr,, ()

qui est évidemment normalisée de la fagon suivante 1

gg($}d?zz (10)

-?o.L

Si nous posons, en effet

-~
t-‘i‘

F(q):j0(+)e oF, (11)

nous obtenons, a partirde (9) 1

o) -.—_-i Xe“""” Wf}z‘ S(P—ﬁ)dﬁdrw

t;i * L%ﬁ : (12)
=y {weV Ty ar,
=4

qui n'est pas autre chose que le terme entre ’...«} du second membre de
(8); dans le cas ol £ = 0. F (q), qui est la transformée de Fourier de la
distribution de charge, constitue ce que nous appelons le facteur de

forme du noyau. La section efficace de diffusion élastique s'dcecrit @

oM = (5 ) 02 3 F (o (13)

2
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Comme F(0) = & (d'aprés (10) et (11) ), on voit que 1l'expression (13) se
réduit & la formule de Mott quand q % O (noyau ponctuel).

La diffusion inélastique pourra également s'exprimer par une

formule analogue a {13), en définissant une probabilité de transition a

un_ nrotcn de la densité de charge @

o

£:)
& i = Z‘ ¥ - 2 14
2 {a <. %’{, (Ri*-~RA)g(* -R) Yo (R,..-R,) dT,, (14)
et wa Tneoteur de forme inélastique ¢

(15)

)

o =12 SRR

tm} _ [ 2e2E N\ e
C?'O ::( i};‘f‘)‘ COSZ'—?——-’F;_Q(%}}%(H)

Remaurquons que ¢
=] 09 ®ar =28,

(pas de diffusion inélastique pour le noyau ponctuel).

A 1'approximation de Born; nous pourrons obtenir des informa=-
tions intéressantes sur les corrélations entre protons & l'intérieur du
noyau (granulation de la distribution de charge) si nous sommons sur
1l'ensemble de la diffusion élastique et des différents termes de diffu~-
sion inélastique avec excitation de tous les niveaux nucléaires. La

formuale (8) permet d'écrire en effeot :

e~ , kg 2 A 2=z ¥t >
LI £ | 2e2E ¢ 2 S‘ LR .
o) =0 P et 3 LL MR

o> £n » N .
?:Q §¢ 10'____ O\, v=4 J:i -)‘i’
2R >, - ¥ - = tgk;
SRR (R‘...R,:w‘ff (R,..Rn) "’ - (®
: %(Q...ﬁg) dT, dT, .
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Si nous negllgeons la variation de EE# et de q en fonction de l'indice
f lee e aignifie que nous traitons les énergies dtexcitation du noyau
cemne poblses par rapport & l'énergie des électrons incidents, nous

pour.ns appliquer & (18) la régle de somme @

=, (19)
AR ACEAVACH Rﬂ)_ﬂ S(Re-RD
; d'cl Iu relation :
oo , Z Z iR -R:)
” % 59 e cos"& <7 s\ AN
éfo ?0 (T\ ) 5 ZL- S+ (R4“'Rn) - (20)

(R, m\dr

Nous distinguerons, dans le double somme a droite de (20) les termes 6ﬁ,
i 44§ (en nombre de % (8 - 1). Les preniors zant simplemant égaux
chacun & 1'unité j puisque 4’ est wunormalisée. Les seconds peuvent
slexprimer simplement en fonction de la densité de charge pour deux pro-
tens {cn fonction de corrélation de deux protons) & l'intérieur du noyau

dans 1ltétat \lrg :
‘{3'\;/ ) A.’I
Yoo \}3?‘%‘ ) ) g (Q Rn)g{ g{;“ﬂ )Yo(? R (21)
A.:EJ “

qui satisfait aux. relations :

(:n

(+ _") 9;35(?‘,%3)' | (22)

39&,’ 7.7 ?‘w(z-—ng“‘(—?; (23)
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. {2 ¢ 3 .
ol 950 Efr jest la densité de charge pour un proton defini rar (9).

Lisquation [20) peut s'Sorire & 1'aide de (27 :

*ﬂ<m
ﬂjfé*q

I I .
;"‘ L?: ‘*“ng@o {(#,7 )Q

- § ~ 3
X e L ‘ ’i‘)"" wq?,g,

im utilisant les équations (17) et (23) on voit facilement que

lexprassion (24) tend vers la section efficace de dif ‘fusion élastique

’

penain.iic quand qwp O. L'équetion (24) permet, & partir de la eomme suT
toutes ies scotions efficaces élastiques et inélastiques, de détermirer &
raute 3uergie la fonetion de corrélation 9{‘:} . Ceci est mis plus

clairemesnt en évidense si lfon admet pour o (%) wume forme séparable

3'&.-
(Downs, Phys. hev. 101, 820, 1956)
\v "'* hoer .’? ‘Q! ~ - —)
QPME Py = (T o) (25)
Joo ' S M 2 VA i

"3 2 19
T) ) (4) -7 gf.\ CoS 5 i = o
L; o — {LE) —ry Li+Glg AR (26
2

-
ofn @ {2) est la transformée de Fourier de fg(*'} Il est raiscunable de

surociss, comme nous l'avens fait dans (26), que 3

(2R a?=%Z

et que G {0) = & - 1, ce qui nonduit & 3

. {4 - . wa,:\‘\...r.,{’_},.‘
'\ w—— g \ J g wn-——\: - ’ g
A NEH ER s N
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2.- INFLUENCE DES CORRECTIONS D'ORDRE SUPERIEUR (EFFETS DE DISPERSION).

(L.I. Schiff, Phys. Rev. 98, 765 (1955) ; B.W. Downs, Phys. Rev. 101,
820 (1956).

Lorsque la condition de validité de 1l'approximation de Born est
remplie (Z.?,2 / v < 1), copeut considérer que la deuxidme approximation de
Born n'apporte qu'une correction négligeable & la diffusion par un centre
fixe. Il n'en est pas & pricri de méme pour un systéme diffuseur qui, comme
le noyau, est susceptible d'8tre excité & des niveaux d'énergie sﬁpérieurs
au niveau fondamental ; méme dans le cas de la diffusion élastique , cette
excitation interviem}, A la deuxiéme approximation de Born dans les états

intermédiaires. C'est ce qu'on appelle l'effet de la dispersion.

A la deuxiéme epproximation de Born, la section efficace de
‘diffusion est donnée par la relation :

6-(4) +. 0*(2) {Q_;T S S l\/(‘l) (L} | (28)

V“) {é1ément de matrice du ler ordre du potentlel d'interactian a
&été défini au paragraphe précédent ; 5 4'et § o représentent respectivement
(-pour un faisceanincident non polarisé )} une sommation sur les spins de
1'état final et une moyehne sur les spins de 1'état initie} ces sommations

ne s'étendent qu'aux états d'énergie positive. A 1l'ordre le plus bas, ¢ test

le terme d'interférence de (28) qui nous intéresse, ce qui fait que 6"‘ ’
est donné par 1l'expression

¥
o1 (zqr) SS ;;) *ff) + e, (29)

(c.c. signifiant : expression complexe conjuguée). Nous appellerons E m
les niveaux d'énergie du noyau ( E’o étant 1'état fondemental) et = , les
&tats intermédiaires de 1'électron. Dans ces conditions, 1'élement de

matrice peut s'écrire

{2) [ Ab
YV, = - s | d’bi’ i . (30)
fo é’# Svm)(g‘ﬁ)b £," Eo +EV‘E0

!
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-
2 4

Z ¢
S x stker o LRy
L:I jj q’{ e C)q;v I;F’__ﬁk‘ Wn Q d..TN d.T

2 oc¢ 2 22,
‘21“4' QL a vo,—%-::— e dt, dT’

ot Sy represente une sommat:.on sur leg quatre états de spin ( correspondent

(30)

" & des énergies pos:.tlves ou négatives) de 1'électron intermédiaire et le con-
tour C est choisi de fagon & sélectionner le pdle (?QV > 0) qui correspond

2 un choix correct suivant la théorie des trous

Dans la région extrémement relativiste, nous pouvons écrire

(en posant E, = EO + € 4" gn)

!

A - 1 |
2 jfjojy “o £n=E tE,-E, Qh{qvo
(31)

P ] |
=4 ....L-.-— E: (A+cosd)4 | ;
e o), © of Ly (A loyo= = E)Z = Ta

ou 8 yeSt 1l'angle entre ?1 et & etg l'angle entre ﬁ et h « Aprés
_ substitution dans (30), nous obtenons donc pour o0,

v AC ) iwe’“ "‘“’K( ) d.i‘ly 4 .
i S & (B -E£32)

a0 ) + IE l(t.osS +c033 \:}

-,
m

z o R o .
N7 ‘.(&,“‘??g)'jb | _
R SS +{ T he dz,, dt
. % ‘L*‘l Q:' | L(ﬁ ?;7) (32)
: i : dT dt + c.c
J=1 n -” '2 " .

La méthode la plus avantageuse pour calculer (32) consiste &
ei_‘gectuer 1'intégration sur les variables intermédiaires de 1'éiectron

&‘!? V)et 3 utiliser ensuite de fagon approchée (comme nous 1l'avons fait
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au paragraphe précédent) la relation de fermeture pour effectusr la sommation
sur les nivesux nucléaires.

L'intégration sur "fqv donne :

692 _x A e %ﬁa_*;*
O,(?.) - - e &g ‘;5‘("3’\,2@ Z_, %.”S[An] Qf{‘__n? +F;>a T fql—*]

PP .
0 o =4 e
s %4 '1;1’1 (33)
. L ¥ ,
Pl%’-ﬁznq’f’-ﬁ?i ¥ Yot Yo ATy dt,dTdt’ + cc.
olt ‘;?’P ’?*J;’ et { An] wn facteur égal 2

An-: E. ({4 cos 3+ €os 9;,9 +cos 3\‘5)\ +§) (Los 9694"058119\

Soot Y - R, o by oo §
a 9 et ‘? étant respectivement les angl.es de o et j avee ? .
Pour appliquer la régle de somme & 1'expression (33), nous sup-
poserons que les énergies d'excitation du noyau S n -gosont faibles devant
EO (énergie des électrons incidents) et que par conséquent E n Vvarie peu
. avee n , Nous remplacerons E n Par une énergie moyemne E, qui, en pratique,

sera peu différente de EO‘ Nous avons donc une relation du type

L e R 42(E) q () dni = o)
- f(E) q(R)

et par suite :
Z -3 —t 3 "'>)

O“‘z) ;:,_»Jf fe F‘ (%)Z \ { f[z\') L §>+QQ-1 —?{'
teaz ! WAL 1 e
8‘” C} st i;; , (35)
STF R 4/; +o dT, dTdr'+ cc
Nous distinguerons  dans Q'(l)deux parties qui correspondent
respectiverent, dans la somme & droite de (35), & & = J et A L £ 3
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Le premier terme s'exprime facilement en fonction de la densité de charge

correspondant aux transitions & un proton définies précédemment

(1 eb K ¥ ) (Eg+ AT -F,F ) (3
Oy = ?errc{z o (cmﬁ... \[ale"™ ve

giF- R’u '~ N

ce qui donne, gi l'on pose ¢+ S = #=~R etS' =+’ R,é:

gration sur R se faisant alors facilement et donnant Ff.
-3

o= - R e w’ﬂ [,i.]ef(‘§

A 8% ~2 q{l
QSS'
L'intégrale qui apparait & droite de (38) (si 1'om pose E = EQ) ntest pas
autre chose que la deuxidme approximation de Born qui correspond & une diffu-

sion ponctuelle. Dens le cas de la diffusion élastique (f = O) 9 nOUS avons

donc facilement
2
_ (@ q2 2 1FQ) 2 S
o™ 4 qg, ( ) [cas 3. et — (5t n - 5l 39)
| n4 Y 2
| o cot 8 e " 2 -

Lea _correction quitse trouve 3 1'intérieur du crochetn'est jemais supérieure
SN , clest-d-dire & plus de 1 %. En réalité le terme intéressent,
qui contient justement les effets de dispersion est le second terme de (35),
‘celui qui correspond & L # J y et que 1'on peut exprimer en fonction de

la densité de charge correspondant & des transitions & deux protons 3

Q“) 1""—~S jir(q RO 6(F-RHO(F-R)  (40)

L:H - - ~
4 (R,,.,,,P“\ dT,.. 4T,

qui est telle que |
Vo Or 2y R = (2- 05“’ (%), ()

ce qui domne ¢
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- (2) 2} ((Eo + g Sllres
0, = - =R (°"H[A1 (Eg B 7' -&,F)
8u CL (42)
A (2) 22 > =1\ — —

Q“. Rn_“_. "T g‘ (R R) aR dﬁ d¥ d+ 4+ c.¢.
expression que nous pouvons evaluer en cha.ngeant les 4 varlables d'intégra-
~tlon:S=?-R, S'="""‘*’ ~%(R+R’)r e "" 1‘" s et par
conséquent

) i(‘? ‘E' ’%e+4(++4,))
o= - L[ fraye VIR R,
8“ Q

(43)

933 ?m(R ) degd? a2 +ec.

- . - -

ol nous avons posé K o =% ( t?o + i?,‘). Cette expression a été analysée
par Schiff et Downs dans différents cas particuliers. Il est difficile de
1'estimer de fagon générale quand on ne comnait pas le forme explicite de
la fonction de corrélation g) (2) « Pour des angles suffisamment grands,

o :
satisfaisant & 1'inégalité : , - 3

5
kR (1= o3 )>> 4 (44)

|
i

et dans le cas de la diffusion élastique ( Y’ = 0), Schiff donne pour 03_(1)
1'expression apprechée 3

768 e® & (z-
'qulé
ou R est en gros le rayon de la distribution de charge du noyau (de fagon

g%i" varie de fagon appré-

o, = D fei o

Mw

(45)

plus précise la distance au bout de laquelle
ciable). Pour des électrons de 200 Mev, 1'inégalité (44) sorrespond &
D3> 1482 pour 1e carbone et Iwase pour 1'or (oh 1'epproximation de
Born cesse, de toutes fagons, d'&tre valable) Clest dire que 1'estimation
(45) ntest pas trés utile et ne vermet de donner qu'un ordre de grandeur,
Le rapport 03(2)/ o (4} est égal & @
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(2) 1
97, he@z-ne’ (25)
0“) (RoR)? ‘nn"a "
(puisque 9 x 2k, sms) Ltinégalité (44) permet d'écrire

1 k, R .
5in*d N wpny 4+cos*5 <R,R (pour OogT)

et par suite

(46)

(1) ‘ '
9 G Mr(z-del
R (koR)

L'expression A droite de (46) est égale & 0,64 pour le carbone et & 3,88

pour 1l'or., C'est dire que les corrections de d.ispei'sion peuvent ne pas &tre
négligeables. Nous verrons dans la suite ume méthode beaucoup plus puissante
(parce que libérée des incertitudes de 1'approximation de Born) pour les
évaluer,

3e= E_DES RESULTATS EXPERIMENTAUX S A DIFFUSION ELASTIQUE PAR
NOYAUX LEGERS.

A 1'approximetion de Born, nous avons vu que la section efficace
de diffusion 'elastique est proportionnelle au facteur de forme du noyau,
qui n'est autre que la transformée de Fourier de ladistribution de charge
dans 1'état fondamental, Les formules qui définissent F (%) et P('!')

se simplifient dans le cas ol le noyau a la symétrie sphérigue s
Oy

F‘(%)“'L“%S Q) sing ¥ +dt T )
o]

et s

Q) = ——-;::;; S F-(q() oingT G99 (49

Plusieurs méthodes ont été employées pour analyser les résultats expéri-
mentaux, Hofstadter et ses collaborateurs emploient une table de douze
moddles (Table I de 1l'article de la Rev. Mod. Phys. 28, 214 (1956) exprimés
en fonction des varisbles réduites X = q'Q et ‘3 =1 fa ot a est choisi de
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fagon & 8tre exactement égal & la racine carrée du rayon carré moyen
oo

a? = ‘mg 9(*-)+"d+. | (49)
Par exemple, le modele gaussie% sera tel que le facteur de forme

- x*

FoayzF(x=Q ¢ (50)

correspbnde a4 la densité de charge

Iyl
-3y

Lol c):("%) = 'bV:,@-:Q , (51)

et ainsi de suite pour tous les autres modéles,

Une méthode pour déterminer lequel des modeéles convient pour
.f'eprésenter les mesures expéfimentales (qui, rappelons-le ne sont jameis
déterminées en valeur absolue) consiste & réprésenter graphiquement en
fonction de q‘ le rapport ¢

i,
G(q,) = (%} . | ‘(52)

sur une échelle doublement logarithmique et & superposer les représentations
graphiques des différents modéles que lion désire essayer. Un déplacement le
long de l'axe des abscisses correspond & une modification du rayon carxré
moyen tandis qu'un déplacement le long de 1l'axe des coordonnées correspond

3 une normelisation arbitraire de la section efficace.

Une autre méthode, due & Revenhall, consiste & normaliser G(q,)
de facon & ce gue son intégrale (déterminée graphiquement) soit égale & L
1'unité, puis & déterminer ?( +) par transformée de.Baurnier graphique
de @& (q,). Les résultats expérimentaux obtenus jusqu'ici n'ont cependant
pas une précision suffisante pour rendre vraiment utile cette détermination

directe de la distribution de charge.

Nous résumerons bridvement ci-dessous les résultats obtonus

pour la diffusion gkastigue sur quelques noyaux légers :
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a) M&M) : A 188 Mev, les mesures ont été faites par Mc Allister

. ¢t Hofstedter, Phys. Rev, 102, 851 (1956}, A 400 Mev, les mesures de Blankenboeler
et Hofstadter n'ont pas encore été publides {voir Hofstadter loc. cit. pp. 237=
238), Le noyaw ayant une symétrie sphérique (spin zéro}, seule h distribution
de charge peut 8tre déterminée par la diffusion élastique.. L'influence des
moments magnétiques individuels des nucléons ne peut 8tre détectée que dans

la diffusion inélestique & grand angle (voir notre discussion de la diffu-
sion inélastique sur le deutérium). A 400 Mev et pour 8.—: 909, le rapport
entre la section expérimentale et la formule de Mott est de l'ordre de 1000
(F - C,OOl) Le moddle qui s'accorde le mieux avec les résultats est le

moddle gausien avec@ o~ 1,61 x 10 -13 em. Un calcul ; brés approximatif du a
Dalitz et Ravenhall, qui utilisent les fonctions d'onde. déterminées par

Clark (Pro. Phys. Scc. A 67, 323 (1954} eu moyen d'une méthode variation-

nelle fourmit pour la particule (X um rayon égal aux 2/3  du iayon observé.

I1 serait probablement nécessaire de recommencer ce calcul en utilisant de
meilleures fonctions d'onde,

b) Liég L:’A.7l Be? ¢ Mesures & 188 mev dues i Streib (Phys, Rev. 100, 1797
(1955) et analysées par le moddle "exponentiel modifié" qui corr;aspond a
F()('):(l-l-_gc_%)"3 oencore 3 Qly)=2E [44 Le~iF

15 Qi =g 4+ HleTwm
I1 trouve, pour Li6 = (2.78 + 0,02) 10° B ew
et pour i’ = (2.71 4 0,02) 107 B

On remarque que le rayon du L:l‘:> est supérieur & celui du Li'[.
Ceci n'est pes dii, comme on pourrait le croire & premiére vue, & 1l'effet
& moment magnétique du Lil, qui a &6 a8J% éliminé au moyen d'une for-
mule du genre de Rosenbluth,

I1 est probable que cela correspond plutdt & une structurz

assez "lgche" du mucléon situé & l'extérieur de la couche fermée du Li~,

analogue en cela au deutéron. Streib a mesuré de fagon trés précise le

rapport des ra,yons carrés moyeng Aee degux r

Q“-‘) =1,026 £ 0,008,
O.(Lﬂ)
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Un calcul de Ferrell ot Visscher (Bull. Amn. Phys, Soc. 1, i?y
(1956) basé sur les fonctions d'onde des mucléons sur la couche s denne
pour 138 a = 2.8 x 1070 em (trés bon accord) meis pour 1! "
a= (25 +0,2) 107 cm (un peu faible).

Les résultats expérimentaux sur la diffusion élastique par le
Be” domnent un bon accord avecle méme moddle (exponentiel modifid) et
a = (3.04 % 0,07) x 1071 cn,

I1 est intéressant de déterminer la variation de + 0’, rayon

équivalent d'un modéle uniforme :

R=+ AB 40" cm

(a et 1, sont 1iés per la relation
- ?/5
-4/ 3
Ceci correspond gux valeurs suivantes i

Lis ‘rﬂ = lv98

e

il

-y

1, =1.83
To

!

Be? 1.89

»8

On remarquera la valeur anormalement faible de +o pour le

Li7'

12 , &té &tudié en détail, tant du point de vue de la

¢) Oarbone 12 t Le C
diffusion élastique que de celui de la diffusion inélastique correspondant
& 1'excitation des trois premiers niveaux. (Fregeau et I-foﬂstadter, Phys .
Rev. 99, 1503, (1955) ; Fregeau, Phys. Rev. 104, 225 (1956). La fig. 16
représente le spectre des électrons diffusés & 187 Mev et pour des angles
respectifs de 802 (a) et 902 (b). Outre le pic élastique que 1'on recon-
nait & llextréme droite, on peut constater 1'importance de la diffusion
inélastique correspondant & 1l'excitation du premier niveau, & 4,43 Nev
(trensithim oty O+). A 90¢ par exemple, la section efficace inélastique
d'excitation 2 4.43 Mev (0.179 + 0,021 microbarn par steradian) est pratique~
ent égale & "da seotion efficace de diffusion élastique (0,199 = 0,014).
On distingue aussi sur la fig. 16 les deux pics moins importants correspon-
dant respectivement & l'excitation du niveau de 7,68 Mev fprobablement

A
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O+-> o ) et de 9,6 Mev (probablement 2+ - 0+). Nous reviendrons ultérieu~
rement sur 1l'interprétation de la tramsition 07 — 0% de 7,68 Mev: Donnons,
pour le moment, quelques indications sur les ealculs qui ont été faits pour 1a°
diffusion élastique et l'excitation du niveau de 4,43 Mev (Ravenhall, non '
publié ; Morpurgo, Nuovo Cimento 3, 430 (1956))

. Dans le modéle & particules indépendantes, ou les fonctions
-
d'onde correspondant i chaque nucléon i sont désignées par‘f) n: (+), 1e
13
densité de charge dans 1'état fondamental peut s'écrire :

> £ %
?0(4‘) = ;) {ni(:ﬁ)\ | (53)

tandis que la densité de charge cdrrespondant 4 une transition de un proton
0—>{ est égale |

| | 3 ¥ o
! Qeol?) = L .3 (54)

oi z est l'indice du proton qui est responsable de la transition consi-
dérée, La comparaison de (53) et de (54) montre que le rapport0inel./cel
est en principe de l'ordre de 1/ ?,2, ce qui - en ce qui concerne la transi-
tion & 4.43 Mev, par exemple - est certainement contraire & l'expérience.
Nous devons donc rechercher l'explication de cette contradiction dans des
effets d'interférence. ‘

Morpurgo prend pour les -}n( 4 ) les fonctions de l'oscillateur
harmonique correspondant & un puits infipi.leseul pearamétre arbitraire est
done la "largeur" des fonctions radiales @

-yt et |

RM(?’):Nle 2 T (55)
N2 A v—hi 1:3. |
{ TN 43 (20+4) (56) ”

s le cas du couplage j- j', la fonction d'onde de 1'état
initial §; correspond & la configuration (1 Sy, )“ ( i p%) 8,
Le niveau de 4,43 Mev (27) correspond & une fonction d'onde J =2, T= 0
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f ormée & partir des conflguratlons(lsl /2 )4 (J.p3 /2) ((lp1 /2). Le sous-niveau

MJ = 2 a, par exemple. pour foncta.on propre HE

L 15 . - s
AP By

. ( palj') N ‘ I + 12‘ / p‘/ﬂ-, . .

o les i'miices + et - désignenf les‘ protons et neutrons.

. Dang le cas du cou lage L =8, la construction des fonctions
d'onde «est plus comphquée. Elle peut se faire & partir du Be8 en échan-
geant les trous et les partlcules.

Le Tésultat est prathuement le méme dans les deux théories.
La seule différence réside dans 1'apparition’ d'un facteur numérique diffé-
rent (1 ou A3 suivant le moddle). dans la densité de charge de tramsition
a 4.43%Mev_.pn trouve en effet @

YW (4L 8 e .
g(¥) SVT(¢+315)2 (56 vis)
e}, pour la transition en sous état Mj =
| (M=) vL W 2
. 940 = *'::' A Vs (J(+l\3),(57)

oz A = l‘pour le Couplage j-3 etl\%g—x 3 Z 3 pour le couplage L = §
Aprés sonmat:.on de tous les Mj (en ce qui concerne la diffusion indlastique )
on trouve pour les carrés des facteurs de forme !

lwml=“~§)f& | 69

3

. 2_ &
F (gt = °*
Le rapport des sections effl_caces es“b donc égal &
m a Al ( gy . (60)
2 7% . a*\2 .
, dc"' (- *9'9)

On voit que le coefficient en’ -;'L-g- est compemsé par 1'appariticn d'um

x

141




- T4 -

terme de "résonance" an déncminatéur. Morpugo donne, pour la comparaison
avec l'expérience, les chiffres suivants 2

Rapport A.0in /0.0,

E en Mev 80 150 187

;)
Exp. (2.5%2) 10| 1,4x207t | 9%x10
Couplage L.S 3.6 x 10 0,9 x 107t 3.6 x 107+
Couplage j = j 1.2 x 1070 0,5 x 107+ 1.2 x 107%

On constate que 1l'ordre de grandemir est correct, l'accord étant un peumeilleur
dans le couplage L - S, les résultats théoriques &tant de toutes facons
systématiquement inférieurs aux résultats expérimentaux.

En ce qui concerne la diffusion élastique une analyse i)lus dé-
taillée de la distribution angulaire a été faite par Fregeau qui a essayé
systématiquement des distributions du type

P (F) 0, (4+yvid) e'f’*l (61)

ce qui, en coordonndes réduites, correspond 2

| 3 ~ 82
LMI ol ?‘3) ::V'?g:‘gl*‘}o‘)(“*a{qzﬁz)e fé‘ ‘j’n (62)

ou encore & 3

. x 2
- _...9.&_&3;__._..,} - v (63) .
F(X)_ [i Tia(ze359 | ¢ ’
ol nous avons posé @ |
1Yo |
"l 3 {2+so<)] (64)
2(2 +30)

On voit que 1'apparition d'un paramdtre 4 dans (61) ou OX dans {62) et
(63) correspond i un degré de liberté supplémentaire {em plus du rayon
moyen (), &éja inclus dans les coordonnées réduites) qui peut 8tre, dans
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une certaine mesure, fixé par la grande précision des résultats expérimen~
taux. Fregeau trouve que le meilleur accord est justenient obtenu avec

’5‘ = 4/3, qui correspond exactement au moddle & particules indépendantes.
Cependant des valeurs de '6‘ comprises entre 1 et 2 sont tout de m&me ac-
ceptables, en modifiant légérement les :aleurs de Q. correspondantes. Celle
qui s'accorde a ’B" = 4/3 est

13 o

Q. = 1.6 35 x 10 (65)

a) M£24. §1-28. §3 2. A‘m et Sr 88 : un certain nombre de noyaux pairepair

a &té étudié par Helm (Thése Stanford, 1956) surtout dens le but de mesurer

la diffusion inélastique correspondant aux transitions O -« 2. En ce qui con-

cerne la diffusion élastique, le fait le plus ecoractéristiyue est 1 'apparition dd

minima de diffraction dans les distributions angulaires. Ceci peut se com-
prendre si l'on songe, par exemple, au facteur de forme correspondant i

une distribution uniforme :
=t
L‘;')T 0_3 9(3):: %"J% pour (V (66)
=0 pour ';j >‘J§-

ou, en coordonnées X
= 540 .L-{ AT AT T
F(xy=5 13 318 ’(US Xj5 cos x}]g J (67)

Les oscillations du facteur de forme correspondent évidemment & une diffrae-
tiwn .sur 1la paroi abrupte de la distribution de charge. 4 l'apprcximation
de Born, om voit apparaitre des zercs dans la section efficace qui, méme

pour les noyaux lourds, ne sont pas observés {voir notre discussion au para-
graphe suivant). Malgré tout, on peut constater qualitativement gque le para-

métre qui détermine l'appaerition de minima et maxime est proportiommnel 2

| LI
x2qQoan JEAH A sing (es)

Ceci est mis en évidence par la fig. 17 qui représente les rapjcrts G/ G
0
pour un certain nombre de noyaux en fonction de A 1/3 91%1—5- On wvoit
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que le premier minimum de diffraction apparait exactement au m&me endroit.
(on comprend également pourquoi il n'y a pas de figures de diffraction pour
les noyaux légers). De fagon & reprodﬁire analytiquement les oscillations
du facteur de forme sans pour cela annuler la section efficace, Helm utilise
un moddle composite ol la distribution de charge est donnée sous la forme

d'une convolution :

= PRI e (69)
?(ﬂ X?O(ngi(«r 9 At

90 étant la distribution de charge uniforme mais correspondant & une lar-

geur b inférieure & celle de la distribution totale 1

Po(ﬂ‘—' L;?"tﬁ por & E.'), (70)
= pour "%‘>b.

91 peut &tre l'une quelconque des distribufions de Hoftadster. En prati-
que, Helm a considéré la distribution gaussienne{ee qui donne pour le P
total une distribution dite gaussienne-uniforme ou <3U) ou bien la distri-
bution uniforme ( { = uniforme - uniforme ou ulJ ). Te facteur de forme

correspondant & (69) s'exprime évidemment sous la forme d'un produit @

F(q) =E(Q)E () &

.S z » y .
ou FO et I"l, sont les transformées de Fourier de $o et de ?l

A partir du moment ol les valeurs ds Q¥ qui interviennent
dans les expériences sont suffisamment grandes (grahdes énergies ou grands
angles) ou lorsque les noyaux sont suffisamment lourds pour avoir un assez
grand rayon moyen, un seul paramétre ne peut plus suffire & caractériser
la distribution de charge. Ceci correspond au fait que le développement
de :'-'(C%) en pwissance de(C‘g/Q)2 ne peut plus se limiter aux decux pre-

miers termes :

F'(q)~ L= 4 e (72)
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Hahn, Ravenhall et Hofstadter (Phys, Rev. 101, 1131 (1956) introduisent
donc, pour caractériser toutes les distributions, deux paramétres :
- %neil t"demi largeur" ¢, qui est égale & la distance du centre au
A distribution?('i‘ ) a décru de moitié par rapport & sa
valeur pour ¥ = O ;
~ une "épaisscur" ou "paramétre de peau" t égale & la distance
entre les deux points oh la distribution est égale respecti-

vement & 90 % et & 10 % de sa valeur au centre.

Dans le cas de la distribution gaussienne-uniforme (%.{J ) le
tableau suivant donne les différents paramdtres correspondant & chaque

noyau
. L . " 13
Paramdtres de la distribution CXU- (en unités de 10~ “cm)

Noyau +0 ﬁ’z =c A"l/ 5 t

ote 1.35 0.95 2,2

g2t 1.33 0.99 2.6

128 1.29 0.97 2.8

s32 1.3 1.05 2.6 -

a0 1.28 1.08 2.4

558 1,20 1.08 2.3

4.~ DETERMINATION DES DISTRIBUTIONS DE CHARGE DTS NOYAUX LOURDS - GENERALITES

Comme nous l'avons dit précédemment, 1'approximetion de Born
cesse d'8tre valable pour les noyaux lourds car le nocmbre 2‘ ne peut plus
alors 8tre considéré comme trés petit par rapport & 137 = —(—,51-— . Plusicurs
méthodes ont été employées qui permettent une détermination plus exacte de
la distribution de charge, et qui sont basées sur une analyse en ondes par-
tielles de 1'onde diffusde. Yemnie, Ravenhall et Wilson (Phys. Rev. 92,

+ 1325 (1953) ; 95, 500 (1954) partent d'un moddle de distribution de charge
déterminée , calculent le potentiel correspondant par intégration de 1'éaua-

tion de Poisson, puis résolvent numériquement l'équation de Dirac analysée
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en onde partielle, E. Baranger (Phys. Rev. 93, 1127 (3954)) adopte une
méthode semi-snalytique, basée sur 1'approximatiom W K B, Enfin, J. Reignier
(Bull. Acad. Roy. de Belgique, Classe des Sciences, XLI, 151, (1955) ; XLII,
173 (1956)) utilise une méthode entidrement analytique. Ces différentes wé-
thodes sont résumées et ceomparées dans 1'appendice de ce cours, dont la ré-
daction est due & J, Reignier, |

La fig, 18, due & Yennie, Ravenhall et Wilson illustre la com=-
paraison entre la résulution numérique et 1'approximation de Borm dans le
cas du cuivre st de l'or pour une distribution ponctuelle et une distribu-
tion uniforme.(pour le euivre, il s'agit d'une énergie de 225 Mev environ;
et pour 1l'or de 150 Mev ; l'approximation de Born, qui ne dépend que de
OLA /3 environ est la méme dans ces deux cas). On voit que c'est surtout
au voisinage des minima de (iffwrection'que 1l'approximation de Born devient
trés mauvaise,

Les méthodes d'analyse en ondes particlles (qu'elles soient
numériques ou enalytiques) ne sont praticables que lorsque 1'énergic n'est
pas trop élevée. ‘

Au deld de 180 Mev, en pratique, le nombre de valeurs du moment
angulaire dont il est nécessaire de tenir compte devient si élevé que la
méthode devient beaucoup trop longue et impraticable, C'est pourquoi 11 est
important de trouver des méthodes d'approximation pour le calcul des sections
efficaces de collision & trés haute énergie qui n'aient pas les défauts de
1'approximation de Born. Nous étudierons dans les paragraphes suivants une
nouvelle méthode trés importante qui est due & Schiff,

5.~ CALCUL DE LA SECTION EFFICACE DR DIFFUSION AUY CRANDES ENRGIES.
CAS DE L'EQUATION DE SCHRODINGER.

Ltapproximation de Schiff est =i r3alité valable de fagon plus
générale, pour les courtes longueurs d'onde. Un premier article étudie
la diffusion de particules douées de masse et obéissant soit & 1'équa~
tion de Schrédinger, soit & 1'équation de Dirac (Phys. Rev. 103, 443 (1956),
Un deuxidme article étend la méme méthode & la diffusion de radiation obéis-
sent eux équations de Maxwell,(Phys. Rev. 104, 168 {1956)s Nous nous
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barnerons, dans ce cours, & premier probléme, et, dans ce paragraphe, au cas

de 1'équation de Schridinger, gue nous écrivens :
- oot
i[i + B —U(+)}~}'{+)=O, (73)

- -~ >
k2 =2mB et U=2mV (), V() gtant 1c potentisl diffusent.
L'approximation de Schiff, ou approximation de la phase stationnaire

(Eckart, Rev. Mod. Pnys. 20, 399 {1948)), repose sur une évaluation appro-
chée d'une intégrale du type : - -
I( )* %(g) 1(@9“*’«’?)6”_’

§ ? : N {74)

dans le cas ob les dn.mensmns du systeme diffuseur R sont telles que

b -h? ~ &R » 1_ « On voit facnement en effety si 1'on prend 1'axe

: polaire dirigé suivant k que 1l'exponentielle & droite de (74) oscillera
rapidement dens ce cas, et donnera une coniribution nulle en moyenne, sauf

si le reyon vecteur est contenu 4 1l'intérieur d'un paraboloide de révolu-

tion axé sur ¥ tel que ‘ v ( fa ) Y2 . (Fig 19)
Prenons  pour ;axilables ? (.P at M= (.os9-e;c icrlvons H
1(‘& ):S S g qg.p )€ ket ?d.gd(pw;\
A (75)
Une intégration par parties par rapport & /u. permet d'écrire 3 ‘
oo 2w +
LR (- 1)
1=({{[&=ampe "] -
, 1 g i [ C} ale -1 (78)
v 99 i lQ © (i-,u«\)
gk?ape dkjgdqdq

Le 2éme 1t me‘entre aceolades est de l'ordre de -'{,Q 5 car il contient 1a

dérivée *-3'- qui ne s'étend, en pratique, qu'au paraboloide de la fig. 19.
oM N
Dens Le premier terme, seule la limite pt = + 1 donne une contribution non
oscillante. Nous avons donc approximativement (aprés intégration sur (P R

puisque lorsque "9‘ 0, § me peut plus dépendre de P ) 3

=90 Do Clh) o
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—3 -3
Revenons & 1'équation (73) et appelcmsﬁ et 'E’ les directions, :Lmtlales
et finale de 1'électron (dens le cas de la diffusion elasthue‘ 'PQ H@e [ = E;) |
L*équation (73) peut &tre remplacée par 1l'équation intégrale (cf. Mott and !
Massey, Théory of atomic collisions) s

+jG( 4.,4-'{)U ()48

ok ¢ () est la fonction de Green solution de 1'équation @

VF) =2

(PN =
(4596 =63 (79)
et qui est égale & :
. .
J LRQ .
N o ! I/ .
G (+) =~ z"‘;c:? © . (80)

Nous nous intéresserons & la valeur asymptotique de la fonction d'onde @
-l
g
ik, + ‘g“ ~ )
\{)g e + ---uv--—- Y \’f‘(}({ (81)
A A v
ol ?(" et ‘FQ sont des vecteurs unitsires portés par ?‘{ et 9\’9. LYampl. 1tude
de dlffusmn s'obtient par résolution de 1'équaticn (78) per approximations

successives @

FEJPRPT g
ﬁ(fq,f? Z g ’E‘f ‘Jrh U("‘_“i, (hn g )L(’.\-4;- &)
LEX | - |
G -TaUrE ) U SR R UEh ™ g,

’
-

1¢ Premier type d'apgrov_matlon {srands angl es_,_\ : Mous poscrons dans (82) :

o

g e (83)

=1 -

- - - -
g .
R n -4

—"__\0__,&, A
q""l; .".'\.! ?1—. 3

et nous écrirons 1l'argument des exponentielles qui apparaissent sous le

-
v
3 .

signe somme de la fagon suivanie @

E; »> - - > - T I
=Ryt +Ry Y = - 'r?n-f"%{ Qg ” f‘?n1+°$f‘+
—y

iy ->
- ﬁo.?m-c* %‘0. ?m—‘z. T 'QQ(; ?‘&.
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ggucune aggroxlmatlon Jusqu'ici), ‘I“m étant 1'un quelconque des points

+L e Tﬂ eta = ?zg 4?;, « Nous fe ons maintenant sur les n - 1 intégrales
sur ? (=1, 2, eee = 1) l'approximetion de la phase stationnaire (77),
l'1ntegra_§10n sur '\ étant laissée sans changement. Pour un choix particu=
lier de 1m ceci rev1ent décomposer _g. diffusion en m - 1 diffusions de~
pet:.t angle (0 & (PQ?) } autour de 92 , une dlffusn.on de grand angle en
"'m , et n - m diffusions de petit angle autour de '22 (fig 20 (a)). Nous
sommerons ensuite toutes les contributions correspondant & chaque }:‘

(fig. 20 (b)) et l'on voit que ceci ne peut se fairesans recouvrement des
domaines d'1ntégrat10n que pour des angles totaux de diffusion grends par
rapport & ("%R )ﬁ (r etant le rayon du centre dl‘ﬁfuseur)

S=(bob)> (eRYE @

Nous obtenons ainsi pourf }'expression suivante @

ﬁ(eq{,m-ﬁ;z (-5 ) : (6)
’ g CL94 S Qg .QI%. i U[’?mﬁ‘ %f(?n-ﬁ_‘é’n-ﬁ"’* S’mﬂ.
U+ e UG UG 3-kg.) ..

*r U[ﬁ"‘?qa (QM-4+ 9&\—2; e Q‘M\ ‘ )

Nous prenons dtebord m - 1 variables

S¢=0Q,+ Q4. Pty
S,=0 + 9, +.-t |
2.“91 ?3* 9rm-1 -
| ) %a"‘{’;*sau (87)
Sm-i = ?mﬁ J
L'intégration sur les m - 1 premidres variables ?1 yerny g)n_l‘ipeut donc

slécrire :
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(Y= P

(o}

oo o0

0o ‘

- rdil) T

- g d‘sm—ig d‘sm-z Sdf"iU(qm*h" Sh'”u(ﬁ:f
(o]

sm—’_ 52_

_ 4 ml
(m-—A‘)t o

ol nous avons posé @

('{m ?Q)

)
W, (’?, Bo) =‘§ U(:‘?—é?c:—,) ds

Nous écrirons de méme 3

S = Qam
m+ = %? m ) m+4 -
44
5:}—4 ﬁ())m.,_ gm-u_ +?n -4
L'intégration sur les n - m variables O ... 0
' Im yn-4
o0 o0 0o

=540,
> 34 (90)

13!

(89)

est donc égale &

Sdg.'"gd?m‘aU(%"6%9%1)--1}('t“ «QQ gm-r,...\.,._ 94\)
o ,

A
Q?Obm-'b

S d?mS dgm,,*...&d?n,il_](?.ﬁ %2;?;“\--~U(;’Tn+ A{( Q¥
o Y] ]

(0’6 ) L&)

0
={ asafasmen {5, Unshsn UG he,
[+]

: Sm 3"-2.
n-m
= W{ ( ?‘“ 1 & Q).._..
: {n- i

oh\x/ est défini par i
.—*

W (7, ﬁ{) ==-& UF +ks)ds.

(91)

(92)

u\
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Nous avons donc finalement

n-1

f(rq{,xq)f—-ﬁl Y (m) \oh SN

Nzl =

IACEN [w, (3, &)1
(m-4)' (- )t (93)

La sommation sur m se fait facilement par la formule du binfme

n m-{ | h-m
>, &b (n-0! = (asb)™

Lo
m=4 (M- (M- Tﬁ‘)'
et par consequen‘b H

((hF '?’c) =- = { aF 't U@ i [ BT V‘/O*\”{?ﬂn‘

L n:i‘

1 2 19 T +5, > (W)
:—-g—»&dﬁ-e% URye®™ ™",

ATy .

Un vérifie facilement que cette amplitude de diffusion satisfeit & la

condition de micro-réversibilité :

& ﬁ\ b ?go, gﬂ) (95)

qui revient & changer W et Wy & droite de 1'équation (94) et, dans le cas
ou vV (%) ala symétrie sphérique ,
A

¢ A '
( (@ & } H (R ) (36)

. -2 -
(que 1'on obtient en changesnt aussi % en -1 dans l'intégration).

2¢ Deux:Leme type d'agpromma‘clon (pe’c1 tc* argl m,a Dans le cas ou

-~ -

A Y

A -
oh = (g oy & ARG

les n - 1 domaines d'intégration sur les variables @ introduit_es précé=-

ro

(97)

demment se recouvrent, et il ne faut prendre que 1'une seulement des con-

tributions. On trouve alors @
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to  too - =51 Ulxyz)ed
f{(m.ﬁ’z “:‘ Ld&s L(q“x*q“ﬁst**@z“g” 7

et, dans le cas ouV (’%’ ) a au moins une symétrie cylindrique autour de Oz

(direction de propagation) de sorte que U ne aépend que de z et de
-\}x +y ( la symétrie sphérique est un cas particulier de celui-ci)

on peut simplifier 1'équation {(98) sous la forme @ { *Sm
4o U(b . d‘z.]
A A ) ~N . “
L Ve g - - i
%(?QP?QO}’: ,& gd&? ¢ Jlgb). U e (@) 4
: > = c
ou Q= H)Qo --92" | et 30 est la fonction de Bessel d'ordre zero. :

L'équation (98) permet d'obtenir une bomne approximation de la section effi-

cace totale qui, comme on le sait, est reliée & la partie imaginaire de 1ltam-

plitude de diffusion en avant par la relation ¢ »

LT o |

T Im (8o, Ry) (100)
A ]

'to’t

Ceci domne imrédiatement 3

+ oo + 0o +

= 2( dxgdggi ws[ gmU(x,«j. )dz,] (101)

32 Approximation pour les angles_intermédiaires (Méthode de Sexon et Schiff)

La limitation de la velidité des approximations précédentes aux angles

grands ou petits par rapport a( P.{ 1:2 )% peut &tre trés ennuycuse. Par
exemple, pour 4 = 100 et £ 400 Mev, on a ( #R) ¥z ~ 802. Jne méthode
plus puissante, mais d'une grande complexité, a été développée dans le cas

de une dimension (ou de 3 dimensionms avec analyse en ondes partielles) per
D. Saxon ¢ "Formulation of High Energy Potential Scattering Problems® A pa-
raftre & la Phys. Rev.) puis étendue au cas de 3 dimensions pour 1%équasion
de Schridinger par Saxon et Schiffs "Th_edry of High Energy Potential Scatte-

ring" (& paraftre au Nuovo Cimento). Nous donnerons ci-dessous les résultats
de leur premidre approximation (valable pour tous les angles). Posons dans

la suite o0
A N SRV S AN 2 o PO
Oo ( ‘)T' ) = —*i-{-q ‘“/Q (} ' “)052'-1—&‘ U( f-YQOS)dS (102) i

g
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et de méme
(0.0]
A - A

- i il
cS (M=-— W, (Th)=-= 4+ 5)ds
Considérons ensuite un,vecteur a' qui a pour coordonndes X ¥y z;

(%, y, z étant les coordonnées de ¥ ) (fig. 21). L'amplitude de diffusion
est alors donnée par @ ,

‘ e )
(1) /20 A A S‘ - L(?{'* +0 (H) -

- ° o

b= & fumeT W,

. N g e N ED .
: — Lq -1 G &
L - Loo(1 ) 2«( [ { - L
S CZC T i T O COM
H ' A , :
z i
On vérifie que pour les grands et petits angles cette expression se réduit
anx équations (94) et (97). Une méthode d' itération permet d'améliorer
1tapproximation précédente autant de fois que 1l'on veut.
6.~ 0iS DE L'ECIATION DE DIRAC.
Nous considérons le cas de 1'équation de Dirac @
L S .
(_.ux.v +HEm H:.)\\/ =/ (105)
ou B est, cette fois, l'énergie totale de la particule diffusée, et
e
Of et {f) les matrices de Dirac habituelles. L'équation (105) peut se trans-
former en équation intégrale en opérant d'abord & gauche avec Ifopérateur
e - "')‘::?' 1 .
(h + LO’\‘\7 ,.,Byﬁ) ce qui domne
2 N '
(A+% )ds»x(\:—l-xa-x?-@m)\/‘é» (106)
et, par suite, en utilisant P i;gnction de Gremn (55) :
’ . A
“9 \’ko“i f\ -~ .')ll __ R . |
v N AT | PSR AT - VTS R U R
*} ("¥ ):::O.,QQ + id("\ A *‘(t: + X \7”‘35"\.}"“‘\': ;“" ‘-‘?
' ' ' SIS
o O, est 1'amplitude du spineur de Dig'ac q_1\1'1 caz;actérise 1'onde incidente.
On cherche une amplitude de diffusion TD (?Q —‘ ’ ?10) ' en écrivant

asymptotiquement 3
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. > { AA |
2>\ iRyt L :
Y(+) =a.e +Le gb(b‘,ho) (108)

est un spineur. Ce gui nous intéresse, c'est en réalité, sa projection

| ® (-3:-9{0 sur 1'amplitude du spinsur Q. f qui représente i’état final
aprés diffusion (particule libre de quantité de mouvement ’K{‘ )o La section
efficace différentielle s'obtient ensuite en sommant sur les spins de 1'état .
final et en faisant une moyenne sur les spins de 1'état initial (énergies

positives seulement ) H

Tp (V) = %.S;Sot 3, fol” (109

Les méthodes d'approximations du paragraphe préeédent s'appliquent exacte-
ment de la mfme fag¢on & 1l'équatiom (107). Yous n'entrerons pas pour lc mo-

ment dans le détail de ces calculs que nous retrouverons sous une forme un
peu plus compliquée, au paragraphe suivant (voir si 1l'on veut Schiff, Phys;
Rev., 103, 443 (1956)),

7+= INFLUENCE DES CORRELATIONS ENTRE PROTONS SUR La DIFFUSION (INBLASTIOUE
U ELASTIGUE) A GRANDE ENERGIE (Schiff, Nuovo Cimewto 5, 1223 (1957)).

Nous sommes maintenant mieux armés pour reprendre le probléme
de 1'influence des corrélations entre protons que nous avons abordé au
§ 2. Nous considéroms le systéme électron + noyau, dont la fonction d'onde
‘i/ obdéit & 1'équation :

HY =(£,+E)Y, | (110)

ol Eoe est 1'énergie du noyau dans 1'état fondamental et E cellc dos élec-

trons incidents. L'hamiltonien du systéme peut s'écrire :

H=H, +i6-T —mp+V R R

By est 1'hamiltomien du noyau dont les fonctions propres ¥, (corres=
pondent aux niveaux Ea) forment un ensemble complet et orthonormé
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""‘N Vo= E@‘}'@ | (112)

-3 L
Le potentiel d'interaction dépend de la position A4 de 1'électron et de
. -
celles fi; oo Rz des z protons

z 3
- -3 :'?r. er -
VE RGR R =T G o

Nous développons W' en série des \k‘é

‘ * -
V=S wa®) o (R n i) (114)

oY
-3
Les emplitudes u,b_(' ¥ ) sont solutions d'un ensemble d'équations différen-

tielles linéaires du premier ordre !
(-— \'.&)' ‘V‘) +pm 4+ E‘E) UGF\‘?') = f&:" Vbou(:‘;’ ka('_\’t)(ns)»
ol nous a's(ons. posé ¢
&, =E-EE, )
et oh les éléments de matrice de 1'intéraction sont définis par ¢

# - : - => > L ‘0 -
Vi ) = {90/ LRV R,... Ry ) :.Q_(.zg.m(m)
.dAT,... dT,

1'intégration portant sur tous les nucléons du noyau (et non pas sculement

sur les protons).

-
Asymptotiquement, 1'emplitude LA.G( 1 ) a la forme

-
Ub("")rqogboe Crie S%(Q’e_ﬁﬁu‘))(ue)
ol
2 Y
~ J - "2 ' .
{(% = (g% ) (119)

est la quantité de mouvement d'um électron diffusé inélastiquement aprés

excitation du noyau eu niveau B, Nous appellerons i
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G (9)= .....L._Q‘h“‘f (120)
M
la _fonetionde Green correspondant a k. Apres multiplication des deux

mcembres de (115) par E_h-rhﬁ + X V y on peut remplacer cette
dernisre équatlon par l'équetion intégrale i

p g : R.F - =, , -
W (Fl=a,0, e ™t 4 2‘;8 Gﬁ(w——* ) (e,-pm +1o<(-::'£;))-
| Mo (F U (FydF!

ce qui donne, pour l'amplitude g[‘, obtenue par approximation successives,

la série suivante

> - T ' xf?
gtffab,ho)=~z%(ﬁb~ﬁx-e? *‘g’ém\ Sd‘(.“...jcﬁt, e "

- - , = =
‘ Zc.‘ Vior (i) (B, 10V, = mf) Gan-,(m'“"’) (122)

-Z'\/Iln a Bnd (b AT, @) G, (08 ).

-3

a ~1

ZV (41)( +Loﬂ7 'mﬁ)G (H“ ﬂ) (?)é

La différence essentlelle avec l'equatlon anal ogue (82) (compte
tenu des modifications dues & 1'équstion de Dirac - équatlon (107) est qu'il
¥y a cette fois, _.gapr‘es chaque intégration sur les variables intermédiaires
de 1'électron "; ooa 1\;1 y une sommation sur les niveaux intermédiaires
Co, ““Qn-i du moyau. Pour pouvoir nous débarrasser de ces somnations,

nous ferons 1'approximation suivant laguelle les énergies d'excitation

E - Ea' 1 sont faibles devant l'énergie E des $lectrons, clesti-a~dire que
les £ dépendent peu des {.i. Par ailleuwrs, nous ferons 1'apvroxima-

tion de haute énergie correspornviant sux grands angles s, car c'ust surtout

pour les grands transferts d'impulsion que nous pourrons décelcr les ef-
fets de correlatiom qui nous intéressent. Nous avons donc, de fagon sna-
logue & (86) @

3

."i
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o 1 @& "Ml M-
LR =-550.0 (FR) Ge)
M=z L
> { § P V- Y)223)
demgd?{‘id?«.te em (Fari~ RlQrn-s + B0

V(B o) VIEIV (T ke Q) -
- m-T+i - m-4 :
‘ \}‘(,?:m ..v’;°<g,,,,,4+...+ 9*3}%“&?“&%”@@ (esak-pm)a,

ou .‘Ctb: -?: 0-—?;', et ot le symbole % .} gggnifie qu'il faut prendre 1'é1é-
ment de matrice du produit des V entre accolades entre les fonctions d'onde
nucléaires + et \'['o . Comff au § 6, clest en réalité le produit a%-&

qui nous intéresse. aoe’c Qbsont solutions des éguations de Dirac dans

1l'espace des impulsions 3

(£a+ a'go 4—ﬁm>ao(§o\) =0 (124)
et

— ~3 - =

a%(hb)( EL + & th +{a.qm)=o, | (125)

Par suite le produit
- +14 > m-i

Gy (g —OBy-pm)  (ea-CeFopm) Gy

m-~
=(2¢) (28) ~ Q) O (126)

Noﬁs avons donc finalement o o0 A
P > 1 /.;:'_t-
bR )=-2b ldF VT °3 ’ t
(o} ( &) ) o )
P, 0 2w
| (QRAr)]
on v, =g /R et Y=y, frgont 105 vitesses inivizles ot fineles de 1'élec-
: o
tron. En pratique nous prendrons Vo=%= C =1 ce qui donne finalement

pour la section efficace inélastique 0 —»b ! )
. 0 A

, " I s g - VG-%@NS-SV(?;%SMS 2
o opeo ][t Pre o Treden)
(128)
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- Afin de pouvoir reconnaitre les effets de corrélation entre deux,
trois, etc.... protons, nous voudrions déwelopper l'exponentielle & droite
de (128) sans pour cela perdre la supériorité de notre approximation sur
celle de Born (§§ 1 et 2}, Nous considérerons done la densité de charge
statique dans 1'état fondemental ? (?’) et le potentiel zoulombien modifié

\/ ('\”) qui se déduit de la résolution de 1'équation de Poisson correspondante.

Nous écrirons :

Vi) =V +V -V, (129)

et déwveloppons 1'exponentielle em puissances de (\1 ""Vc, )» Nous obtenons

aingi, en deuxiéme ordre, des termes de la forme :

Ja? fvediz, R \m fysi R R s ]
(o]
cexplig -?*15&/(?-{:: ds 'LW’ ('\H&veﬂcﬁs]

sur lesquels 11 est tres difficle d‘ldentlfler des corrélations entre deu.x
protons simplement & partir de la dépendence de g, bo en fonction de Q

I1 n'em est pas de mé&me si nous cherchono, comme su § 1l, la somme des sec-
tions efficaces sur tous les états b (y compris S = = 0, qui correspond a la
diffusion élastique). la régle de somme permet de simplifier l'expression
finale en se débarrassant de la somme sur b. Ceci implique que 1'on néglige
la variation des g et des q 6 en fonction de b, ce qui est une beaucoup
moins bonne approxmatlon que celle que nous avons faite pour les états intere
médiaires Q (car nous co gsidérons meintenant des diffusionsde grand angle,
avec de grandes wvaleurs de q 3 alors qu'auparavant, l'appromma‘clon de
grande énergie impliguait essentiellement de petits angles de dlffuslon in-
termedlalres) Quoiqu'il en soit, nous avons flnalemen’c {en 3p:3<,l:mt ?QS_

e

la direction finale de 1l'électron, H‘Q b= h, q{ h @:z{ )

2 6,9 = (Ews§)2 ) af ap Vi) Ve T
Sf[ V(E-Rd+V(F 4 ?z s) -N(F -92 )V +k4s)jd5g
(130)

Si nous posons
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w : A Q A A > 2 ‘
_’ i £ [VL(F- ko) SV (54 k) (F-ke) -7 whs)ds

)
fonction qui est telle que
- -
MU T Y= 1 (232)

nous obtenons au Ier ordre du développement en (Vv - Vc)

‘@’cf ) +(Ecosd) [af aFu ifre S
| .{V("\'j Rmﬂz)\l (}’"R""Rl)}oo

qui peut s'éerire, en vertu de (113)

.
»

& °2Ecos { SN
Z M= ( ) g:i,z‘“dmﬂ w7 :Fﬁu?'ﬁ'&e (134)
=4 v g0

= '- *(at'ﬁr')
' guc{?"“g\’ s§ *’ﬁ,j)@mL | ! }00 (135)

si 1'on néglige la veriation de ki eu tour de T? et Tej , on cbtient
de fagon analogue au § 1,

(R E;) - -
ZG' (3) ( >%£§ % U R R (36

et, en fonction des densités ?(0 et (2), on obtient en tenant compte de
00
(132)

crm(ﬂ-)z(f—) z":q 5 HeP @ FIu @ F)wn

aF-T
e df.d
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Cette expression gst trds semblable & celle que nous avions obtenu 3 la fin

- s
du § 1, saufque le facteur u,c(')- ,+ ') tient compte de la non-validité de
1'approximation de Born.,

8.~ RESULTATS EXPERIMENTAUX CONCERNANT L4 DIFFUSION ELASTIQUE PiR LES NOYAUX
LOURDS.

12 Noyaux & symétrie sphérigue t de toutes les distributions de charge de
noyaux lourds analyaées jusqu'd 180 Mev par la méthode des ondes partielles,

seule celle de 1tor (au 97) a é%4 étudide en déteil. Trois modeles ont été
utilisés

- une distribution du type, de Fermi

?(ﬂ-—-‘ w c) o

dont le "paramdtre de peau" t correspond & t = 4,402 4

- une distribution dite "gaussierme modi¥ide"
2
() = — 22
g e TN 4y
qui est telle que t = 2,20 ~=& )

¢
-~ une distribution trapézoidale (Fig, 22) telle que t = 1.60 Z.

3

Pour examiner de plus prés la forme de la densité su centre, une
distribution de Fermi modifiée du type

ot =0, (1rv)
Yo +d

a €té employée en variant le paremétre W (fig.. 23). En pratique, W peut

8tre varié dans un assez grand domaine, car seul le produit 4T 2 (densité .
 d'une couche sphérique) est déterminé expérimentalement. Cependant W = 0.64
semble représenter le meiileur accord (Hahn; Ravenhall et Hofstadter, Phys.
Rev., 101, 1131 (1956)).
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En ce qui concerne les autres noyaux lourds étudids 2 183 Mev,
le fait le plus saillant qui caractérise la diffusion élastique est la régu-
larité des minima et maxima ds diffractiox’}, élorsque log carrés des facteurs
de forme sont représentés en fonction de 4 ., sin '_13.’ (fig 24). La fig. 25
représente les distributions de charge du type de Fermi pour différents
noyaux. On remerquera 1'augmentation de la densité centrale moyenne quand 2

décroit.

2¢ Noyaux déformés : ce qui caractérise les sections officacesde diffusion
sur les noyaux déformés (formes ellipsoidales qui, conformément au modéle
de Bohr et Mottelson, sont assocides' aux moyaux ayant un moment quadrupolaire
Q o important) c'est 1la disparition presque compléte des minima et maxima

de Aiffraction(fig, 26). Ceci s'explique qualitativement si 1'on remaroue
que les effets de diffractionsont des effets de paroi, et que ceux~ti sont
d'autant plus marqués que le paramdtre de peau t est plus petit. Dans le

cas de noyaux déformés, la moyenne sur toutes les orientations dc l'axe du
spin a pour éffet d'augmenter 1'épaisseur effective de la distribution de
charge d'une quantité de l'ordre de la différence des axes principaux.

D'autres effets apparaissent qui ont été étudiés théoriquement
par Downs (Thdse Stanford 1955) :
a) diffusion avec renversement du spin nucléaire (spin-flip)

qui s'ajoute de fagon incohdrente & la diffusion ordinaire (i1 n'y. a de pos-
sibilité d'interférence que dans le cas des noyaux orientés).

b) diffusion inélastique avec excitation des niveaux tres ‘bas
qui sont présents pour ces noyaux, et qui apparalt expérimentalemont comme
quasi élastique.

Downs indique que 1'observatiom de la section efficace de dif-
fusion élastique en voisinage d'un (faible) minimum de diffracticnpeut
permettre de déterminer le moment quadrupolaire (cf. fig. 27 pour lec 'tantalee‘

. o . . . . \‘ . . °
32 Rapport de gections efficaces pour des ncyeux voisins 3 une méthode trés

ingénieuse a été développée par Hahn, Hofstadter et Ravenhall (Phys. Rev.
109, 1353 (1957) pour déterminer le rapport-des sections efficaces de dis~

' persion élamtique correspondant & des noyaux voisins en observant celles~-ci
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au voisinage d'un minimum de diffractionla fig, 28 montre par excmple 1'in-
fluence, dans le cas du N (nowbre de protons 7, = 28 magique) d'unc variation
des différents paramétres ¢ , t ou Z.‘; On voit que la variation peu‘b} au vois-
sinage de 602 (2 18% Mev),' atteindre 15 % pour des variations relatives des
paramétres de l'ordre de 1 & 2 %, la fig. 29 montre le ;gpporf des sections

efficaces pour deux paires de noyaux voisins Niso et Ni

d'une part, I\I:i.5
et Pe® |

d é autre part.

9.~ RESUME DES EFFETS DE DIFFUSION INELASTIQUE.

Nous ne pouvens que résumer bridvement les effcts de diffusion

inélastique que nous avons déjd évoqués au cours de ce chepitre et du pré-—
cédent,

a) Excitation des nivesux nucléaires : (exemple du o2 d43h discuté). Le

rapport de ces excitations avsc les transitions multip ¢lairs dans les rnOyaux
8 été étudié per Schiff, Phys. Rev. 96, 765 (1954), Shermen et Ravenhall
(Phys. Rov: 103, 949 (1956) ont tudié en déteil la tramsition 07 - O

(de 7,68 Mev) du 012‘ Helw (these déjh citée) obtient un résultat intércs~
sant en représentant le rapport (J/ dMN IFlz' inélastique en fonction

de 1/3 pour divers éléments (fig. 30). On voit que quel que soit 1'é&1é-
ment, les points expérimentaux se placent approximativement sur 2 courbes
correspondant & des transitions (E 2) et (E 3), indiquant ainsi 1'existence
de courbes universslles correspondant & chaque valeur de la tranmsition &lsc-

trique multipoledTe correspondante.

b) Slectro-désintégration (avec émission d'un nwciéon). Exemple de la
- - - - -

N

particule o (fig. 31, qui représente la sphire 4'un €lectron diffuse a

400 Mev et 602) ou l'on peut déterminer la distribution des impulsions dus

nucléons dens le noysu en comparant le plc élasiique. des protons au pic
inélastique élargi par les collisions - de 1'électron incident avec l'un
des nucléons en mouvement du noyau.

E v
“ as particulier Dislocation complete du noyau oubreak..up*

m—
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o) Effets radistifs : les corrections radistives correspondent aux effota

virtuels (élastiques) ont été discutés,

Pour 1'émission de radiation réelle { Bremsstanling)
le probleme est classique, il n'est pas utile de le discuter ici.

4) Production de mésons : A& partir de 150 Mev envirom, il y 2 possibilitd
de produize des mésons W , Ceci est un phénoméne qui par sa nature ost

beancoup plus complers gutun ¢ffet puvemont éloctro-magnétigue. Nous le dise

)

cutarons en détail au chapitre suivent,
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IV - PRODUCTION DE MESONS PAR DIFFUSION INBLASTIQUE
DES ELECTRONS DANS L'HYDROGENE

Parmi les phénoménes inélastiques qui accompagnent la
diffusion des électroms, la production des mesons ' occupe
une place particuliérement importante, & cause des conséquences
possibles sur la théorie des mesons. L'expérience la plus im-
portante 4 été faite par Panofsky et ses collaborateurs (Panofsky,
Newton et Yodh, Physical Review 98, 75I ( 1955)s Panofsky, Woodword
et Yodh, Physical Review, 102,392(1956); Yodh et Panofsky,Physical
Review 105, 73I ( 1957))qui ont étudié la réactions

! -+

e+ Ry o +m T (1)

au moyen d'électrons d'énergie initiale de 600 Mev.

4.~ Discussion des expériences et résultats expérimentaiix.

le méthode a consisté & comparer directement 1télectro =~
production et la photoproduction des mésons T . Le dispositif
expérimental est représenté dans la Fig.32. Le cible d'hydrogéne
liquide est bombardée soit par des 6lectrons de 600 Mev., soit par
des photons produits par Brehmsstrahlung sur une cibdble de carbone Oou
de cuivre. Si 1'on fixe la quantité de mouvements des mesons T
produits (dispositif expenmental) , on peut définir la quantité
de mouvement. des photons qulauraient pu produire ces mesons
T « L'expérience mesures: a) le nombre de mésons y@ produits
par absorpt:.on dans 1'hydrogéne d'un photon d'impulsion J“L

b) le nombrex‘ de mesons produits par

diffusion inélastique d'électrons d'impulsion initdiale fixe (71
Soit 0-(4?.) la section efficace différentielle de photoproduction,
N, ‘
comprisc entre-tket 4+rdh, et N, le nombre de protons par
unité de surface de la cible. On a alors:

& M 16 nombre de photons incidents dont l'impulsion es?
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% :_:)\}o g-ﬁ, N'k, G‘(Jr?-).é*:t_g.." (2)

-

1'intégrale étant étendue & la largeur A de la bande d'énergie
utile correspondant au dispositif expérimental. D'autre part, soit
&, (Eo s B) la section efficace de production d'un méson par un
électron d'énergie initiale Eo et d'énergie finale E. On a :

Y, = N jae(gme)ae (3)

On peut définir également une "longueur de radiation équivalente" X<3
qui est l“6épaisseur d'un mdisteur de photons telle que le nombre de
mésons produits par ces photons soit égal au nombre de mésons pro-—
duits directement par les électrons. Ou encore, on peut introduire
le nombre Ne: tel que Ng(d-}l—)est "le nombre de photons virtuels”
compris entre 4 et A d 4, ¢

'ye_g)\}c YN@ fT(Az,)djc (4)

“

N¢ et X.t,_ sont reliés par la relation :
Xe-fe | )
i
Les résultats expérimentaux sont donnés dans le tabloau ci-dessous
ol e est 1'angle des mésons T avec les électrons incidents dans le
systéme du laboratoire, et T‘lT l'énergie cinétique des mésons T
(Eo = 600 Mev).

T !
@ /“r(' Ne
75° 60 Mev 0,0202 % 0,0007
750 147 Mev 0,0177 % 0,0007
750 170 Mev 0,0145 ¥ 0,0020
135° 70 liev 0,0178 £ 0,0007
.
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2.~ Détermination théorique du rapport des sections .efficaces de
photo = et dtélectro-production des mésons T e

Le nombre AJ,L de photons virtuels équivalents (défini par les équa-
tions ( 4 ) et ( 5 ) peut 8tre déterminé.avec une bonne approximation
par une extension de la méthode de WeimsZcker- Williams due & Dalitz et
Yennie (Phys.Rev. +« Cette détermination est indépendante
de l'interaction entre les mésons et les nucléonam.. Cette dernidre n'fin-
tervient que dans de, pefites corrections que nous discuterons au pa-

ragraphe suivant.

s

o

Ltinteraction entre le champ électromagnétique ei le systéme méson-
nucléon peut, pour un trénsfert d'impulsion~énergie (A , M o ) stécrira:r |’

LB

R = Bu (kg RY AL (e, R 6)

[

ou T?"' est 1%61lément de matrice de 1l'opérateur courant entre un état o
initial correspondant au nucléon seul et un état final décrivant  1le 1
systéme méson plus nucléon. Al"' (hm ;:) st la composante de Fourier i
du potentiel de Mgller:

- — - -
A (h )R«}_—_e LL(?-—"’Z)XPLLH”) 1)
bt 2 ot
’k o~
g - '
ol -/ho-: i(g),i(?,k ) 2 BVEC ‘;’(P)ﬁ (,PZ+M2)/L :
et W (F) est le spineur de Dirac habituel. i
Le courant J peut se décomposer en une composante transversale {

et une composante longitudinale en tenant compte de la relation de conser-

vation.

-

h,le')u_z«hff I G (8)

ovo i

et de la condition de Lorentz satisfaite par A"“'

s
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hﬁ Az el (l?"’t)xwm .h}&u.(;”g) (9
/hl _ 4 T
NNt * 3)
:+ieEZ.(P—&)[_‘\’(PJ%)"‘“M"XP'MJ“‘(P -
i YA :L
w5k

SRS
compte tenu de ce que . u (p) et o {p- ‘?) sont solutions de l'équation

de Dirac. Cette dernidre relation s'écrit aussi:

b A kA =20 7 | (10)
Par suite, H' aéfini par ( 6 ) peut s'écrire:

H = ;«K—}:‘? (g; (A (11)

Soit T la composante longitudinale

{

—— - ity &
. A (AT
U i ) (12)
et j;_ la composante transversale
i? :? T (13)
g e
on peut écrire finalement:
7o) R |
\ >
(e (m ) (14)
avecs
2
—_— - -2 hraced | /{1
7. o o g (o) (15)
t J’{. P te 'ho
Dans le cas ol le nucléon est considéré comme infiniment lourd

le nombre Ne({?) '\Vr‘:{) ( avec .};‘:C = -{?— \? ’ ? et ?,“ étant

les impulsions initiale et finale de 1'électron) peut s'écrire sous la

forme:
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N,y = N(:) + /\/iq) (16)
olt la composante transversale est égale &:
Ne‘”( by
- % m»p)/h L(ht) [(P*P.)?._hw}[.ht'([)_pl)l:(
p-p)r  Chy-A2) Lp~hs
R B S ] <jt (M‘)> (17)

Tp* j ST R)>
tandis que la composante longitudinale est donnée par la formule

) ' { ‘)l 1,00
N§ )(p,)«;()-;%J it ar® | (p+ p)z' <7& (h ) (18)

‘ AN
-p bk P "
I1 faut remarquer que dans la photonroduction. ’ seul (comnosen- :
te transversale sur la courbe d!'énergie) intervient. lLa va.leur la pius
simple de N, ( dite: valeur standard) s'obtient en faisant
()a, }> = <_'.Y (/b. ) >  dans 1l'équation(I7) et en négligeant

N(VS « Ceci donnez

N(Sl)(P)p.) _ o g *5"2( {52‘+PP!+MLE (f,-\"‘p) F?P (19)

: 08 V’W\(i—i‘) g ZP p-¢ p

Les contributions & 1l'équation (19) proviennent surtout des petits angles.
Par exemple, pour pP= 600 Mev. et JL‘S’ = 200 Mev., 95 % de 1l'intégrale
pr'ovient d'angles de scatteriig inférieurs 3 6°. Il convient de remarquer
enfin que la valeur standard contribue encore 90% de l'effet observé,

lés corrections mésiques n'étant jamais supérieur & I0%.

3.~ Corrections dues_a l'interaction méson-nucléon.

Dalitz et Yennie ont calculé les corrections héeiques dans le cas
de la théorie phénoménologique de Brueckner et Watson (Phys.Rev.86, 923
(£952)) et de Gell-Mann et Watson (4nn.Rev.Nucl.Sci.,4 , 2I9 (I952)),
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ainsi que dans le cas de la théorie de Chew et Low (Phys. Rev. 101,
1597 (1956)). La méthode dans les deux 6as consiste & partir dtune
forme particuliére du coura.r}t ’ défini au paragraphe précédenti
Dans le cas de la théorie de Chew et Low par exemple, le courant :J?
est décomposd en une partie qui provient principalement de la diffusion

S

== . - I
3 t@_\f'z C?...(Q_Ef—‘h)o—’(ﬂ‘h)' (20)
° M [SECI S
(avec C( = P_p’ ), et une partie qui provient de la modification du cou-

rant due & la résonance dans 1'état P32/, :

r,\LeLdse Sim o, F(zhz) (21)
q?) ,
ol Du:'/g(g.m (,%?)(%P_ad’h)zo/%ﬁo,{ . (22)

% et 4 étant les rapports giromagnétiques du proton et du neutron
Ly 1 ' 2 ;
et £ la constante de couplage de Chew et Low. Fh )est le
C nf i

factemr de forme du moment magnétique nucléaire (qui est égal & 1 dans i

le présent calcul.

La Figure (33) représente les résultats du calcul & 600 Mev dans
le cas des deux théories en méme’temps que les points expérimentaux
pour les deux angles de production 75° et 135°, Il convient de re—
marquer qu'un test beaucoup plus sensible de la théorie consisterait
& mesurer le spectre de diffusmion inélastique des électrons, qui esi, . =

comme l'ont montré Dalitz et Yennie, tres sensible au mode particulier

d'intéraction méson-nucléon que l'on suppose. Il serait souhaitable

qu'une semblable expérience soit faite dans un proche avenir.
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APPENDICE
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Diffusion élastique - Méthode ces ondes partielles
par
J. RZIGNIER _
Université Libre de Bruxelles

1 - INFLUENCE DU VOLUME FINI DU NOYAU SUR L!AMPLITUDE DE DIFFUSION

Nous considérons la diffusion dtélectrons de haute éniergie
(E 1) (1 par une répartition statique d'électricité a symétrie
sphérique représentant un noyau. €e modele convient pour les noyaux
moyens et lourds pas trop déformés, et aux énergies inférieures i
environ 200 MeV, L'analyse en ondes partielles montre que la section
officace différentielle de diffusion peut s'écrire (1) (2)

35 : 35{3(1‘})!" e

cost

olt 1'amplitude de diffusion .”:(ﬂ*) est donnée par

91 g £ (e B el
JH

E est l'énergie de 1*électron, P (X} st 1le polyndme de Legendre
d'ordre n en la variable ¥ et ‘Tl est le déphasage de 1'onde par—
tielle de moment angulaire total j.

(*)Les unités sont ‘F‘\ =1, C =1, me = 1.

(1) D.R. Yennie, D.G. Ravenhall, R.N, Wilson P.R. 95 (1954) 500

(2) N.F. Mott and H.S.W. Massey "The Theory of Atomic Collisions"
Oxford (1952) IV § 4. Dans les notations de Mott et Massey,
ltapproximation de haute éneryie B )) 1 entraine 'Yl - ’rl M-
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Le potentiel est moulombien 3 1'infini et les solutions

(b"ﬁ]et 4)1 () de I'squation radiale de Dirac
,’ })

( Hﬁ)‘? : “"(E‘V)‘i? ()
d. » +-‘/ L
g - 4, - (E)b

(\/(4*) est 1'énergie potentielle) ont pour iorme asymptotique

d, s Y~ sin{Ex +alog2E4 ~(-p +m Y

M,J

Ci?id. (+) ~ Co$ 3E4~+a103 2E+ - (§-3 7{ +nﬁ

(Q = 2/137, ot Z est le nombre atomique du noyau diffuseur). Les
déphasages Q’i dépendent de la répartition considérée. Une diffi-
culté propre au potentiel coulombien est que les déphasages

ne tendent pas vers une limite finie quand j augmente ; ils se com~
portent sensiblement comme - & log j. Par contre, si nous désignons
par WZR %;)déphasage de l'onde partielle j dans le cas d'un noyau

ponctusl s lés déphasages supplémentaires

g R
%= ™"

(5)

dus au volume fini du noyau tendent rapidement vers zéro quand j aug-

mente. On écrit généralement (2) sous la forme
]Y N=1 (S)+ f{ez"& P feosdp )
( P Lz 1 I
“ 1 ((.O.SS )}

2
# (S]est ltamplitude de diffusion par un noyau ponctuel g elle

necess:.te des précautions spéciales pour &tre nommnée nals elle

() L':.ndlce R rappelle qu'il s'aglt du déphasage de la solution
régulidre 1torigine ( LO (+) )
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est la mé8me: pour tous les modéles des noyaux de charge Ze et ne doit

Btre nommée qu une fols. Au contraire, la seconde partie de 1‘(9)
dépend du moddle ‘considéré mais convergc assez rapidement j; le nombre
de termes nécessaires dans la série croit & peu prés linéairement avec

lténergie ; aveec la précision actuelle, il faut par exemple 10 termes

(3),

dans le cas de la diffusion d'électrons de 183 MeV par l'ox

2 ~ CALCUL DES DEPHASAGES

En tout point ’f extérieur au noya.u( V(*’) = - 0»/"'1')
les solutions CP f+) et ¢ (+)du probldme considéré sont une com-
binaison lméaire des solutlons reguls.eres((.P i, ) et LP a, (-1"))

et irrégulidres ( CP ) et Lp ) l'origlne du prodléme
& noyau ponctuel V(+) «.a/«rda 0a “cao)
R RO OB

| T
$,; (0 =L, ‘?‘i.; SARS VO

Rem, lagons dans (7) les fonctions par leur forme asymptotique (4) avec
les déphasages correspondants ('Q '\?R "(z ) ; nous dtenons la rela-
tion

g R
t S §in (M =M, ) _ . (83
1% = 7T/, reos (7 -7

*

Introduisons maintenant dans (7) la fonction

o, (1)
. (’!“) = - 3".) ! (9)
'a: Cbi,j (+ k

nous obtenons C;}/Dj sous la forme d'une fonction homographiqgue ds

(3) B. Hahn, D.G. Ravenhall, R. Hofstadter P.R. 101 (4956) 1131 1
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N o I
9__3! = - .(94,‘1‘('{\) T“ (’h\) + (pgli ("'4) ’
Dy gfeneat gl (10)

Les formules (8) et {10) montrent que le déphasage supplémentaire de

ltonde partielle j dQ au volume fini du noyau ne dépend de la réparti-
tion de ‘lar charge électrique dans le noyau que par la valeur de la

fonction m H') 4 1'extérieur du noyau j les autres grandeurs interve-
nant dans le calcul ne dépendent du noyauw que par sa charge totale Ze.
Notre probldme se raméne donc au calcul de¢ la valeur en un point exté-
rieur au noyau des fonctiouns ’&3(4’) des ondes particlles scnsiblement

affectées par 1l'extension finie du noyau.

3 - cALcUL DE Y (3) .- pIscussIow
¢

.

La plupart des auteurs arr8tent l'analyse & ce stade j ils
résolvent les équat?ons radiales de Dirac et calculent XJ (’f) d'aprés
la définition (9) (4). Sauf dans les ces les plus simples comme par
exemple la répartition en surface ou la répartition homogéne, les
équations radiales de Dirac sont intégrées nu;nériquement. On obtient
ainsi des résultats trés précis mais dont la dépendance en le poten—
tiel est totalement masquée. On peut faire apparaitre cette dépendance
en déterminant B*J H‘) analytiquement. Diverses méthodes ont été

(53(6)(7) , (5)

proposées « BEn particulier, nous avons montr quton-

(4) On trouvera les références & ces travaux dons les articles suivants 3
K.W. Ford and D.L. -Hill Ann, Revy Nuc. Sc. 5 (1955) 25
R Hofstadter R.M.P. 28 (1956) 214
(5) A.R. Bodmer P.P.S. 664 (1953) 1041
(6) G.N, Fowler P.P.S. 684 (1955) 559
(7) 7. Reignier a) Bull. Acad. Roy. Belg. Cl. Sc. 41 (1955) 151
b) n It L [ " " ig (1955) 173
Des résultats plus complets seront présentés prochainement comme
thése de doctorat & la Faculté Zes Sciences de 1'Université Libre de

Bruxelles;



m
- A5 - '

peut obtenir une bonne approximation de /‘3( 4) tout en ne calculant
qu'une seule intégrale d’.épen’d‘ant de la répartition de la charge élec-
trique dans le noyau. Cette solution approchse s'éerit s

tion de Bessel d'indice

’bp' (4) = ,.pg_[U(K 4‘")4’) (I;()() est la fonoc-(11)
y I [ U(K 1“) ’f} v en la va.ria‘ble x.

avec ¥ .
g V(#")’l"{]?’(“&:)* J-;;;(K’F)l d (12)

S +[]' (K+)+]’ (fxﬂ}oﬁ
E-V(HEKS E-V(O). |

L'approximation est d'autant meilleure que la variation d'énergie

UWﬁ=E~

potentielle du centre du noyau au point r est plus faible. Dans le
cas de l'or et d'une répartition homogéne de la charge par exemple,
cette solution approchée permet de calculer les déphasages 'SJ avec

une précision de l'ordre de 10 =3 radian.

I1 en résulte que le déphasage de ltopde partielle 3 ne

dépend du potentiel dans le noyau que par
*
4

g’voﬂa{j“(wﬂ-}L+Jk) d+ | (13)

o

ol 'r1 est un point extérieur au noyau. En intégrant deux fois par
parties, en utilisant l'équation au potentiel et le fait que le poten-—
tiel est coulombien en r1, on obtient que ce dephasa.ge ne dépend de

la densité 8 (“' de la charge électrique dans le noyau gue par (8)

g_ g (Jj (KH)*+ dt (14)

(8) J, Reignier Nuc. Phe iv(1957) 340
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j) NE Sx{j— QX)H H(x 3+1I(x1](x;§&x(15)

ou encore, par < ’_f (Mﬂ> on désignant ainsi la valeur moyenne de
rj (({+) prise su.r le noyeu avec la fonction de poids g(’f) .

A basse énergie, olt une ou doeux ondes partielles seulement
sont affectées par l'extension finie du noyau, des mesures précises
de section efficace de d.l:f‘fumon doivent permettre de déterminer

< Cr'/ (K"ﬂ> et <f3/ l(-ﬂ/ qui se réduisent d'ailleurs approximati=-
voment dans ce cas & ('ﬁ""\ et <~}~L‘) . Aux énergies plus élevées,
1'analyse se complique par le fait que des ondes partieclles de plus
en plus nombreuses sont affectdas par llextonsion finie du noyau.
Toutefois, de par la forme des fonctions (i-(v&') s il ast apparent
gue les valeurs superficielles de la dengité *sont toujours plus im=.
portantes que les valeurs centrales. De ce fait, la diffusion aux
énergies élevées peut donner une image c¢n principe de plus en ‘plus
détaillée de la densité aux valeurs pas trop petites de r et en parw
ticulier & la surface du noyau mais ne peut pas préciser le centre
de 1la distribution dtélectricité. 11 convient d'ailleurs de rappeler
que le modéle statique utilisé cesse probablement a'8tre valable au
deld dtenviron 200 Mev.
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line 7.
eq. 2.4

eq. 2.25

eq. 2.31

eq. 2.33

CORRIGIZNDA

Re;lace Karplus by Kroll.
" o)
e Y VW

" F by F
q.P(Z) y qp(X)

" qu(z) by qu(x)

Add factors k k' to right hand side.

Replace k' by k.

Delete the last line.

line 14
eq. 2.48

egs. 2.58,
2.59

eqg. 3.20

section 3-6
line 3

eg. 3.30

line 14

Replace Ao (W) vy /\c;i//b-)

Add - sign to right hand side.

4dd factor 1/2.
Should read :
13 is missing.
2

AT [ 2
Replace by W, = (ﬁﬂ}k_.?; %/ V- A
. 4 s

<)

Replace by .

4 partial vave decompositicn in the centre of mass
system, and continuing }n (cos & C) to cos 60 < =1
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CHAPTERI1

INTRODUCTION
1.1 Properties of Pions
' The properties that are importanq_for our purpose are
(1) three charge states i */ T o/ [l
(i1) 177(TT*)2 M (M7 )= 273.3 .. 2 clectron nasses
3?“(71-) -)11(r70)= 8.8 + . 6 electron masses

(iii) Spin of the charged iMs is determined from detailed balancing

arguments arplied to - +
P + i:’ & | + 1T

— G
This gives S = 0. The I also has spin O since it decays into 2 b’ ’

which is imp-ossible for spin 1.

(iv) Parity is determined from theobservation that the process
T+ D — 2N

is observed, This gives T negative parity.

1.2 Charge Symmetrical Theory and Isobaric Spin.
The three pions are thought of as belonging to an isobaric

triplet, ll , of isosyim 1 and the proton and neutron as belonging

to an isobaric doublet, jf’ , of isopin 1/2. ¥Yemmer proposed an

9 f/ 9 j; AT (1.1)

which gives the observed symmetry of the nuclear forces.
e T -
If VD_rcreates It or destroys 7

3/')"' T fT+/
then 4- 1-
g B g T

Y2

2 ‘/é—t:

interaction

-
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and the interaction ( 1.1) may be written as

"N

gt ¢ e g T prg T

P
-—
L3
n

-~

This Hamiltonian mekes the total i1s0]

I, a good quan

vantum numbe
in pion-nuclecn reactions.

188



! Vo dlhew & Low,l
2. Lo
Trhe nucleon is assumad to be infiniiely hsavy and 35 13 dasceribad
coupletely by < and if e Opin--flip end chargs exchenge ave the only vosai-
ble rrscessss for the nucleon. Its interaction with ths %L is assumed %0 12
a Yukawa-~type interaction, i.e, mesons are creatod or annihilil singly.
It is perhaps surprising that so crude a theory proves useful.

The explanation lics probably in the Low
Mag. 47, 11933 Karplus and Rudermzn, 2.R.

state (roughly speaking) that ' all *heories coincide at suffici

energies.!

of the theory. Of course we only have access to energies \\/A

there is hope of a region

~S ."/“7'

Tnergy Limit tkeorems(Thirring, Phil.

Essentially this is a manifestation of the invariance prop

53, 2333 Klein, DP.R. 99, 998}, "asue
ently low

rties

V4

The Hamiltcnian of the theory is

but since k€/74

of wvalidity.

W Hoow M,
wkere H o= 7 ) T oo,
o L?: h h_ 9, 2
(o \
+ \““2/‘
(88 h = V/ 2
is the free Hamiltonian and
T + 4- /
H | = L \1'/ (h_) (P h, - \/ (é?v) % R ) \2e3‘>

n

Vik) s _*-fe.._.. o h o

(2:4)

hovin) 189



is “he interaction Hamiltonian. \/< R) describes the 'pread'"of the nucleon

and vrovides a cut-off for the theory. Eq. (2.4) gives the only Yukawa-lype
invariant for this theory involving pseudoscalar pions. It gives an interactiui

caly for -wave pions. This follows

from the ccnservation of angular morma::

and paritys

it

J;«.f%/g o
final a.m. after initial a.m. of

o s .
it is emitted nucleon alone,

giving { = O I« But the parity of the initial state is -

and that
. . ¥ %
of the final is - (-3} and so ¥ = 1
| 2.2, SCATTERING THEORY

Lippman & Schwinger; F.2. 79. 469;
Gell-Mann & Goldberger, P.R. SI, 398;
Wick, R.M.P., 27, 339,

Consider the Schrodinger equation

(H-E) 1> =0 (2.5.)

and assume the existence of the real nuclear solutions | \I/, ) satisfying
Pl

H t‘?;%/) = 0 . (2.6o)

We wish to find the solutions 1 3 FL corresponding to nucleon -

outgoing meson. They satisfy

) 2.7,)
I y \ ’
with

sy (2.8.)190



Write
R + 7 (+)
i) — CL P n / N R
“ih =al Yo+ [ D (2
Since '_
! o
[Ho) (¥ tpb J jnon ﬂ/wﬁ (ﬂL f:)v i
T + 1.
[’”} 5 a.—,h‘ J o \/h. p
. V2 O N . + g
(H C I XS = =B yal v
N == VWL (2.10)
Phis gives

1 % (+) . i y

e et ! N N
h« H~-Ey -l n !C‘U,‘ J (2 17 .
s
outgoing waves
61‘-, introducing a sum over a complete set of states,
’7(/(+)>=Z ! —-1q/(‘\)> \J’—J(»-)iv tq) N
Tk e Eh,-'Eh,’-bg b T ok <_{ " ho VT#9
o - ’ \‘D (*) \ — -
N E/ F «E -—Lé \ i N / ih, (H/) ) (2.;':;/;
~n Ehy
* where .

T;'& (n) = < ?(!:3 s \/(h) f\{JQ > (2.13)

"h.- (n,) must now be related to the S matrix elements for %-N scattering.

These are given by

CRUIS TR S = (G T af) s

/o (2.14)

(2%

- (+) B ! ! 1a )
o (PO 985 = T (e - i Y000



Ch

where the s

i ToL o] {2.26)
has been vged. Substituticon of (2.250 “uso 2.14) ¢
‘; (},,) H %, ’\ _ _"“ oy r F _ 5-— ST R 3 /(,‘ I' I
s (& - [ V! i. . ' cot <y |
<. | y b B, 7 ( l,)Ul Lo }’u v \
-
! h @1-) resembles M%llerfs weve matrix for the static theory considered

here it has one important property, not possesssd by
proves of the greatest use in what follows.

b, (see eqns. (2.4) and (2.I3)). Thi

wave matrix, which

its trivial dependence on

. . . L
3 ig anablieg us when uvsing L (!tf
2%
to move on and off theénerﬂy shell a4
2.3 The Low Fguotion.
¢t. Low, PR, 97, 19270,
We shall now dexive

an equation satisfied by

celebrated Low equaticn static theory.

(k) = < v L
= Gyl ViRl Yo

Now

and so
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Since
Hi{d,y=o
Therefore
(mehJ@w1%>m“Vﬂ}§%y?
. + (2.19)

Cl/ﬂ'ik}} H+ ‘Uh Var 1o >

the inv=.=2 operator heing uniquely defined since F}BV!th ie positive

defin’te. Bqns. (2.I8) and (2,I9) yield

Tp (R = = C8, | V) e VIR P

(A.)}\:

-.<¥PGI\V4(%U>ﬁ~UJQ«£E V(h ”&%O ?

. . S <, (<) L ()
suich on iutroducing a sum %C }kijrx ;} <; %f» " ' becomes

—-— e )

T I S J 'T; {n) Th(n) Ak+<“).ﬂ{l(h)>
(’7‘“ ) =L L : 4 R « 1
. l B Wpt - L& Er, + WhS

(2.20)

N.B. This is a matrix equation in nucleon spin and isospin spaces.

The Low equation (2.20) has the following properties:
(i) Unitarity

From ( 2.I7 ) the unitarity of the S matrix implies and is implied by

+ (h)-Th(h));‘Z'«TL %_ ‘S<Eh’”w)7;:a("l).rhf“‘) , (2.21)

with - —
Oj"?;, UJ;{ - (A

Eqn. (2.2I) follows immediately from (2.20).

193



(53 Crossing Symmetry
7
’_ 4 T hig inmpariawt symmotry posgsessed by all
/ h / 1 3 3 ")
s \ y xnown field theoriss va. swly wne it ~-3 0
s >/
N PN recently by Gell-Mann and Goldberger. Tt
AN ¢ \
N < is ar expression of itne symmetry inherent
AN
I A 1T in field theories between the emission of
a particle anc sns ~heory ..o of an 2wbi-
v Lo, Tt wmolatos the contyirulion of graphs I and I,

In the present not completely relatiVistic +theory the crossing may

be most readily expreseed by first defining a function of a complex variable

Z given by

h\ ﬁn”‘z EJL*'Z

L O Toln) TR T ()
by (Z)= =5 [0 Tl () Th ){

(Then Th» ( h,,l) is given by B L£ ' {h, h (2 ) )e
L —— ouw«t—«.i, '

The function 1 kb (z ) has two important propertics:

(a) a reality condition

(2.23)

(b) the crossing theorem

th' h(Z) .—:{,_L L ('Z) . (2.24)

(iii) Energy Spectrum

From physical reasons we know that the energy spectrum En.. has a

singularity at Ent O (the nucleon) and a continuous range El‘\ >/f‘ {the

nucleon + meson(s)).
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Ko .
The singularity ot £, = Caglves a pole at Z = O with resgiduic

._-..4,. _ — P [
]PJ(C)) :},}. (\’_)/'" ﬂ}f;\{'/! ‘zr’zy{);)

Removing the trivial

fit| dependence,

Lle

12 - 7 e [ R -
where Z s a rum2rical fac

{ . - .
ton and UL, 1s a fres nuclain opinor,

follews from invariance argumenis. £ we write a renormpnzliined oo

congtant

~ —~
-~ /
f =

g

Al

the behaviour of {fﬁlh,(z) in $he neighbourkood of /. = is gizen by
{’ and the free nucleon matrix elements of the Rorn approximation.{This
is the low energy limit theorem. Cur dealings witia the rest of the Low equa-
tion are really aimed at finding azn extrapolation procedure from 2E;2 fa
to Z = in order to use this fact).
The one-meson threshold at ;Z':rfk implies a branch point there,
similarly at 2?::&?/4 for the two-meson threshold. etc. Thus, we must have

a cut from ﬁa to o< and, by crossing symmetry, from -— g to ~ oo .

2.4 Solution of the Low Equation.

It is rather remarkable that ithe three properties discuscad
above completely specify the Low equatiocnu %7 the scnse that any funcilon
possessing these properties will provide a solution of (2.2C). We shall
‘show this initially only fer 642}1 = L&ih} , but the trivial FL”
dependance of 71% (kJ) will enable us to remove that restriction.

The energy spectrum properties (iii) enable us to write/ﬁgJJ(Z)

in the form

£

Rc;x F' s (Z)  Ga (7))
A 9| \,(2 25)
?P( ) x-7 | x+zfd 195



I0

9 . . . - . .
where I\, h = . (Born Lzproximation )s Zqe  (2.25) implices that
d

Sl Fo (0= Lt - Li) 4 7Y (2.26)
L U o] P (N e | ? /’ ,:\\ ] { / } e

1% v

A A A
x oo

QL O e N R (7N L (2.27;
ATV C{ a )7' L)(_ LRSS [N P ) [ A i: RSN 3

a j ! U

Lzt us define

~ [ /- ~
7 L)L ( l‘"} /; = /,‘ /\L { !QL r’){.‘ Ve 4 f (2)&8)
Z. - ) ['Ll + { E | 1
then the reality condition ( 2.23) gives o
F" ' = ’“\ (k') =T (hﬂ (2.29)
hb (g = il |k E K |
AU 5’{ T D ")\_' )

while the crossing relation ( 2.24) gives

+; !

it

N
- ~F )
ghh'(whd‘:“z"*‘" ) h.(h ) - b (I > i ; (2.30)

L\}kg'ﬁ ﬁt)bd
The unitary condition (2.2I) then enables us to transform ( 2.29) and (2.30)
to yield expressions that in the appropriate limit ( 2.28) reduce eq. (2.25)

to the Low equation.,

2.5, The one Meson Approximation.

The most difficult of the three conditions to satisfy is the

unitary condition. 196



11
This is considerably simplified howgver if we make tke approximation of
neglecting all states in the sum over ru exuept those corrassponding %o a
nucleon, or a nucleon + gingle wrecon. We may hope *that this approximation
is a good one to somewhat above the threshold for meson productionwsy,say uvp
to 300 Hev.

It is appropriate to write

Ap 1 (2) ==V )V(R) =25 T F (het ) R (2)) (2.3
hh = % ) ¢

where F, are the projection operators

A
=5 gh Th;‘(g‘*,ﬁ% (@“.}3‘))

N\

. ?‘ ~(o . R >(6‘7&\).{ ) (2.32)

P,E :%3 Z’,{ Zh-i
($pn- V5 T Cpr) (o B Ho K,

ST AN N e ]
Py = (bpn' -5 ‘% R )[O Rk —( K)o k)
e .
with R = l?,/ k| ) T whj/{}z’}.
The corresponding phase shifts are given by
[ 4 ft« (Z): Qacu (rsr) 5(«5{(‘*’?") )
13 q t 12
Z - Wht +4E h VZ(R') (2.33

and in this approximation the requirement of unitarity is simply that the

5« are real. In the static theory there is complete symmetry betwcen

angular momentum and isotopic spin and so

Sz = dz, (2.34)

and it is convenient to write

hf’) = h 3 . (2.35) 4197

|
N



The crossing theornm beoomes

!mo((z)*zA% hp (2)

with
t - %
A, = - 7
wp ="
4 4
The Born Approximation residues at L = 0 are

The Low equation may be written

ho (o) = A 4 ;/4%, REVE ()

8] i

Wl ~w - L€ W h! 4

X ; [Py (thjzg+ Ao( IH@(U\JMHQ \

|

In order to solve (2.38) it is convenient to consider

-
e (z):%(,[ho( (z)]

The unitarity condition ( 2.I3) yields

([ [t - L/c}Hq(z)hze,_é_i_%fw{h.)

Z = wWhitlE Z->wpr_( €

w ! ),l

A

12

(2.36)

where

(2.37)

(2.38)

(2.39)

(2.40)
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If h_' (Z has no zeros(and this will be true for sufficiently small {2
&

it is then easy to see that

Hot /Z) =1- Ay /dc‘uh,' RS vE (R

{ Y, ¥4 , -7 .
ey L (2.41)

’ N

il
i

yd o wry 3 v2 (R') ¢
zZ Wik ( )Xl& &“W))

—m |
| 9 [} -7
L (h)k:" J"’\‘4 VA

where 3;( ((J)FU ) is a ceterminste . function owtained from the

crossing theorem; but not known in closed form. This furnishes a solution of
(2.38) which has the property that it is the analytic continuation of the
perturbation solution in {‘9, » Castillejo, Dalitz and Dyson( P,R., IOI,
453 ) have shown that in fact an infinite number of solutions cxist. These
are gencrated by giving kwx ( Z-) an arbitrary number of zeros on the
real axis and §4&\(2:) arbitrary positive residues at these pointss

it would be nice to be able to reject all theseextra solutions
on physical grounds. Haag ( N.Cim. 5, 203) has given arguments for doing so.
The most persuasive relates to the mutual orthogonality of the rcsulting
eigenstates.On the other hand,Dyéon(R.R.I06,I57) has constructed a model in
which all solutions have a physical meaning. Neither discussion satisfies

crossing symmetry.

2.6. The Effective Range Approximation.

Eqns. ( 2.35 ), (2.39), (2.4I), yield

_Q“-"Soé <h)52"1<§o((h): Ax/wh |’£3 V? (h.)7 (2.42)
1o Ok (ewp) LR Vi)

o—

H

U\Jh>/})

where
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: i o e ;uyzch)
_ > X
Ax(wh)w >\(3< J / LA U —
- S LN PN
/A [}
’ O
c'(Cf-!;,‘_' . 13 VZ(h)
DN - n)(2.43)
sk P+ P
The integrals are A % (u) h} would be linearly divergent without
the cut—-off and so most of their contribution comes {rom m);_}, o~ Wmax .
\
For small Ooh they may therefore be taken as almost constant. In this

approximation

gc( (wh)i:% fﬁ,ng(h) cot Jq - *—wﬂ; ( )
2.44

e

Io< is the effective range. Ea. ( 2.44) gives a means of extrapolation
from (Jd::/q. to & = O . The relation has been verified for the expe-
rimental results for the 33 phase shift by Lindenbaum and Yan (P.R.I00, 306).

They obtain a value

2
f =-93. (2.45)

Some other comsequences of this approximation are:

(i) For sufficiently low energies the phase shifts have the same signs as
those given by Born approximation.

(ii) We can obtain certain sum rules. For (&8 (//\ no imaginary term
appears in ho( (UU ) and we write

~ X

Substitution into ( 2.38) and letting & —> O yields

dwp R'3s2(H) ,J hg € .
YR ‘r < "f- (3)’ P W]J

Mt Mok =

(not summed ver ™)
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In particular this yields the important result

e § el

Reference to ( 2.44) shows that $his Znplies that . oo vusish Tox ¢

N

A,

)
S

sufficiently large i.e. a ( 33) resononce is possidle. We use the known

position of the ( 33) resonaance to fix the value of A, 4,

Other sum rules involving such quantities as F//{o have been
obtained by Cini and Fubini ( N.Cim. 3, 764). Thesc can only be fitted to
the experimental data by a special choice of cut off shepec. These results
are interesting as illustrating the limitations of this theory. We only trust
predictions like (2.47) which are independent of any details of thec cut off.

Salzman has found a numerical solution of ( 2.38) using a gaussian

cut off centred at 7’/x .

2.7 Phot-Meson Production

Perhaps the greatest achievement of the Chew~Low theory has been
the way it has interrelated results in meson-nucleon scattering with those

in photo-meson production.

To first order in the matrix element for photo-meson produc-—
tion is
0 = 1 - [ ~
USCORERS T RNERFRINE AP
where the vector potential /qf& for a photon of momentum h, and

polarization % is

L hex
A (%) = Ao £ et . 2,49
n (%) e (2.49)

Usually one divides J into ( meson current + nucleon current + interaction

»

current). Here, however, it is more convenient to write 201
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/R SRR B (2.50)

1
A ' contains all terms depeading on the wmesown fieid opzratorss
1%
5 v TP w L A e e A -
{~ and é commutc with Clg Clo iy and have scalar and vector
g J J
isobaric spin derendsnce respectively { I.E., proportional to ! and ??5‘

This dePinition is macde unambiguous by requirirg thet

CP Iy = <P i 1 > (2.51)

The contribution of }\/ to /M may be obtained at once.
[

Invariance requires that

/JV e PX s _ige |[ARFI(RE) 1D on b F(h?)]

and since
ca’f'va{'v =0
then

A=z O

and we will define i} by the condition

F(O):: {

Then <\P0uv1guo>:h/*,t B(\}JQ}L(QG;MEH>
L —> O

g L/t (L/Lo} b CZ;;') d‘/\ h‘ {u,o) f"}:i.;_zfl%z
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and so
B - Mo "/ (2.52)
Z 2
Then
/\’1\( g } = — ’ , () e k€ N
h(d) 2/’4‘<%§IDSO~ /\)k]v,,/

'{o ﬂlj -—/‘A v {: (/7 9)
f 2
, (2.53)
bR Ch o MM T ().
f VvV (h) y/ R ? 9]

- -

—

— |
where (fK (a) is the scattering amplitude for a meson of momentum }%A &
and isotopic spin in the 3 direction. This remarkable direct connection
between the photoproduction and scattering matrix elements does hot hold,

unfortunately for JS and éq

Let us know consider

My g) = <y A 19>

Techniques similar to those used in section 2.3. enable us to manipulate

this to become

M:L(f]}:~§ g 3-‘ ‘ -+

The sum over a consists of an integral from /4 to <9 plus the nucleon
contribution at Efl = 0, Invariance together with (2.5I) enable us to

evaluate this latter as

203
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— + —_
:?"(o) My, )+ M (o) T, (0)

9
) (24

= _ [\/ AN el AT
e T I A

VZ R

e

/(2.55)

with 3 ({’lz)some invariant foxm function-

Finally we must consider

v DO ST A
My ()= < =/ AR

Jo

. .. . S .
We apply similar techniques to those used for M~ . These is no
single nucleon term because of ( 2.5I) out an irhomogeneous term arises from

the fact that aj does not commute with O;‘T'— . Accordingly wec obtain

S | ow .- .
Mle(y):<\Poj[C‘g ;“.,,I/J Ah}!\'{/’o>
—+ i - (2.56)
s PMOLAG L M6 )
SRR En tog |

The evaluation of the first term in ( 2.56) is rather difficult.

We can use the other decomposition of the current and write

304" 1= 1%, 4]
- [03 ’J' ’;“t‘{_ meSon

In order to evaluate (}_mt we take the interaction ( 2.4) and rcplace ¥V

by V-tire A for the charged mesons. (This does not give a gauge invariant

interaction for an extended source but we shall neglect the extra terms).

o

204



Then

nta _ere - T b, )o Ay
d TR PO s

This gives for an inhomcgeneous term evalvated betwcen “res field spinors.

ef I -
v=zoe= | O ¢, § O €
Vsl IRETAH EE

Clearly this term produces S =wave charged pions. Rather more involved

manipulations applied to A‘.meson yield a total inhomogeneous tcrm

. "‘I(G’ Q‘F o e

—JJO £ -g Zl8n)s ‘5“\@59)
4 ¢003

| (g-h)* 4 pt |

2.8 Comparison with Experiment.

The combination of expressions ( 2.53), ( 2.54), (2.55), (2.56)
and (2.59) is rather too complicated for direct comparison with experiment.
n;
We take only MY + M (O)

We neglect

5 :
(a) M?> because Hp + M < Fp = My,
(b) 5{35t<3F /4HT because this merely represents the scattering

. CIE)]
corrections to AA and these are expected to be small.
We then find that:
~a~ only charged S -wave pions are produced. The production amplitude

is

+ f “"1( o &

and comparison with experiment yields

F2-

(2.60)
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-b- The neutral |2 -wave amplitude may be best investigated by looking
at the 'neutral! cross—section at a photon cunergy of 324 Mev. This produces

o . : : :
a U at the (33) resonance energy. Comparison with cxperiment yields

fr=.08. (2.61)

We note the excellent agrecement of ( 2.45), (2.60) and(2.6I).

2.9 S =wave pions.

Drill, Fricedman and Zachariasen, P.R. 104, 236.
The only way of introducing S ~-wave pions into the static model is

through the adhoc termss

H3 = X, Sf)i AT P (2.62)

in the interaction Hamiltonian. Both terms are required to give the strong
isobaric spin dependence of the § =-wave phase shifts. (If the ratio ’\Q/A
is calculated from the N. R reduction of Xs theory this isobaric depen-
dence is not correctly obtained). D F 7 are able to fit both scattering
and photo-production data reasonably well. Bincer (P.R. 105, I399) has calcu~
lated double §-wave pion production by a f?—wave pion on this theory and

finds it not in disagreement with experiment.

2.1I0 Other Matters.

Other interesting papers ‘on the Chew-Low theory include Cutkosky
and Zachariasen, P.R.I03, IIO8.
Photo-production of a pair of ‘ﬁ’s‘(one § -wave and one [3 -Wave).

Piyazawa, P.R. 104, I174I.

R I S —— <
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Since one can mowe on and off tho cencergy shell so easily it is possible
to relate the matrix clements for nucleon anomalous magnetic moment, etc.,
with the scattering phasc shifts.

Salzman, P.R. 105, I076.

It is possible to investigate the outer nucleon structure (pion cloud)
predicted by this theory. The results are in reasonable agreement with the
Stanford experiments.

This list is by no means cxhaustive.
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CHAPTER ITITI

CAUSALITY AND DISPERSION RELATIONS

3.1 Scattering in the Heisenberg Representation

Low, P.R. 97, 1392;

CF. Low & Gell-ifann, I.R. 84, 350.
t47)and E? refer to the Interaction Representation
l%/>>and QO refer to the Heisenberg Representation

Then we observe that

o

(dp )Z“°’ T(H (x,)... H(x,)0(x)Q (g)}oﬁx_’.., dxy §p)

= (Ppr] 8 (oo, %) O00) 5 (30,40)9(4) 5(y,,~[¢P)

supposing
3Co>f/jo

(3.1)

<o | T (0cx)y o)) Igp >

Let us consider the scatfering of a single meson by a nucleon. We shall

suppose that the interaction Hamiltonian is given by

H (x) = J,(Jc Cb %) (3.2)

208
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Vhere }/(?)does not contain the meson field explicitly.
( It is easy to modify the argument if terms like A o A are

present}. Then the Matriz elemcnt is given by

(b R |stp, )=(p [t 2 COPST(R G () ay, Ip)

(hx' fn\_’\j’ Y
o < (- ) —
= (-1 \’f/i?ff‘“w.m, (b2 S T on) )
M eonad iyl [ n
() 1 (g))ip
where we have used & )0’ ?))1/ }}
| L -tk
€

(CL I ] (7()} - S

A Gb 14 A |l (3.3)

) ¥ ¢l
b(x), e, |= 2"
[ ¢ 00 C‘—h_( /7 oot

Therefore, from ( 3.I),

. i -t \
Oﬁ)hiysjplh>x;(~u)§/;/;x ’LFM,<‘fb “ <J(x)}<J9 9 b)dx'

The generalization of ( 3.4) for processssg involving extra mesons is obvious.

3.2 General Notiscns

Gell-llann, Goldberger & Thirring, P.R.95, I6I2.

Goldberger, P.R.99, 979, 986.

Ceausality is the requirement that the bell does not ring till after
the button has been pressed. For relativistic field theory this condition
finds its expression in +the condition that field quantities commute
(anticommute) on a spacelike surface.

The causality condition we shall use is

[3():),3(3)];0/ (k—y)’f}o. (3.5)
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The consequences of this condition find thelr expression in the form of

dispersion relations. V¢ can rcadily understand this in terms of the

following simplc arguncnts

. - . 7 . .
Consider a "response fuction" 1( ( G ) satisfying

{:(@):O ) 8<O

Then

£(TY{(T) =£(T)

and the Fourier transform of this is just

OC—)

'f(/" / pl(b) ap'. (3.6)

(3 6) gives a relation botween the real and imaginary parts of F [p

<C =0 .

However, one has to be a little careful about what happens at

Perhaps .( (CC behaves like g(‘@)or even c)“(%?) It ((% Y~ 5(‘3)
at C= C) .f(pm&at lp[ [ o

converge. Howevor, we can replace {3.6) by the (then convergent) equation

and the integral in (3.6) does not

f{l”}”f("o): -t ((lio"h) P "'z‘(ly)d'/a' ' (3.61)
* (P=PP-P)

—D

—
There are two cequivalent conditions on { (P) that ensure its

satisfying (3.6). They are:

(i) Its Fourier transform ( (¢ ) satisfies

f(T)sa T £ 0

210
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(i1) It is the limit as tends to the real axis from above of a
These and other counditions have besen carefully and rigorously

discussed by Toll (P.R.IO04, I760).

3.3 The Comparison Theorem

The exprossion ( 3.4 ) is not directly suitable for exploiting
the causality condition ( 3¢5 ). Instead it proves possible to consider
matrix elements of retardod commutotors. It is a rather remarkable result
that for positive energies the matrix elements of the T-product and of
the retarded commutator are equals We shall call this result the Comparison
theorem and prove it for the simplest case of the forward scattering of
mass—-less scalar particles by fermions.

Take a frame of reference with the fermions at rest,

P-p= (M Q).

Let the mesons be specified by
I?f. - f’%,' - (u.)‘ Udp ) _ fL some unit vector.
}

After the ~function giving overall momentum and energy conservation has

been removed, the scattering amplitude is given by

_ C (L0 A~ G )
F (on) ;:./e TR g

g IT(J'(X)J ) Y>. @
Since

T () (x) ) =0 (x) ] (x) ] (o) (3.8)
+0(x))©)[(x), 211
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equation (3.7) can be rewritten, after introducing a sum over a complete

set of intermediate states, as

~ SR, ¢
Fle)= L fe ™57

IH L
z {< G 14 NP> <Paly @ 1g >
" Fm*;rn—o\)-(,& 7 (3.9)

e (N TRy Rl (0P S )
E,~[Fpn - o0 +LE j

If we consider the matrix elements of the retarded commutator,

O (x) [(3 (Jc)') J(C‘)} (3.10)
these are given by
M (w) .._._ } ’ Q—nggg_
?uL
Z (<1 j G PO TP >
| (3.11)

Ly\.,.. EO --C,/\,)w-'»i

<PV ()| nD><Pnll (X))W}

Lo"‘ Eh’-(/\)*-—(.a

Yot

(3.9) and (3.II) differ only by the sign of ¢ & in the second energy

denominator. However, for all states having non-vanishing matrix elements

withé(l)]\}l)
En.> £ (3.12)

Thus this denominator does not vanish for 44{)(9 and so the sign of L,S

is irrelevant. Thus

proving the comparison theorem. 212
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( A proof of this result for the general case and not using sums over
intermediate states can be given {(Polkinghorne, Proc. Camb.Phil. Soc.,
to be published).)

We can in fact writes

M(w) = D (w)+ LA (w) (3.14)

where j)(uo) and A (u))are the real and imaginary parts

respectively, and are the transforms of

> £(x) g ), (o) ],

1

A | ——C{J(Dc))(j(o)]

1) ((*)) represents dispersive scattering and A (00) represents absorptive
scattering (i.e.through a real intermediate state).

We easily see that

_ . . 3.1
Flw) = D(w)+ie (w)A(L) . (3.15)
3.4 Causality condition and Dispersion Relations.
Using the comparison theorem we consider
Clw (- %)
A4 <(A)) - d xR
(3.16)

-

<CP1O 0| J0,jr| >,
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The causality condition implies that @ (x ) [J () .J (c7)7
vanishes unless JC 1lies in the forward light cone. In this ca;e the factor
multiplying ) in the cexponent is always positive and so /Y] UA&satisfies

a dispersion relation:

T:_sD
M) = ?9/ AGKCIS IR NS NY (3.17)
H— / (A C»U'
The real part of (3.I7) yields
Q""_'-
7
D) = P} AL dw'. (1)
o W'~ o

No further information is obtained by taking the imaginary part since if

D and A satisfy( 3.I8) they automatically satisfy

L= tw]

A(W)_—:._(é___._'a/.‘) (') oy (319)
L

O~ ot

-5

For this simple case we have the crossing relation

(3.20)
Al )z Alwr)
and so (3.I8) can be rewritten
o
Dlw) = p [ A () deot (3.21)
9C ) oD E_ L
(@)
Finally, using the optical theorem which states that
A () = g (w) (3.22)
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with O (W)the total cross-sessicn (3.21) becomes
>0
Dlw) = & » o (w) ol oot (3.23)
— S A
A f‘”_/. '_:I 17\ (L.L)'/ u)g)
{'/)

This is a rclation between physically observable quantities.

3.5 Forward Scattering of Bosons with lMass.

So far we have considered the forward elastic scattering of
zero-mass bosons. In this and the following sections we shall relax
th serestrictions. If the boson has mass fﬂ for forward scattering we

must coneider

b ——

: ~.'véo%/%% e - . —
M) ::/chc LN < Plecafi), @l b s

The square root in the exponential causes trouble for °
Karplus and Ruderman (P.R.98, 77I) pointed out that vanishes
in this region except for 'bound state terms" corresponding to the physical

nucleon. There occur at

I VL LAY
w = (._27/2__> (3.25)

and give cg—function singularities in /\(Cd)at these values. Thus the
only contribution to the integral in (3.2I) that arises from the difficult
region o? </45?arises from these bound state contributions. Bugoljubov

proposed therefore to eliminate them by considering

M) = (wf - wi ) A (w) (3.26)
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\ / . .
This is a casual function whose A ((A)) vanishes in

There is therefore no trouble in proving that

(wf-wg\,)D (w) = (wf-wi ) D (w,)

oS0
- W ,3/ Alw) (@ W)W wE)

a 1Q Q [N 2
2 (wW'2_w?) (WP ) (3.27)

The term in W, is introduced to make the integral in ( 3.27) convergent.

If now we let Wy —> CJl)V we obtain
so
D)= Z ooy {2_{.32. p [ A (W) dwl (4 5
PN T (' ? 2
. a8 | ne)
N
where
{'2 = residue of D (od) at W =y, (3.29)

which can be shown to be positive. This is just the coupling constant.
"Bound state" terms are therefore of great importance as the means of in -

troducing coupling constants into dispersion theory.

3,6 Scattering with Momentum Transfer.

Takeda and Caps, P.R. I03, I877.

' Ki
- £ //4. It is convenient to use the Breit frame
—_ NP h/ sketched in Fig.I for scattering with momentum
£ \ -8 -
2/ \? transfer . We obtain a dispersion relation
Fig.1 \

for fixed
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Two difficulties arise in this casc:

(1) A OA))vanishes, apart from the "bound state" contribution, only in

I (v)
the region e < C*hﬁ, , whoro
2
(U = M- AN (3.30)
4 M

Therefore the difficulty of proving the dispersion relations is acutc.

This has been solved by Bogoljubov (unpublished lecture notes) by considering
analytic continuation from an imaginary mass to a rcal mass. The argument

is extromely involved and depends upon delicate technigues in the theory

of functions of many complex variables.

(ii) Not all the quantities appearing in the integrand on the right-hand

side of the dispcrsion relation are directly physically mceasurable since

only cncrgies

v > \//u‘?— + é_‘f (3.31)
are accessible experimentally. For energies below this we must construct
a continuation method intc this 'unphisical range'. This may %e done using
a partial wave decomposition and continuing ?ﬂx ((OS<3) to cos O~ .
When the dispersion relations for the charge independent theory
are thus evaluated in the one-meson approximation we obtain the Low

equation with cut=off function equated to unity.

3.7 Inelastic Scattering.

Polkinghorne, N. Cim. 4, 2I6.
Dispersion relations may also be obtained for processes involving

the creation of mesons.
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For

N oA s N+ 7T (3.32)

the comparison function nceded is just the Fourier transform of

'ZD @ (1, DX XD 7cn}

(3.33)

x[gGe)[J Ocg ) [jOcn), g Co)] . ],

the sum being taken over all permutations fj of D¢, ... )5r\ .
This satisfies the causality condition that it vanishes unless DC\)"‘)]ﬁvb
all lie in the forward light cone.

It is also possible to get dispersion relations for the process
N+ mfC—> W 4+n % (3.34)

though the formalism is very complicated. The point of considering £3.34)

is not that *theeeprocesses are readily observed but that all field theory
might be formulated using dispersion relations in terms (almost®)of
physically observable quantities only. The dispersion relations provide one
connection between the real and imaginary parts of the ascattering amplitude
and unitarity provides the other. The unitarity condition necessarily intro-

duces the matrix elements for processes such as (3.34).

% The unphisical ranges prevent this being quite completely true.
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3.8

~~ Ml
Coldberger, Miya a & Cshms, P.R. 29, 56,
A
Lrdexrson, Davidaon & Ko , P.R. IQ0,25%
Congider the ccherent Tovins | ecatdersing of mes ne T pusicond.
The scattering arplitude may | PLhhon
- » e r, LT e T
s o s i ! ) < R \
{/ Q) Zow ,L  end (,\( Gy i Ly (3~35/
e p - {vj / / L© } )\J—{ >
. , - - 7 e )/
where the arplitudes for the states j = o - )ﬂ , are
;oA ! - 7
//

giver vy

he

— .
b 20T

It is sufficient to consider the non—-charge-czchange scattering of -

-
and # by P. This yields
— - .
{ !
{ - L -
T ‘/ "‘"-.—} + ) (3-37)
-9 _ o —
~.Z N -~ -/
Let D + ) A4 s be the real and imaginary paris of 7~+ .
Since
j —_— N
)‘3(6({)\)> U(z‘) \((.A/})
[
(2.39)

A (-co) = /—\pc\, (w)

c((g

D' (~w)=D"(c0) A'(—u)):«—/—\l(uu)/'

/

D2 (~c0) = ~D2¢0) A?(—m) = Ag(u\_))_(_"j..39)
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Finally we obtain the dispersion relations

Dy (k) -l (1+42) Dy ()= Yy (1= 22 ) D, (0)

[/M
B2 ool | T (e '
= p wkk- ) Tl
4/! h‘-/ ot oo C‘U"-i‘w |

py A

9
N

(3.40)
+ 2 F% k.2
RNV Yoy~

In order to compare this with experiment we use

3 4 N s .
D (k) = Dy (R t;—%;» St oz 4 Zosin Reatzz v Sin oz v )
f R

Dyz(,‘u} ::3’/2 D“(}\)’I/Q :§+(R):§%~§ (S'm’io(l,'l'?.’sm Lotz +3m Ef.m_’”))

where h@ is the pion wave number in the centre of mass system. The

effective range approximation enables us to write

D, o)y =X, (' + Fum ) 23,

i

D ()= e (" Mm) (Yot J5os)

OL, and a5 are the -wave effective ranges, and %Cis the pion
compton wavelenght. Totalcrosssections are inserted on the right hand side
of (3.40) with the approximation that the crosssection above I.3 Bev is a
constant. The only set of phase shifts that satisfy the equations are the
Bethe phase shifts.

The remaining ambiguity between Bethe phase shifts (CS ) and their

Yang counterparts (J ’) given by
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'daa be removed by considering a dispersion relation for tho spin flip
| émpiitude derived from taking a limiting case of the momentum transfer
dispersion relations ( Gilbort and Screaton, P.R. I04, 1758)..

Recently Puppi and Stanghellini ( N.Cim.5, I1305) have reanalysed
the .low energy ‘Q::sca%tering data. They find that to fit the dispersion

relations they require

,FQ - . '®) y A (3041)

o

for this case in contrast to -F 2 __. 08 for &L
scattering. Should this effect persist the theorists will be hard put to

it to find an explanation.
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PART I = SCATTERING PROBLLMS
CEAPTER I. CLASSIC AL THEORY OF OPTICAL DISPERSION

I - INTRODUCTION: The phenomenyn of scattering is one of the

most direct and easily accessible effects of the interaction between

the physical agent ( in its aspect of field or particle) being scat-
tered and that serving as "obstacle". Above all, it is essentially

a phenomenen at the atomic scale: optical scattering, e.g., depends

on the statistical fluctuations in the distribution of the atomic
scattering centres in the medium . It has therefore been a powerful
tool in the study of the fundamental interactions between the elemen-
tary constituents of matter and of the constitution of atomic systems.
It will be sufficient to recall that the discovery of the atomic
nucleus by Tutherford in I9II was the direct outcome of the analysis
of X particle scattering by atoms.

A universal feature of the scattering process is the occurrence
of resonances, i.e. of states of the system scatterer + scattered
object in which the exchange of energy between the two partners is
so enhanced that the life-time of this coupled state is considerably
increased. This results on the one hand in a selective absorption of
the impinging beam by the scatterer, on the other in an anomaly in the
dispersion of the scattering power ( iees its dependence on the energy
of the system). In the last few years a formal theory of scattering has
been developed to a great degree of gencrality, in order to bring out
these features and to trace this origin in very simple and decp-lying
properties of physical systems.

It is, however, in the study of optical dispersion, thc oldcst

example of scattering phenonenon, that all the essential points of the
theory have been recognized for the first time. The discussion of this
problem , which only requires elementary consideration, may therefore
be regarded as the most convenient introduction to the modern aspects

of the subject.
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2 - OPTICAL SCATTERING.
-~ The elementary mechanism of optical scattering is quite sinple. The

electric field of the impinging light wave excites an electric polarization of the
system of electric charges constituting the scatterer, which varies in time with

the same frequency as the light wave. This oscillating dipole moment is the source
of a secondary light wave, which interferes with the incident wave, producing as a

net result a disturbance spread out in all directions with varying intensity.

To put this picture intc mathematical language, a simple model of the
scatterer will suffice. We consider an electron of charge {2 , bound to some equili~
brium position by an electric force : such a system is characterized by a prorer
frequency of oscillation" !_,Ju, depending on the mass m of the particle and the
elastic force : the latter is expressed, for a displacementj‘;’j, by-gm.\:‘}f Let a
plane wave of frequency ) and wave nufber L ’\:.\,\,}é -‘itravel along the 7-direction ;

its electric field has the form({ =k g'<*~t «JE | Under the influence of this

electric field, the motion of the electron is determined by the equation :

Vi -2 Lot
—-—) \2 ——ﬁ b 5 ~ L '«J
X T L =-E L : (1)
0 -
Vi
which gives an oscillating dipole moment
—2 .
—— — pl ) 4 E .- i ‘D t
P= e = === g ET £ .
‘ * T L b (2)
o
There is thus a linear relation
.
— < b3 B
{:’ = , / é{ . = - _\__0'“_. _'_____,,,__:.1 s ,--.-._;. ’ (3)
A-..‘ \Z2:20 ). ) :/}D " u){i. _ ot

between dipole momentand incident wave-field. The atorsic polarizability Y exhibits a
-, j e
resonance behaviour when the frequency ta. of the lizht tends fc the propsr freguency

(.,DO of the scatterer.

. . . . o~ s P
£ All frequencies are meant as "circular" freguencies, i. e. 277 times the inverse of

the period.
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—
The ele_&tromagnetic field emitted by the dipole 'i-_) ray be calculated from the Hertz

vectorZ. , which satisfies the Dalembertian equation (generalising the Poissen

equation) with a source density“:gé S(?)
- b ol = - 5
DZ :.—:ZL\Z-f/’( A :::P 3(\), (4)

The solutinn representing an outgoing wave may be expressed in terms of the

corresponding Green's function, i. e. the solution -U. of the equation :
. 1 :
AV + kU = -5CP) (5)

which has the required asymptotic behaviour. Instead of intreducing a source

density represented by a distributions(l’}, one may speak of a solution of the
homogeneous equatien AV + {<2U: ¢ with a pole at the origin, It is*:
U - 4 o+kT (6)
' 4
representing an outgoing spherical wave, Owing to the factor -1 / Y~ the total inten-
s_i_;cy Ezjnipc_)r’ted by the wave remains the, same over every spherical surface. \'I;\Egh
Z = L‘b [/ , the electric field é’) of the scattered wave is given by 1,‘__‘,_0:
:. T we limit ourselves to the wave-zone (i. e. negleet a}lbterms depending
on higher powers of 7 / v~ than the first ), we shall find that é,b is in the plane
.:9(‘) tangent to the spherical wave=-

fw
Yo

— front, and that the magnetic

I
' field of the scattered wave

’//? is perpendicular to 6./9
-

and (in our units) equal in

i
]
-2 L |29
é()/f // e)w) magnitude to it. It is there=,
§ —~ fore sufficient to consider(i
& L’// ) {)
A z Now, assume the incident wave

‘ _/7 to be unpolarized, i. e...
(o) ;

The factor 1/“1?' arises from our use of "rationalized" units in the sense of

¥

Heaviside.
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the field C to consist of two incoherent comppnents é;‘Q) E;‘”
of equal amplitudes and orthogonal to cach other. We may then write

they electric field of the scattered wave as follows:
—> .
¢ gl f ~F ) 2 (=) é_f'\ Ll?". (7)
C :l-@l('. + C el ] AR

in this formula | 3L 2 are two orthogonal unit vectors in the
pl.ane tangent to the scattered wave at the point P at which the
field is considered, o !/veing in the plame defined by P and the
direction Oz of the incident wave; é? is the scattering angle, i.e.
the angle between the direction Oz of incidence and the direction OP
in Wthh the scattering is observed. With regard to the connection

between B and the incident field é; , we may put eq. ( 7 ) into the

form
g P P ' 'J\";'-Lu)-’i
5 = Q K\t 4+ t Coh E)}.;ﬁ.m*,*,_.h ( 8,)
/T
with
L :
= k o . e W 1__-_..
= oA = s S A (9)

3qe. ( 8 ) expresses the direct relation between the incident and tho

scattered wave, by means of the scattcring amplitude a, The Grocen's
function e LR mbti)tﬁ//)” and the other factors pertaining to the
polarization and angul;r distridution of the scattered wave. Thus, in
this formula, the two stages of process, indicated by our analysis,
are clearly represented: the cxcitation of the scatterer.by the scat-
tering amplitudngthe emission of the scattered wave by the Greoen's

function and the other factors.
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It is interesting to note that the scattering in general
affects the state of polarization ( in the present case it produces
a partial polarization of an unpolarized wave), and that this is
revdeled by peculiarities of the angular distribution. Thus, we find
here two " partial waves", of indices O and 1, with characteristic

angular distributions and amplitudes.

The scattering amplitudes have the dimension of a lengihe
Here we find as the characteristic length involved the "classical elec=-
tron radius® ej/;'u. C.l , to which the amplitude reduces { apart
from the sign) for &) “Oo) i.e. when the incident frequency is so
large that the electron can be regarded as free during the scattering

process. The differential scattering cross—section & {'9).;{.;1 is

obtained by calculating the Poynting vector of the scattercd wave,
multiplied by Y Lo‘. Q. , and dividing it by the energy density
of the incident wave, multiplied by its velocity of propagation.

This gives

6:9‘ (6']:..’, ab (1 + con” @) / R

and for the total cross-section

4 v 1
=8 gt = 2 ATyt (11)
/

—— —— ——————
/

A > 6T

The first way of writing (5'; . illustrates the meaning of the scatte-
ring amplitude as the order of magnitude of the effective radius of
a disc~-shaped obstacle intercepting the radiation. For radiation of
very high frequency, the amplitude, as we have seen, becomes the clec—-

tron radius, and we get Thomson's formula for the scattering by"free"

electrons. For ordinary light, the second expression for 5:6 s in
which 70 ( away from the resonance frequency) varies slowly with O ’

exhibits the well=known " /t" -~ law'" of Rayleigh for the wave-length
dependence of the scattering of light by atoms.
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3- ZNERGY TRANSFER IN OPTICAL SCATTSRING

The radiation scattcred in all directions by the oscillator
is removed by the impinging beam, which accordingly undergoes an
absorption. It is instructive to follow in detail the way in which the
energy is transferred by the scatterer from the incident beam to the
scattered wave.

The emission of radiation by the¢ scatterer is accompanied
by a dauping of its oscillation, due to the raction of the radiation
fieldJupon the oscillating digg%e. This radiative reaction may be ex-
pressed as an electric field f\vacting upon the moving clectron. It
has been calculated by Lorentz %or the model of a uniformly charged
sphere in accelcrated motion: the method is quite straightforward, but
exceedingly elcgant, and leads to a very remarkable result. It consists
in calculating the field produced by thc motion of the sphere at any
point of its interior ( due account being takcn of the retardation)
and summing the forces exerted by this field on all the elements of
the moving charge. Apart from terms explicitly depending on the radius
of the spherc, but vanishing when this radius tends to zero, on finds
that the dissipative part of the electric field produced by the sphere
is proportional to the total charge ( independently of its extension),
and for sufficiently small distances from the original of the motion
also independent of the distance: so that the total force it exerts

is again proportional to the charge only. This field has the value:

"‘f?r il

S e R

(_4 : ""'-"l" < ‘Q 3- 1 ( 12 )
LY 1 ’

i.e. for our oscillator

- 5

¢ . S (13)
i ol L { '

Its dissipative character is shown by the fact that it is out of phase

with the oscillation of the dipole, as indicated by the factor 4., .
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It is easy Ig)check that the work done on the dipole by
the radiative rcaction é’f during a period of the oscillation is
exactly equal to the energy radiated airay during this time. In fact,

this amount of work is
—2

L] nl:. * ]
I\L 6/ € X LU. = ---:'.-_--3 & 'lD "P C“—
Y (e
[ 2,
. —
—-. e T ' R ¢ /F ‘ 0[ t/
63
since the integratcd term takes the same value after a period; on the
other hand, the ratc of emission pr unit time of dipole radiation has

the well~known expression

NP 4
U B P e R YV e
A(LO) e é“ﬂ:cﬁ IR e P \ — ‘ Re |o * (14)

This, then, is also the rate at which ( in the pure
scattering process we are considering) the dipole must absorb energy
from the incident beam in order to maintain its state of oscillation
stationary. In other words, the absorption cross-section is derived
from eq. ( I4 ) in exactly the same way as the scattering cross-section,
namely by replacing 'S? by * 2{6 éi , and is thus equal to the

scattering cross-section:

- 1 k'y?
6:‘L - 6/:;c 6T (o (I5)

When account is taken of the radiation damping, a more
accurate expression is oh}&ined for the polarizability of thc oscillator.

Instead of 'fo = 275 él , one has to write

S —>
?Ga = )é’ ( é: + Efr_> P

+ We shall hcar and in the following omit the specification that in
such formulae the fields are taken for z = o.
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which gives

or

i Namat 4
’:_.:_-E_ 1—--*-—'* - l = ez °O__2:..(I7)
/?/ md («JL-» L u)r' /W 6 T c3

The absolute value of _/ ’

- 7
'U] h1 V(u)i 1)&,’,@, -7

shows the rcsonance response of the os011-

lator in a domain of frequencies ofwidth
/‘ 1-1 . around the proper frequency ),
| loreover, there is a phase-shift between
e ' the oscillation of the impinging field
and that of the dipole, and therefore also

Qg; that of the scattered wave: in our case,

the phase of ! passes from 0 to —é-"ﬂ'as

the frequency increases from 0 to W

‘From another angle, eq ( I7 ) illustrates the anomalous
dispersion in the mconance region and its connexion with the absorption.
Woakly dispersive medium containing N scatterers of our simple oscil=
lator type per unit volume, will have a polarizabdility = N-

and a complex refractive index defincd by the approximate rolation

-1 == ‘
Ll | 7 (18 )

The real part of this rclation gives the law of anomalous dispcrsion

‘A N el ol = ad™
n.-1 = °__ _ .
g (Wp-wh) P+ (19)
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n -1
' ° In the rcsonance region, we may regard
‘ N the imaginary part of <1 ‘in eq( I6 )
A \,1 as small compared with /}/ » and write
z | accordingly
|

S N At L £F S ANEY

' a1 yd
; s, From ( 20) and ( I8 ) we derive the appro-
’.'i / ximate c¢xpressions, valid in the resonance
| k & region,
/‘ )
-1 { 1 .kb 2
N =12 — Ny LR IN &y (21)
0 S R R L

for the real and imaginary parts n, , ny of the refractive index.

The imaginary part % is related to the absorption coefficient
= N < by
oc'q}i,.:) ‘a@.‘)
/ -—- N < .
g = Lk ( 22)

From (22) and (2I) we find again for the absorption cross~section tho

cexpression Q<w?r~‘ _61. k - identital with that for the scatte~
ring cross-section 'l"cf. eq. { I5 )J . To make this formula ( I5) velid
at the resonance w = u)o as well, we have just to replace in

it 2"’ by i / « We then oltain a rcpresentation of the resonance

phsi
peek of the absorption line, with its natural width given by J‘u)
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~ 4  SCLTT.RING L. FLITUD., ABD SCATL RING CRUSS-OLCTION .

When we take account of the radiation damping, the scattcring

amplitude defined by eq.( I9) also becomesconplexo.The imaginary part,asis

formally obvious by the definition, is related to the mechanism of
absorption and re-cmission which, as we have scen, produccs the scatte-
ring. In fact, from ( 9), (22) and ( I5) one finds for the imaginary

part ay of a

t
n = K & ._,__k.._.,g* | (23)

.

T ogmr el Topim e
This is a very remarkable rclation and it is instructive to look for
its physical mcaning.

Considered alonc the scattered wave would give risc to an
outward flux of radiation through c¢very spherical surface centred on
the scatterer. But undor stationary conditions there cannot be any nct
flux through such a surface. The incoming wave, on the other hand,
has of course by itself no net flux through the sphere. Therc must
therefore be some interference between the incoming and the scattered
wave, which has the effeet of cancclling the total flux of the scatte-
" red wave. This will lead to a relation between the scattering cross -
scction and the scattering amplitude, and it turns out that this is
just cquation (23).

In order to express the radial flux of the plane incoming
wave in a convenient way, let us dccomposce it into spherical Bessel

functions:

e i f 'E’ H i ’ ’ : i A
%L k 7.: Z_‘ b (Z. t-f '1) I-)‘E {CG’.}' (—I,/\'tft ( I\ “‘-..:] y ( 24 )

K4 ﬂ
where
e N Py
o |2 T F v ) Loty I = 'f?“[ g
T Ec B DR 5 o WP A Tt ol ARV I
2}1:( ) w lx Lk'rjik } IC . ( 5 ) o

# Thc sign "\ means " has asymptotic form" .
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The formula ( 8 ) for the scattercd wave is of the form
wuf ) ik
) ’ :
a0 e [3( kooO | B 4
‘€=O 2 T /

obviously, owing to the orthogonality of the zonal harmonics, the condi-
tion of no radial flux must hold for cach partial wave separately. Thus,
in gemeral,lctting r -— 2 ©®& , wo have to consider the radial flux of

a wave of the form

- . T ok
F () :Az 204q) sin (- ET)y o 277
£ N A £ T
This flux is cqual to
2

O =Re |5 Q

( where it suffices to retain the terms in ‘1/)" in the derivative).
To sce this, one has only to rep];ace in the Poynting vector the magnetic

field by its val e ..3.. rot b and observe that only the tcrm

= &
4 0%‘1 A E c ( where 7Y Pz is the unit vector
Ly
in the radial dlrectlon) contributes to the radial component of
R, [E¥A 2 -
C ) ‘t /\.‘, Yo é . The last factor in arises from

the integration over angles. Computation gives

2
j ,2“ L“‘-U X o, (_j/ ‘ (26 )

The first term iné is just c¢ +times the scattering cross-scction

t—h

GE of the partial wave. The second tecrm is the result of the interfc -
rence betwecen the incident and the scattercd wave; the condition =0

shows how it canccls the outward flux of the scattercd wave:

I’)’m Oy, === !( . _La_‘.@.t — .__}_ﬁ_-Gz . (@1
B 4

2 041 & Tr
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For the total scattoring cross—scction onc gots from ( 27 )

ymr ' ,
G :'_.‘_'1.11.- :._:—:E'%Im\. C‘L{) (28 )

for a scalar ficld, the amplitude of which would boc represented by
. = s

a,{ f?e ((096’/, the quantity a4 1s just the imaginary part of
the forward amplitude, i.c. of its valuc for 6 = 0. In the optical

case, we arrive, as cxpected, at the rclation (23 ).

Bq. ( 26 ) suggcsts an cxtension of the fupdamental relation
(28) to thc more general situation when true absorption progesscs arc
also possible. In this case, therce is a net inward flux:—-‘_ which ( for
the partial wave »{’) is cqual to the nunber C G':F,L‘m“: Ay of
corresponding true absorption processcs taking pfac«; insidc the sphere

per unit timc. This gives

.l_'.lr_. a, — + O =T
A Tin [“62 £ = (29)

and tO't(\Q '
...JL_.CL,I'-'—‘-G_ ) ¢( 30)
A
erjrcssing the most general relation between the imaginary part of the

forward scattering amplitude and the total absorption cross-section,

From eq.( 27 )it is easy to derive the usual oxprossion for
the scattering cross—scction in terms of thc phase-shift characteris-

tic of cach partial scattercd wave. This phasc~shift ‘)‘lt being introduced
by Ll'lz
one obtains from ( 27) :
gl = 2441
a,£ = =

/D«{A 14" l\e

and thercfore

&)

s
H

) ; L
5 %(Z‘?‘*’])/}run ']f' ( 31)
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CHAFTSR IT.- WUaNTU Td:0xY OFf urTICAL DISEuRSIV

I- THL CUARLSeuiiDANCo aaGU T

The study of optical ph:nomena hss been of cecisive i..port:nce
for the discovury of the fundament 1 laws of quintum theory. Not only
was the existence of the gusntun of ..ction recognised by Flam! "iu t
course of his investigation of the equilivrium energy distribution of
a radi«tion field, brought ibout the interaction with 2 system of
oscillaitors of given temper.ture , not only wore the regularities of the
o,tical spectrum of hydrogen the crucial test of Lohr's guintum postul :-
tes ; but in the hands of Krumers :ud Heicenberg, the theory of o;tical
dispsrsion supllied the clue to tiae Ge:inition ol proper guintals vo-
ricbles «nd the estiblishments of the coumutition laws governing their
algebra.

The oscillator modesl tre:-ted in the ,rsceding chipter is not
sufficiently refinsd to serve as o basis for establishing the corres-
rondence between classical ind gquontal vi:riables. for this pur,.ose; one
ought to develop the theory for a systes of coupled oscill.itors, or

more generzlly for a syste:: of charged pirticles of a_~ultiply periodic

chiracter. r'or such a system, therc exists 2 sei of cunonically conju--
gote angle and action variables, in terms of whkich 2ll physical quunti-
ties pertzinins to the system cin be zxpressed. The action veriiles

]:k are constaents of the otion; 1l the 2angle vari-blss re of the

form ?; = OJK t s where the :roiper freyusunciss W re obt- ined froum
the energy E (I“ I/b_) as o E / o Ik . Une mny write any
quantity  for ssample the ui,ole moment of the system, <s 4 maltijle

Fourier series :

S A

“’u“'nb 7‘“ "-b_
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The rate of emission of radiation of frequency “)tpuh, aiE:~41hLQ

is then

]
- = oy ”5" '7 (1)
m4"‘”¥_ 31" c?* -n‘...ﬂ‘ .
According to the quantum p..tulates, such an emission process
is actually a transition between two stationary states; the frequency
of the emitted radiation being given in terms of the energy difference

of the two states by the quantal relation.

-%LU.-:AE

Now, if we define the stationary stat.s by assigning to the action
variables values which are integral multiples of 1% s the transition

is charactcrized by the difference between two sets of integers:
; L.
AIh"("hk"‘mu‘} " (h=12,.,1).

The gener:l. relation & E gzwb SIk then leads for the
fa

frequency to an excression

e Z (’"’n" m ) w,
f2
which is readily comparable to the classical one. The corrcspondence
thus established is between the classical set of integers Q1{3“n4v~.“4)
and the differcnce of two scts Mo’ . Accordingly, the

guantal variable corr.sponding to thce F urier coc flclcntya ’
N

-, Py x
must be a function of the two sets (4n;”_w»;I‘» NWu..ﬁh‘> and 1 he

quantal formula for the emission rate i3
1

) o

r‘ C3

]( m B lmy]®

o
the emission probability per unit time of a photon T is

therefore

]
- Wiy,
gm-’m' 31-,'1,‘(1 ‘<W‘ ’le>! (2)
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In the first applications of this correspondence argument, the quantal

variables were - faute de mieux -=identified with the classical Fouirier

coefficients. iloreover, the quantum conditions IK‘ mx‘k were
soon found to be generally incorrcct and no rational way of improving
them suggested itself .

The double problem of finding the right definition of the quan-
tum numbers M and the rules of comgﬁtation of the quantal variables
was only solved when, in dealing with,ﬁispersion theory of multiply
periodic systems, Heisenberg realized that one could set up a simple
rule for the multiplication of quantal variables, and that, once this
quantal algebra was introduced, all formal relations of clagsical me-
chanics could be taker over into guantum theory and provided, in parti-
cular, a general method for setting up the guantum conditions fixing
the stationary states.

e shall not retrace these steps, but rather than rescussitete

the once famous theory of multiply periodic systems,directly use the

quantal expressions now more familiare.

2 - NATURAL WIDTH OF LUISSION LINLS.

The notion of stationary state of definite cnergy introduced
by the quantum postulates is (except for the ground state) an ideali~-
zation, inasmuch as the lack of definition of the energy arising from
the finite life-time of the state is ncglected. This neglect is justi-
fied by the smallness of the fine structure constant which gives the
strength of the interaction of the atomic system with the radiation
field.

In the next approximation, the finite life-time of the state,
determined by the total probability of emission J;k to other, lower-
lying states, gives rise to an effcctive distribution of the energy
around the ideal value E:K s of the type
Rl dE

2T (B-E)° + LR (3)

W, (€)dE =

as may be secn by studying the time dependence of a general wave =
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function of energy E. , when the time factors of the eigenfunctions
ﬂ*% are taken of the form

-k (g L& 1E
er **

The parameter IL is then found to have the expected value

E‘::ZL A*).QL.

the sum over the emission probabilities being extended over all the
lower lying levels.

The energy distributi.n (3) of the statinnary statc is thus of
the "dispersion" type, quite similar to the classical line shape; but
in quantum theory we¢ must attach a width tc cach state rather than to
each linec (when only the ever ,rescat eflect of radiation is couside-—
red, it is called the "natural" wicéil,. However, the energy spvead
of the states bastween which guantuum transition occurs implics a srread
’\A/’;e (W) dw of the frequency of the zomiited photou avound the
fredﬁency QQﬁ , Which is immediately given by the "coanvoluiion” of

the energy distributions of the initial and iinal siates
o

\‘"-[;;i. (w) = & ur, (E) . \,jc{ = 45 o)).
Now, the distribution fé;)(B) has thc remarkahle property of re.vodu—
cing itself Yty convolution  : tra shape of the cmission line L& Vlucrse-
fore of the same type as in classical theory, =iz ilne wioih being
simply the sum of the widths of thc twe statoa iavoived in the transi-

tion:

. 1 e AT \)>
V&“whuo:ﬂiam~”m;;& S P
I om0 e T )

£ The formula

[ mac  (b/7) B . Ly A
oo (-al* 46 (x-a'-y)t ¢ B L LJ—(Q—u')’] 2+ (prt)t
on which this statement is based, is casily proved by completing the
intcgration path by a semi-circle of infinite radius and applying the
theorem of residues.
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3 - DISPLRSIUN aNuU ABSORPTION

The polarizability of an atomic system in the ground state

(or any other stationarystate) K is found to be given by the formula

e* st |
Yoz 2, e (6)

Wiy —w?

e o= 3 wre 1 R}

in which the summation cxtends over all stationary states J gy BX =~
cepting the state K itself. This formula holds for any atomic system ,
in particular also for a single bound electron. If we comparu it in
this case with the classical formula, we sze¢ that the. bound c¢lectron
is equivalent, in its reaction to an e¢xternal elcctric field, with a
whole set of "virtual" classical oscillators of proprer frequencies

Wat
"F&! , such, however, that the total strength

Zi&a*i . (7)

Eq.(7) is the expression for the spoctnescepic sum rule of Thomas and

¢ — ach of these contributes with «n oscillater strenglh

Kuhn. Historically, it was this empirical relation which enabled
Heisenberg to set up the fundamental commutation rule between a posi-

tion coordinate X and its conjugate momeatum “MX . The 1:ft hand-

side is indeed identical with the diagonal element Jafx etate «ﬁz of
At
the matrix -jf; [m?, X s @8 1is immediately verified if one
h . ; -
3 c el - 9
observes that <,h ’\’ |Q> = -Lk)h,i <P;|xl€>.

There is an obvious connexion between the oscillator strength
pertaining to a given transition and the corresponding transition pro-
bability per unit time due to absorption or stimulated emission of

radiation of frequency w‘ftl « In fact, the latter quantity is given

by B"l! g(‘*’%e) s where
- T N
Dy = 3#'“2“?‘“1 (8)

% The sum rule gave only the diagonal e¢lement of the commutator. The
commutation law in its full ope¢rator form was soon found, howecver, by

Dirac and by Born and Jordan.
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and 9(1..))(:!‘,.) represents the density of radiation cnergy in the
frequency interval (w, W +dw) .Thereforc,

2
e ~ 17
2m g“ﬁl T W Bhﬁ.hwh.ﬁ‘ (9)

Now , we may formally write the formula (6) for the polarizability
as a Stieltjes integral instcad of a sum over the stationary states:
this is indeed generally required to take account of the continuous
part of the spectrum. Instecad of the oscillator strengths :ﬁ .
there appear distributions of the form?;: ?(LQ) dw g i

™ L %
D, wrew

The symbol /_P indicates that the principal value of the integral is
meant: this corresponds to the fact that ’)Ao is the real part of

the complex polarizability

‘ (= <)
/\Ju ' > (ﬁ}' £ {w") dw'
- ©9

when the width I; is sufficiently small. In fact, if we extend the

definition of :f.(u;‘)to negative values of o' Dby

$(__Qu) - ;{(m')' (II)

we may write approximately

o
i et S ,?(w‘)dw'/zw'
- : )
ol oWyl -4 AN
which,in the limit [L=6~ ™ , becomes
co 1 ’/ ) 2. ’
’J = e W 2w (12)

¥ Strictly speaking, we have a diff ront distribution {. (w) for each
state. In the following, we shall only consider the ground state and
drop the index h .
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From 2q.(9) we can now derive a rclation between the distribution of
oscillator strepgth _f(w') and the absorption cross-section O (w') .

For any transition frequency w’gggh the latter guantity is, by

BS
definition, connected with the IBhQ cocificient by the identity
Qlwpp) dway -
U(wﬁm) C = Bhl S)Lwhl.)

o

whence, by

€x
.g.‘... #(w') = % g LW,

2 (13)

Ve notice that this rclation gives te th: imaginary part of T’in eq.
(I2) the expected value (}"(u)/"v?q « Thc Gecp siguificance of tke rola-
tion (I3) aprears, however, from the following coasiderations, original-
ly put forward vy Kramers in I%27.

Consicder ths complex function

Flo)z m() -4 £ F(w)+ib @) g

for a weakly dispcrsive medium. One has

NG (w) ¢
L w

Folwy = 5 AN Fow = (15)
Therefore, if we trarsform the intogrel (I0) for 'a‘b as wo did that
for 'b" , making use of(II), we sce from eq.(I3) that thé fcllowing

relation holds tetween the real avwd the imaginary part of (w)z

0o f .
{ Folw) e .
F (W) = 4P A e & (1¢)
L4 T W ~u)
-— 0
This equation is strongly suggcstive of a familiar property of analy-
e

tic functions. Assum¢ that 1" {w) is analytic and regular in the

upper half-plane of the complex variable w.
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The integral of F(w') /(w'-w) along the rcal axis, avoiding the
point &) by a small half-circle in the upper plane, which is just
o |
) ]
©gﬂ$ﬁﬁ-mFm (17)
w-w '
-0

is then egual to that taken along any othcr line going from -~ oo

to + 09 in the uppser half-plane, and the latter may be made to
vanish by imposing suitablce conditions on |r705)’ sy ©+g. that the
integral of 'FYuf"lalong any parallel to the rcal axis be bounded.
From the vanishing of the expression (I7), there follows not only cq.

(I6), but also
F !
{w') e
F; (Lu') = 4;_. Pj D( f e

RN P (18)

The disporsion relations (I6), (I6) may kave important practical

applications, inasmuch as they allow conclusions about either the
dispersion or the absorption of a mcdium =t =»y “rcquency whenever the
other property isknown over the whole fregquency range. In particular
the dispersion relations may also be written in tcerms of the scatte-

ring amplituae

a(Wi= a,(w)+0a,(w

related to F{w), according to cq.(9) of Chapter I, by

mm=2ﬁg@y

Combined with the relation(30) of Ch.I bstlwcen the imaginary part ?i)
and the total absorption cross—scction, they yield the complex ampli-
tude a(uu) in terms of the cross-scctions for scatteviug ul avsorp-

tions L7 etelal /0 0

Cll:(w) = ViR,

R
a, (W) - wt P j Osc (W) dw!

27t NESREE )
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and thercfore the differcontial scattoring cross—-section in the forward

dircection

al G5¢ (w; B=0)
d.S

in terms of these integrated cross—sections.

:—:laa+da,4§"

4 - TIiL = DIRACTLUNLSS OF PROFaGaTION

In view of the importance of the dispersion rclations, it is
desirable that thcy should be foundced on a less awstract principlc
than the regularity of thc analytic continuation of the dispirsion
function F (W) into the upper half-planc. This mathoematical prop.rty
has indccd a surprisingly simple and docep-lying physical interprotation,
which was stressod especially by Kronig. It is based on the rcmark that

a function satisfying the dispersion rclations

. o .
Lt T A . 4D(lx)') e‘w T d l\_"
aE T np] et a
— o8

is the Fouricr transform of a function of + which vanishes for‘t’(TT .
This may be secn by noting, that thc Fouricr transform of the step
function
E H‘):i ‘for f<T,
0 }or t>x

is
-twT

]
Et("‘))”’ T Twae !
E Vveing a non-negative infinitesimal quantity. Hence, if ngiﬂ

is any function with Fouricer transform iﬁku) s the Fouricr transform
of the function F‘r )= -?({’) E't (t) is given

by

5 o coa
E () bt ‘g ¥uw)¢”T w!
e =) So

- %i;g; 1i§: ‘#(cuq

(W't ) .
e dw 0 ¢
—— +fwre ]
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The condition (I9) is therefore noccesary and sufficicnt for the equality

f()= E () or ) =F (1)

Now, any quantity f,fz"t} propagated aleng the & dircction

in our dispersive medium has a Fouricr transform
. wz
-un(w) —=

:F.‘(w) ] {Zo(“”) e p |
= (v Q-([’%(u)‘”&?'+dw%‘

if tho quantity f lz,i)is such that ‘f (O,‘Uzo for "E;o‘itsd*'uuriur

transform fo(uﬂis, in virtue of the dispersion rclations(IS), regular

in the upper half-plancy the same is true of the factor oxp {-{[ﬂ(w)-} %E?}

because of the dispersion relations(I€), (I5): therefore: the form
of the functicen %(w) shows that th. quantity f(‘é,ﬂ vanishcs for ‘L 7% .
The argument can be made in the opposite direction, and we thus conclude
that the dispersion relations are cquivalent to the itime-dircetzdness
of the phenomenon of prcpagation of the field: a wave-front T# (C‘t}

does not arrive at # >0 before a definite positive time "L/C.

The universal character of the last statement leads us to
expect that its direct connexion with disporsiod rclations, which we
have recogniged by explicit derivation in cloectro-magnetic phenomena,
may also bc cxtended to other fields. The assumcd existence of disper—
sion relations for a ficld whose structurc is still impcrfoctly lnown,
lvads to consequences suscoeptible of ¢xperimental test, which may throw
light on the theoretical formulation of the fundamental propertics of
this field. The investigation of this aspect of scatturing thoory has
already proved its fruitfulncess in some important cascs 2nd is etill

actively pursued.

The rigorous formulation of the universal conditions of time=-
directedness we have been discussing, and of the conditions under which
it is equivalent to the existence of disporsien rclations, raiscs deli-

cate mathematical problems which are outside the scapc of this ¢lementary

245



- 23 -

introdiuction,~ Thsr. is, hoWwever on. general point of .pisteuwology in
conncxion w#ith it to which attontion vey be called. ~
The condition which we have denotcd as that of "tims-directedness'is
usually called the "causality" condition. This name was alrcady
used, in the carly days of rclativity theory, in discussions of the
way in which a given suceassion of physical events, imnplying motion
of particlcs or propagation of ficlds, is judged by diffirent obser—
vsrs: it was then pointed out that the Lorentz transformation, since
it includes the principle of maximum velocity, satisfies the so-called
"causality" requircment. Yet, in spite of Dinstcin's authority, it
must be pointed out that the concept of causality is not appropriate
to the situation we are e¢nvisaging. Causality, as usually undcrstood,
refers to the knowlcedge about a system at a cortain time which can
bc derived from the knowledge we have of it at some other times but
it applics to rcetrodictions as well as to predictionse. 4t the atomic
scale at least, causal rclations arc isscntially reversible in times
the problem is rather how determinatc our precdictions or retrodictions
can be.

The question of the dircctcdness of time is a different
ones what is the origin of the irreveorsible element inherent in our
conception of the "course!" of any physicayérocess? ‘'That is the physi-
cal basis of our definition of "carlier" and "latcr"? An answer which
is still widely favoured was givon by Boltzmann: according to him
the "arrow of time" is a thermodynamical offect. The dircction from
carlier to later is that of incrouasing untropy of the part of the
univcerse we obsorve. boltzmann, true to his moechanistic Wiew of the
world, imagined that large parts of the universc may have becn brought
by some statistical fluctuatiun into states far removed from thormal
equilibrium; to an obscrver living in any one of thesc rogicns, tnourc
will be a trend towards cquilibrium which will doufinc the dircction
of time; the obscrved lower limits for the timc-scale of the svolution
and the size of the region taking part in it give an idca of the
importance of the "initial" fluctuation which has to be assumc¢d. The

difficulty of this conception is that, if at any timc a large
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fluctuation is present, it is overvholmingly probable that it has
ariscen from a still largcer onc.

In fact, it scems that time-dircctedness is a much more
fundamental feature of our doscription of the physical world, since
it alrcady occurs at the scale of individual atomic processcs. If,
following Bohr, we¢ rcalize that physical conccepts csscntially rofer
to the intcraction botween some process in the external world and
some "observer" (which may b. an appropriatc material system under
our control), the quustion of time=dircctudness is seon in a now
light. Indeecd, it is inherent in tho very process of obscrvation that
the perception or rugistration of any uvvent, owing to the finite vclo-
city of propagation of any interaction, has a definite tims-rolation

to the e¢vent, which offurs a natural basis for the definition of thLe

concepts of "carlisr" and "latcr". In othor words, ws say by dufinition

(or convention) that a photon has boucn emitted by the object secn
at an ecarlier time than that at which it strikces our retina. From
this point of view, any statcment of some definite time scquence of
events of the external world(c.ge. the statement that the cntropy of
the final statc in any process is larger than that of the initial

state) is a physical law. The definition of thc words " initial " and

“ final " in such statoments of physical laws is sought at a deeper
levels it is immediately related to the gencral conception of physics

as a de¢scription of our intcraction with the oxternal world.
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CHAPTER III ~ SCATTZRING OF PARTICLES BY
SHORT — RANGE POTENTIAL

e Introduction.

In nuclear physics, the scattering problem - and
its extension to the study of more complicated nuclear reactions-
occupies a central position. Bombardment of nuclei by suitable
nuclear projectiles has been and remains one of the most powerful
and versatile tools for the determination of ths properties of
the ground states and various states of excitaiion of the nuclei
and the resulting elucidation of the principies governing nuclear
structure.

To gain an orientation into the methods by which
this problem may be treated, we shall first discuss the simplest
case of scattering of neutral scalar particle bty a fixed poten -
tial of limited range. This finds direct application to those
cases in which the interaction between a neutiion and a scatterer
may be approximated by a short-range potential, as the neutron -
proton scattering at not too high energy for each definite spin
configuration of the stystem; it also provides a starting point,
as we shall see, for the investigation of the o }lastic scattering

of unpolarised neutrons by randomly oriented nuclei.

We are looking for a stationary solution of the wave =

equation
(E-H)y=0

belonging to tho-energy & [E=k?, determined by the wave number
k of the incident plane wave. This solution is epecified Ly <the
condition that its asymptotic form, at large distances from the
centre of the scattering potential, must represent the superposi-

tion of an incoming plane wave and outgoing spherical waves

X
% Here and in the following, we take tho quantity A/ ™M
(where M is the reduced mass of the neutron) as the unit of energy.
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. ke
NP DAL (2)
ES L of - ' %

Decomposition in partial waves of definite angular momentum,
with eigen functions F}(Cose) , reduces the problem to one dimen-
sion. Having rezard to the expansion of the plane wave

LK .2 5 S
- 3 o YTk jel‘.(ﬁose}é?’(k?) p (3)

it is convenient to write for our solution

- .Y -
ﬂ'“f = )_p_ i (284—0.) ,f:ﬁ {ten ) “f‘?-(") (4)

The radial components Y.le) = ‘f@k’”)//p are determined
by the differential equation

2 r . 3
R X . ‘kz-?’@tu N u%f)i‘ﬁ & 0 (5)
-2 i

where W) represents, in our units, the scattering potentialj
and they asymptotically reduce to outgoing sperical waves.

The short-range property of the potential allows us
to define an "outside" region t* > vy, in which the scattered
waves are essentially solutions of the field-free radial equation,
i.e. linear conbinations of spherical Bessel functions. The com=
bination having the required asymptotic form is the sphirioeal
Hankel function of the first kind

) ) Lol L
£ o [T H 2 b e (6)
b g= 1y .

ol

In the outside region, the total radial component is therefore

- N ')
‘]l,/m:t = I (}(, (kr') + qe 'D'L{e, (ky-) . (7)

In the"scattering region" r < r, , the wave %}hjélis distorted
by the potential; it must be finite at the origing

flo) = 2 (%)
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and go smoothly over into the outside solution Yo, at r=r;

These boundary conditions, with the notation

N
N . ) . (N

Y )
&, ) = x> &(x.-) ; FL& (x)=z = t"’(’, (o) (9)

i

may be written
AT -
Ij\,e (kr,) + a’?,f"’()} (kry) = k (ﬁ?_(r" ;k) '

(10)

Alﬂr

Igej(kn, + O g;(kr] = K oe(r ‘k}

the acéent denotes the derivative with resvect to ' . Using the

relation

A '\‘ /\,A(;) .
4 1 - . = Lk (II)
e 291 L /

we may obtain from the conditions ( IO )

B P T P A TN P ST P
(l.& = - L.’)a (ro; )g,g( wee) %{;{“" LK j‘- J!
. T B e
[ =1 ?é(v;, i k) ﬁ,a(kr;,) - ¢ ! (v 3k ) Fog Ckrnd i (12)

The second of .thése equations may be regarded as fixing
the normalization of the interior solution(f)?in terms of the incile-

dent applitude, or alternatively, giving the value of the latter

[ ]

Quantity which corresponds to any normalizafion of "PZ
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The scattering phenomenom is essentially determined by the ratio
of the scattering and incident amplitudes 512/@, i.e., by the
value of the logarithmic derivativc. %ﬁg /({e of the interior
solution at the boundary of the scattering region. The differen -

tial scattering cross~section &6ld i e given by

o s . 4 12
T(8) = 3 |1 (28 (117 (eos B el (13)
e - '

The total cross-section is directly cxoreszod, as we have seen,
by the imaginary part of the forward scattering amplitude ok g (2)

with our normalization, w2 get

o BT T ] /1) gy
4 k i 2 =

L ke

-

(14)

.. (2ver) Re (’:‘{)

‘”1

Y

At this stage, the discussion may be pursued in two different
directions. Either one endeavours to compute the interior solution
Ye , or at least its logarithmic derivative, in order to

obtain numerical values for the cross—sections corresponding

to a given form of potential: various methods of aprroximation
have been devised for this purpose. Or one tries to study the
general properties of the scattering amplitudes (ﬁc,/i ywithout
specifying the form of the potential, with a view to understanding

the salient feadures of the scattering cross-scctions, especially
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the resonances they exhibit in their variation with the energy
of the incident particle. It is this last as,ect of the problem

which will occupy us in the following.

- 2, - SCATTERING BY AN IIPENETRABLE SPHoRE.

Before entering into the subject,howevor, we shall treat
the singular case of scattering by an impenetrable sphere, which
would correspond to a potential infinitely repulsive within &
sphere of radius R. This may serve as a crude picture of the be-
haviour of a nucleus for slow neutrons; but the chief reason for
considering this problem is that in the gener2l analysis of the
scattering amplitude for any short-raige poteuiial, a term “ormally
identical to the scattering amplitude for ac lirpenetrable sphere
plays an important part.

In this case the interior solution qacqrj reduces to
zero, and the boundary conditions (I2) therefore yield(provided

’ i .
only that the derivative ¢/ i, K, does not vanish at " TR )

A BIKE) g tee) (15)

-

This formula contains the full solution of the proble.. It is not
necessary for our purpose to develop its aimplications; bnt for the
sake of illustrating the usuel type of argument in the discussion
of scattering problems, as well as for their own interesf, we shall
consider in some detail the limiting cases of small and large

values of kR .,
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For small values of its argument, the Besse. funotion -’ fx)
¥
varies as by o « Using the expression
() R A ,
H A O ) .J,*_:_ () - % ("J . (o4 2 ()’ (16)
&'.*.‘, L) ",t,*zr

for the Hankel function of index ( € + + ), we therefore see that
the real part ( with negative sign) of the scattering applitudz

i " ) T . . ‘
<Ly /I  reduces approximately to ! Vel fx-’//-..’.(!v;f.;«_)("-)}
26+1

<.

which is proportional to .x « Tho contributions &7

to the scattering cross-section from the successive partial waves
thus decrease rapidly as £ increases, and only the S -~ wave scat-
tering ( iz ) is important. For it, the scattering amplitude
is

Lk
Lo« ¢ aun kPR (7

and the scattering cross-section accordingly

- 7% A A
L*'c“ 2 e e PR & l& i) 18
e (18}
In the limit of very small enmergies of the scattored particles,
- i 2 ;
this becomes 55 v H W i , four times th:s gJeometrical cross—

section of the sphere.
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1+ kR»t , the main contribution to the scattering

t T3

process will come from the partial waves for which ¢ £ K at :

for the other partial waves correspond to classical trajectories

remaining outside the scattering sphere —-(their distance of nearest

approach to the centre is given by J‘ﬁfﬁf'i§/k ). For the partial

waves of low angular momentum, we may use the asymptotic form of

the Bessel and Hankel functions, valid whzn the modulus of the

argument is much larger then that of the izdex ( itself >» 1 ):
AP [ ST R (79

)
X N /. ] % .
‘,‘» 1,3.) ol K- Lr ! § ty LXegoem., &~ s

: D
¢ 4,

D

s

We thus get for the toital cross-section the estinate

Ak K
G wee BT YT aleryem“rkR 4
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'EXS]

This can be written

-~ L

e 5 - {(ﬁ) 2 . ’
T o~y W “‘3'( )’-m?‘ kR + 5 Casn kFx}

2
v (@) cviey T
where £ 4 denote the sums £ (2Y41 )extended over

the even and odd values of f y respectively, from O {0 the

nearest integer [k};} to KR JFor the loerre values of kb )

these two sums are approximately equal, and their common value is
% 2 R? ; therefore,

¢ = LT WE { kR >y 1) (20)
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It is at first sight surprising that one should get twice
the geometrical cross—section in the limit in which one expects
to find the classical particle behaviour. Ve are dealing, however,
with one of the exceptional cases of "optical" phenomena in which
diffraction effects modify the geometrical shadow even in the limit of
variehingly . small wave-lengthe. The diffraction cross—section, which
has to ba added to the geometrical crosz-~section of the "opaque"
sphere, is immediately found in this case by an application of Ba=-
binet's principle. The latter tells us that the intensity of
Fraunhofer diffraction by an opaque Cisk is thz sam2 as that by the
complementary circular opening in an» irnlirite cpaque diathroszn.
But since all the waves paccing through the openiag are diffracied,

the corresponding cross—section is juat tine ssomeizical one.

%: This simple arsument is restricted o the case of large values
of &R, like Babiunet's principle on wiich it rests. In fact the
derivation of this principle requirces the aseumptions, approximate=-
1y fulfilled only if kRW1, that on the surface alternztively cove~-
red by the two complementary scatterers, the amplitudes of the wa-
ves vanish at any point occupied by scattering matter and keep their
undisturbed values at every point where no such matter is present.
Consider, then,tha gonsral relation, cecxpressed by Huygens'princi -
ple, between the amplitude a('P ) at ary point P and the values
a(P') of the amplitude on any surfaszs - dividing space into an

" external " region containing P ard =2 " irn‘sraal " region; by
means of the Green's function G ( P!¥ ) which vanishes everywhere
on I y this relation may be written as

0

“{F) = f’ a(X') qeed | QLB D0 A0,

e
L

where '7P,denotes the unit vector of the exiazrael normal at P’

This relatlon is rigorously satisfied. Za tae absence of an scat-
terer on L s by the undisturbed anpllvud€.‘o. Oa the above assum~
ptions we have also for the amplitudes ai,a2 corresponding to the
two complementary scatterers on =

(_('.‘LP) - / QD(P') 3»«.(,;{?’ ’1(23'12‘) hPr 3 '(‘;I"’ (e = i‘:?:)

RN see page 33 -~
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It is true that the angles of deflexion of the rays
diffracted near the surface of the sphere are of the order (kiﬁ)-l
and thus tend to zero in the limit <f vanishing wave-length. But
at the same time the diffracted flux contained in a ccne with
this aperture increases in such a way that it gives a finite
contribution to the cross~section, approximately the same as that
of the classically reflected part of the incidont beam. This may
be seen by analyzing the contribution of smoll--angle deflections
to the scattering by means of the exprassicnl(I3) for the differen-—
tial cross-section. To the s=me apprecximaticn as above, this

expression becomes

l'kR] , N
G(e) = —, , ds mtu)l" (oest) 4.5 o (-0
k e £
# ¢ -t Sy |,_‘
. _'. (/(()(.vj ”,l('\ A ({),‘ki_\}\l
k™ | c
(.,' ‘;."(0) AN .
where the functions (Q} 2 (P} are d+2i10Z as the sunms
Z(lfm 1,)?2 (ccs5 8) extended over the eren and ofd values of & y
respectively, from O ‘o [k??] . For szall angles B y

and large values of kR s, Oone may again disregard the difference
) .
betweon 3ana <3 7and take them both equal to I/2 the sum L){(9)

extended over all values of Z . Then

[x) 2
(P) = "?n. ;‘ MNCAEE F’ (ces 8} i

G(8) = Q_ k1

Now, for small G s, the functicn (7‘ can be pat into a simnrle
closed form, first 1nd1catea by 4ergelandmu Cue has

Tpananini,,
’Pp (COQG) 2__, ( 27 “(' A | & . --)

=y

where )'¢ , L', are the uncovered parts of ¥/ in each casce. Therefore,
to that approximation,

,-;"‘ “l = (\'0

which is the general form of Batinet's principle. In the special
case of Fraunhofer diffraction, when a ccllecting lens is placed
behind the scatterer, we have in its local plane (excluding the
focus itself).;gs.o O and, therefore, equality at every point of the
intensities 13,1*, 1 A, 1% .

¥ H.Tergeland, Dan.Mat fys.Medd. 23 (I945) N°I4
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with ‘{DP (q) =1

g, U Pami{fen-4)«--(8-m+4)
P, (1) [temdleen g o(fon

-

(as one roadily finds by using a recurrence formula for Legendre

polynomials and their derivatives). in estimate of the sums over
@ for large R . will be obtained by replacing all factors of the

form{€2pby ¢ . This gives

£ 4 L sinlar IRRETT
Bl = 2 = ( b B e
g( hzo0o /n'f ! ;{“.q“ {'Y;.i-!}!
A Yy B
: 22 ™ (kR o 2)
= ( k P\) Z__ —— . - N
M=o 1-\‘ ("'; - .‘\l

2]

2
(k R) —
R R s r3
which is Wergeland's formula. The total coniribution to the

scattering cross-section from a cone of aperture A, is accordingly

o e | (g an s m T 2n] el

co r‘;e[(i,) (21)

) T
Z = l\ih !{. f:l.h—,

Il N

The integral in eq.(2I) is eas.ly cvaluated, using recurrcnce

formula,e for Bessel functions and their der’vatives: one gets

1 .-

1 2 g
G =uR !'1 -y tz) -3 i) (1)

For 2, , one may take, for instance, the value corresponding to the o
firet zero of the function S(F), ¢ Z = 3 &3 on %z 3,83 (kR)
The value of the coefficient of T B in eq.{22) is then 1z 0. 8%

it is insensitive to the choice of £ , and actually tends to unity

as Z, increases indefinitely.
& H.Wergeland, Dan Mat.fys Medd.23(I945) N°I4.
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3.~ GREEN'S FUNCTION AND INTEGRAL EQUATION FOR THZ
SCATTESRING PROBLZEI.

After this digression let us return to our scattering
problem. As a preparation to our main task - the analysis of the
resonances - let us first derive, on the general lines of the
well-known theory of Sturm - Lionville problems, the integral
equation for scattering, which is equivalent to the differential

equation-(5). The latter, writton as

2 - &kt } 8, = vy, (23)
Ldpz i Y
may formally be regarded as an inhomogeneous equation with the
"source function" 4"(r)(;:(v\.Tlc.b nural solution of this
equation is obtained by constructlng a particular solution and
adding to it any solution of the homogeneou oqugtlon, i.e. any
linear combination of our functions a.(k;, y %;)(krﬁ
We want the solution ’fé oorresPondlnb to the superposition of
the incoming plane wave, rcpresented by its radial component
3(kr), and the scattered wave, characterized by the conditions
that it vanish at the origin and behave asymptotically as an
outgoing wave,

To find this scattered wavo, we first construot the Green's
function satisfying the same boundary conditions. The Green's
function. G”(r T!) is, therefore, 2 linear combination of the
solutions of the homogeneous equation j ( kv )and hp(k;), which
satisfy the first and second condition, respectively. It must
be such that the solution representing thc scaitsred wave is

connected with the source function F(xr) %

{sc) g _
G, (r) =) TFytr) Feendy

~

o
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Thls means that D G (r, ') must behave like the distribution
(r-r') (i.es that G (r,r ) is the solution for a point source

at r'). Again, by a 51mple application of Green's theorem, this
behaviour implies that the first derivative dG1( T, r')/ dr. is
discontinuous at r=r' like the step function E(r-r'), defined
as ’

A | fur* h ol 4

E(x)= j (24)
t

© trw oY <G,
H

Now, for any two solutions u, v of Dru = 0, one has uv'-u'v =
const. eq.(II) is an example of tkis, Ffor whioh the constant
is just ik. It is clear, tharefore, tkat the required behaviour

of G, (r, r') will be secured by putting

A n /(‘
Glryrt) = L8tk g hrrjfqerty o 7 ther
¢ vki € t

We may now write down the required soluiion of eq.(23) in the

form

s [

f
4 . i W2 ned N /
(kr) & { (.nf(r;"} V) e (rf} e ) (26)

v

=

-~

3

et

i

v
%_Q >

which is the integral equation of the scattering problem. It gets
a somewhat simpler form if we specify the normzlization of ¢ (r),
’

and thereby, fix thke constant I. It is conveniont io norral:«

@ (r) by the condition indspendert of K that for 1-+) i+ reduces

o (Pa1)]

to k 3y (kr), i cos
s eon Ly
O A 1 (57)
‘_, - L lvaety T a = bt ok A }
— i R B v owomm n o, Lk ragS 8

This gives
5.

N
® ST . .
1 . Ly PV ety ar ety o fw’) dn?
e T T A ¢
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and eq.(26) may be rewritten as

A

{(r)- 2 (i« | Gl T g (e'y e (28)

gl

TkERT e
with
1 ‘ﬁ(i) N , /\(t), , n ] (29)
Qe = "E! g k), (k) - fug (kv )} thr)
0] )
MY n‘ (kw‘" ey - B ke ﬁi(k.ﬁ]
L(k’ <
since
N (‘) n0) )
4 ()= L w'ylﬂ ¢ h (.r)f y (30)

.-]E
Using the expression (28) for %QKr), one readily derives from the
conditions (I2) the following formula for the scattering amplitudes

o
a, _ kb HKrIv(r) @) dv (31)

— L =

L4+ kB[ (e ar (o gy o)

The formulae(28),(3I) might form the basis of an iteration
procedure for the explicit computation of the scattering cross-—
uections; in our discussion, however, they will be helpful in
showing explicitly aow the scattering ampli+tiz depends on the

spatial extension of the scattering potential.

Before we leave this aspect of tke protlen, ‘et us
observe that also the bound states of the system can be dztermined
by an integral equation similar to eq.(26). These states cc rrespond
to negative values of the energy E, i.e. to purely imaginary
values of k (=2 i ix). The eigenfunctions Cb(r, ¥ )satisfy, by the
same argument as above, the integral equation
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@e(r‘,)ﬂ: v f—g (r,r’) w'(r')(})e(r x}dr' (32)
0

in which the potential v(r) has been written as the product

Ww(r) of a suitably normalized function w(r) with a"strength
parameter" V; the Green's function f: (r,r') is obtained from
Gfgr,r'), eq.(25), by the substituti;; k= 1% . The boundary
condition at infinity, that the eigenfunctions vanish, is
satisfied provided that is specified to be non-negative. The
function.&?(r,r') is then negative definite; on the other hand ,
if the poféntial has the same sign for 211 r, we may always take
w(r) positive, the attravtive or repulsive character of the force

being indicated by the sign of V.

According to the theory of integsral equations of Fredholm
tyme, the equation(32), for any fixed ». , kas in general an
infinite sequence of eigensolutions, belonging to pigenvalues
Vi(i = 1y 250000) of the potential strength V, which are necessa-
rily negative (or zero). In other words, wec have a bound state
of energy - )(zonly if the potential is attratiive and has a
definite strength V, (>2) (4 =1I, 2ye0c0s)e This way of looking
at the eigenvalue problem is of practical interest when one knows,
empirically, the values of the binding energy, but not the strength
of the potential: a famous example is that of the ground state

of the deuteron.

If the V, ( # ) have been determined for all W , one may
reverse the question and ask for the cigenvalues of 3 belonging
to a given potential strength Ve In this respuect, an essertial
difference arises according as the potentiul has a finiie or
infinite range. In the first case, tkere corrcsponds to the
limiting value M. = 0 a sequonce of distinct eigenvalues Vi(O),
the so-called"critical strengihs'". In a graphical representation,
the curves Vi( W ) start from a sequence of points on the V-axis

and, obviously, increase monotonically with inmérodsing @ .
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A parallel to the X - axis, corresponding to a given strength

V, will accordingly only cut a finite number af, Vi ( X )=curves:

thus, to any potential strength V there is only a finite number
of bound states. To study the influence of increasing range /O

of the potential, the only intercsting case to consider is that

of a potential w ( r/73) varying as 1/& for small r ( a potential

finite at r = O would just be flattened out when £ —3 2 ),
From simple considerations of d}gfnsions, it is clear from the
form of eq.(23) or (32) that in/cuse just stated the critical

strengths vary as 1/}3 ¢ when the range beccues infinite, they
all collapse to the valne O. 411 curves Vi( » ) acccrdingly

start from the crigin, and every parallel“tc the X -2zis outs
them all: for evsry streugth therc is an ininite sequense of

bound states.

The situation is well illusiretzd Qy,the case of the

Hulthén potential

n
- ;‘5
PLP e
for which one finds
- 1v/i d
v - — ——
z- }‘n bl T 1

The figure (page 39) shows how %i. czsc of finitle ¢ ooes aver,
i

when f > =2 , into tiz "Balxsr formula".

& See L.Rosenfeld, Nuclear Forces (fmstorden,If48) 5.22
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4= CHARACTERIZATION OF THSL RESONANCES.

The occurrence of a maximum of the scattering
cross—section for a certain value of the energy of the incident
particle is an indication that at this energy there is a state of
the system of the scatterer plus parricle whichk-while not being
stationary like the true bound states~partekes to some extont
of the character of the latter: the particle impinging with this
energy has an appreciable probability, before being scattered,
of remaining quasibound within the ranse of tLe (attractive)
potential during a time much longer than that required for just
moving across the scattering region. The ultimate ainm of our
analysis is to derive a "dispcrsioan formula" for tas scattering
cross-section, in which the contritutions frem the various quasi-
stationary or virtual states of the sysien aprear cxpliciily

and exhibit the c¢xpecie=d resonance behaviovr,

For a first orientation it is natural to
follow the analogy of optical dispersion, althcugh it must be
realized at the cutset that the smallxness of the electromagnetic
coupling confers to the optical scattering problem a simplicity
which is ' entirely lacking in the nuclear case. The virtual
states which produce the optical resonances are the "excited
states" of the atomic scatterer in which the impinging photon
has been absorbed. Owing to the smaliness of the interaction
between the atomic scatterer and the radiation field, these
excited states of the atom may be tresated, to a first approrima-
tion, as stationary, and then dciine a complete orthoncrmal set
of eigenfunctions id) s With eige:ralues Ep, which form a
basis for the description of the scatterer iu the absenze cf free
photons. Moreover, the calculation of the scattered amplltude
may be carried ou%tby perturbaticn metkods. It is thus found,
in the usual way *, that the scattering amplitude a ( B ), is
proportional to the matrix element, between initial and final
state, of the operator

H, + Z J.i‘.i.‘Z\“‘H )

j& see Fo.lirac, The principles of quantum mechanics,(Oxford,1930)
59.60 (2nd Bd.(I935) ~ 54.55. 3rd.Ed.
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where H1 is the interaction operator, and U = EC + £, is the
total energy of the scattering state, given by the sum of the
initial energy EO of the scatterer and ths energy & _,of the
impinging photon. A more refined approximation, when E is very
close to one of the excited states En, lecads to the replacement,
in this formula, of E by the complex quantity E - 1/2 rh, with

M o ( we dlsrebard the shift of tlLe real part). ‘"hus account
is taken of the finite life-~time of the excited states: )
tho oigenfunction |m) is multiplied by = factor

‘ 1
“"f’[ ru1(E r“}t_l

decaying exponentially in the cocurse of time.

The transposition of this thecwy to our case of scattering
by a short range potential of the nuclear type is by no mesns
straighiforwazd.In view of the large interaclions involved, we
must expect the widths of the rescnances to be much larger,
in relation to the resonance energies, than in the optical case:
the whole framework of optical dispersion theory collapses, and
to begin with, the very definition of the virtual states raises
a delicate problem.

We may observe that the bound states appear as solutions
of an extension of the general eq.(26) to purely imaginary values
of the parameter k with the added condition I = O, which means
that in these states there is no free particle. The above consi-

rations about the character of the virtual states suggest a

further extension of the interpretation of the scattering equation

(26) to include solutions corresponding to complex velues of the
parameter k; and the same condition I = O seems quite appropriate
to characterize the virtual states as well as the true bourd
states.

In its exiplicit form, given by eq.( I2) tke equation
I = 0 appears as a boundary coundition imposed on the logarithmic

derivative of the solution:
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Gy (o Ky ] _ /i:“&' (kats)
Polroikal B (k,n)

This determines a set of solutions (r‘/-kn)corresponding to

complex values of k, k = o + tf, » and therefore also, in

(33)

general, to complex values of

2, 2 2 .
k = * “pn *’2"'““?"

n

In fact, the only stationary states of the system, i.e. those
for Whichk'.2 is real, are those alrezdy menviored, which corres-
pond to k either real ( scattering siates, I ié 0) or purely
imaginary (bound states).

Since the wave equation (23) cnly dopends on}gz’ its

solutions are even functions of the variable . The solutions

of eq.(26), with the normalization (27), have this property,

since the equation then takes the equivalcent form ( 28), which

is invariant for a change of sign of k. The eigenfunctions of

the bound states, solutions of eq. (32), are likewise independent
of the sign of X , since the equation, combined with the condition
I = 0, may be put into the same form as eq.-(28). Moreover, the
non-stationary states occur in pairs corresponding to values

kn and k; of k, since the solution
: « .‘é*
[(f){i {r, k., }} = CFQ (r‘/- o)

also satisfies the condition (33), as is casily verified by using

simple properties of the Hankel functions. As a result, ore finds
; i Ty . :

that the imaginery part ? " of kn (and - kn) is necessarily nega-

tive(provided that the real part A n is ¥ (3 ). For, by a familiar

procedure, starting from

J: {%D” Fe '(FQ‘Dr %]dr= ©
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and taking account of boundary conditicn { 33), one gets:

R | FAAL T D
XL 2y N 1 21 Ny ff"‘ n‘*’u) ‘ k f‘j
02 [ e i -t

and one can show that the factor between brackets kas the form
. L . ; - {l,_ _ 1/ }'\\!
t(r\n"‘ t‘ﬂ ; 1@ ‘!‘Q‘f‘l Rn t E’

with positive coefficients f‘“g 2 i\!
The "eigenvalues" of Kdvfwrod by the condition L= O

- d l“ 2
2ot ni By

thus consist of the set of pairs of complex veluaz
with ﬁ.—,<0, and a number, finite as we heve seen, of purely
imaginary values LK,,,{}(,,,)@ The non-stationary states with
a positive real part of the eigenvalue kn decay in time at the
rate Qj , With r' Lﬁﬁiﬁ } : their "eigenfunctions"

accoré'lngly behave at large distance like outgoing waves of

increasing amplitude 5 ‘e"“\ o Tne associated solutions,
with eigenvalues . “n ’ have exactly tbe same behavwiour, since

their time factor is the corplex conjugate of the orjiinal one.

The exponential increase of the amplitude with distence. which
contrasts so strikingly with the behaviour cf the bowad sizte,
seems at first sight surprising, but is eacily understocd. This

is an old paradox, well known from Gamow's thcory of ¢i-radiosactivi-
ty, where it was encountered for the first time: since particles
are continually emitted from the centre and move awey with the
radial velocity v = o(atq/m s the density at any distance r
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will be determined at any time t by the value which the
central density had at time - [ ; and this was larger than
that at time t by factor exp. rayﬁ r~] = exp (2 ‘Bnlp).

X —— ¢ ‘V—

2 M
The &set of virtual states defined by theccondition

I = O has the drawback, however, thatthe corresponding eigen-—

functions are not orthogonal in the interval ( O,ro); in fact,
one finds in the usual way : y

2_- : " c‘fc: dit‘(, o {1, ..Eff'-—._cf.“l
(&, kn)atﬁ% ¥ hep } 5

f (Fm l":l"o

(We have put for brevity &?n‘:’: ‘{’Q,{f'/’ “ﬂ;} . Phe factor
within square brackets does not vanish because the bou?dary
condition (33) gives to the logarithmic derivative (?”'/z?n
at © = r, a value depending on kn. This remark suggests a possie-
ble remedy: would it be possible to modify the boundary condi=-
tion: in such a way that it fixes the logarithmic derivative
independently of kn’ without altering too much the essential
features of the virtual states?

The answer proposed by Kapur and Peierls* consists
in taking, in the right-hand side of the eq.(33) the Hankel
functions for a constant argument kroinstead of knro y k being
a real parameter: of course, when the corresponding set of
virtual states will be applied to the solution of the scatte-
ring problem, the parameter k will be identified with the wave
number of the incident wave. The virtual states defined by the

Kapur-Peierls form an orthogonal set, at least in the sence

f\
that i ° ‘? <f dr , rather than the usval
o #°0 moEn
E (‘frn "Fﬂ dr , vanishes for k,,.‘é'k“. No attempt has
¢

ever been made to investigate under what conditions this set
may also be complete: it will simply be assumed that it has
this essential property. The price to pay for this advantage,

% P.L.Kapur and R.Peierls, Proc.Roy Soc. 4 I66(1938) 277.
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however, is that the definition of the set of virtual states
determining the resonances now depends on the ernergy of the
impinging particle: each scattering state has its own set of
virtual states, whose energies and widths will vary with the
energy of the scattering process. It is worth while, neverthe-
less, to examine Kapur and Peierl's treatment in some detail,

so as to assess more prec¢c isely its advantages and shortcomings.
We shall then come back to the more satisfactory boundary cone
dition (33) and develop on its basis an appropriate method of

discussion of the resonance properties.
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CHAPTER IV. SCATTERING OF PARTICLES BYSHORT RANGE POTENTIAL

(continued)

I. - DISPERSION THEORY OF KAPUR AND PTIERLS.

[An exposition of the paper by these authors gquoted
above. This theory has the following shortcominga:

(a) it gives a simple dispersion formule only for
narrow levels of low energy,

(b) the position of the resonances, as well as the
megnatude of their contribution, compared with that ascribed to
resonance scattering, depends sensitively on the choice of the
limit t, of the scattering region.}

2. - DISPERSION THEORY OF HUMBLET.

J.Bumblet, Mémoires in ~8° de la Soc.Roy. des Sciences
de Lidge, I2 (I952) N° 4

[Tbis theory is based on boundary condition (33). The
resonance behaviour is obtained as a Mittag-. Leffler expansion
of the scattering amplitude. The drawbacks (a) and (b) are
eliminated. The contribution from potential scattering is much
reduced. The interference between it and the resonances is
incorporated in the latter, where it appears in the esymmetrical
form of the numerators of the resonance terms.]

-
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PART II-  ELEMENTARY PARTICLES

CEAPTER I. FERMIONS AND BOSONS.

I.- INTRODUCTION. Quantum theory has brought a new conception

of matter. The old dualism of matter and force is eliminated,

since it is recognised that every " agﬁgt " can occur under two
aspects: as "particle", in which it is/source of other agents
and acted upon by them, and as '"field" transmitting force between

other agents. The electromagnetic agent is known classically

as field created by charged rarticles and acting ppoa them; in its

particle aspect, as photon, it is the source oi pair fields and
is acted upon by such fields. Electrons are observed in the clas-
sical limit as charged particles. They appear in their field
aspect either as pair fields or in producing chemical forces.

The two aspects are complementazity,s .s.mutually
exclusive : if an agent acts as a field in some situation, it
cannot be isolated as particle without destroying the situation.
From this complementarity, the~e follows an important relation
between the mass of the particle and the range of the force
transmitted by the associated field: the range is of the order
of the "Compton wave-length” 5/’P1c , Where M is the mass.
This relation led Yukawa to the prediction of the existence of
mesons as8 the particle aspect of the nuclear field.

All the agents are coupled together; the fundamental
problem is thus again twofold: we must try to detcrmine the
characteristics of the "elementary" agents and define their
mutual couplings.

The concept "elementary" at the present stage is usecd
in the same pragmatic sense as by the chemists. The eventual
reduction of the number of elomentary agents is a matter to be

decided by experience. Speculative'principles" of structure may

inspire nex experiments; but they may just as well lead us astray.
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Lavoisier's"principle" of structure for acids prevented for some
time the recognition of "dephlogisticated muriatic acid " as the
element chlorine. The early principle of structure according to
which nuclei are composed of protons and electrons created the

4 N spin", which could only be solved, after

“paradox of the
the discovery of the neutron, by discarding the principle and

replacing it by a better founded one.

2.~ FERMIONS AND BOSONS. The most important distinction enabling

a classification of the elementary agents is that between fermions-

and bosons, i.e. agents obeying the exclusion principle and
thoss forming entirely symmetrical configurations.

Intermediate configurations are by no means 2xcluded:
they occur for instance in atomic and molecular systems wken the
spin- orbit coupling may be neglected, There is no decisive ar-
gument to axclude such conflguratlons at the levszl cf Qlementary'
agents. One argument agalnst their occurrence is that they contain
an essential degeneracy. The symmetrical and the antisymmctiical
configuration are the only non degeneratzsones.

Boson fields , as observable .. are quantized in the
canonical way. It is theppossible to define non-hermitian creation
and annibhilation operators in terms of the field variables, and

they are found to obey commutation rules of the type

=
[a: s Pk ] f k] ¢ ld'?-»;q'k} :

L= ¢Lk
with the minus sign.

For Fermion: fields, the quantization is not canonical,
since the field variables are not observables. Formally, one may
imitate the procedure developed for Bosons, with the difference
that the commutatong~are(arbitrarily replaced by anticommutators.
The operators (37', Ct are then seen to have the properties ve
creation and annthilation operators in harmony with the exclusion
& €harged.bosons are described by pairs of harmitian wvariables.
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principia. This is often called "second quantization" because
the Fermion, field itself is (rightly) regarded as the product
of a first (legitimate)quantization of classical dynamics. This
is unneccessarily confusing. The introduction of the operators
% CL*is not a quantization, but just a definition of convenient
operators related to the number variables N =<3fCLin a way
compatible with the exclusion principle. The latter is indepen-
dent of the rules of quantization.

The construction of the operators (J, Ci‘is easily

affected by the technique of dichotomic¢ wvariables.For this

technique, see Nuclear Forces 4.I. Every time there is a dis -
tinction between two alternatives, a "dichotomy", it can be
expressed by a specific dichotomic variabic. This entails the
introduction of a "dichotomic space'", characterized by 3 matrices
o, ay 5; y such that the most g3, ~sldichotonmic varia-—
ble in this space‘ s . ’7_”’ =t , where 23 i3 zngy itrayr-mit
vector. The group of unitary transformatioas of dichotomic space
is isomorphous with the rotation group in 3 dimensiocnal space.
Thus, owing to the exclusion principle, the number
variable N for any state of the Formion field is associated

with a dichotomic variable \% :

C o .
| e (1)
\ I8 1/

The annihilation operator

a —q’c\ 3/-‘{,!‘

v,/ Lo
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is thus

"
/.\
s
N
]

Lo O

and the crcation ’

+
as well as 1

-

For a set of Fermionw étates, enumeraved in a definite order,
one builds up direct products of operators <t ,
N
iﬁ , the last being the same as 6—1) thus:
n ~
E&i- = V4 x »% X e o xl x4 x L.
+ . +
g..’b =\73 ’(123)(......)‘( O.,;xixix,.,..,
We have ﬁ} ay o= oy 2 v

Ly

3 = - 0 .
One can then check all anticommutation rules.

3. -

assumed to anticommute or to commute. In fact, one may even

Fermion families. The question arises, whether the
operators belonging to different Fermion fields should be

S
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ask the question when considering different states of the same

Fermion field. The question was raised with respect to electrons

with spin up and spin down: in this case (assuming only direct,

non relativistic interactions of the typu,_r; a,: (‘L 6 02 Vik,‘;i’ )

one can show that it is immaterial which alternatlve one chooses:

the exclusion principle may be formulated for the two'species”
separately, or for the one species differenciated by the spin
variable, with . exactly the same result. If the operators

pertaining to the two states. 614 e ) ars assumed to

5 Z
or

anticommute, then the equivalent operators
bi‘z oy (th» s pertains to the
prusibility of & =et of
L} ( 1\LN54 svates a2fined Wy other
Yy, = |- ] bim,
= “ variables)
T 3
will commute:  { CQ7‘32; =0 -This transTormation

was given by Kleir.

Howewvsr, it has Tteen pointed out ©ty Unezawa,
Podolanski and Oneda ( Proc.Phys.Soc.4.68 (1955) 503) that the
possibility of such an indifferent choice is severely limited.

In general the Klein transformation introduces a non-local

element in the interaction: if one requires that the interaction

shall be local, the choice between commutator or anticommutator

can be unequivocally decided. The argumeut is based on the
very simple remark that in any interaction term containing a
product of creation or annihilation operators, only an even
number of such operators anticommuting with a giver. field
operator can occur.

From the examination of known processas involving
various types of elementary agents, it is poscibls, Ly appli-

cation of this principle, to draw the following conclusions:
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I°.The neutral agents, T1°, 8%, T.° and the photon,
commute with any field and are accordinsly bosons. ~

- o

2°, The pairs (TT") ), (9’,9-),( T.,"', T ) have
all the same commutation rules with any field. Hence the charged

mesons are either all fermions or all bosons.

%~ .
30, Each of the groups (AT F ), (A° N ) has the same
commutation rules with any field. Thus, if cue assumes [P,Pj,
T Al o At oA ¥ T -+
and [N, NL y one has also U\’];/\ ]4. 3 LA A HLP’/\'J#-
and  [N,A’], (the symbol means "anii-commuist<a.zules").
4°. All baryons have the same commutaticn rales with the

charged pions. Thus

i i .
either [P, N], aa |PN , T

i~ TN _—t‘
or SF’N]_ i SyN?l ,!,;—

5. For the leptons, one finds that )ut and & have
the same commutation rules with any field. Therefcre, since the
e"‘ anticommute, so do the j/t and 't).»ij Gt.],,

The alternative 4° cannot be resolved without a further
assumption. Kinoshita proposes the: azgu:z'finthat bosons commute
with all fields: this removes the last alternative and lsads to

the conclusion that all baryons anticommute. Umezawa et al.

introduce the councept of fermion familiso Temily ie o 3wy cf
anticommuting fields, commuting with all oopar Ticlas. The
agsumption of the existence of Zamiiies among the fermions is
somewhat more restrictive than Kinoshita's assum tion ('i»ecause
it imposes commutativity also on the fermions of different

families). If the baryons form a family, one sgain gets the firset

e
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alternative. Since the only known interaction between baryons
and leptons ( the /3 —~ interaction) involves even numbers of
each type, one cannot decide whether cr not the leptons form

a distinct family.
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CHAPTER II -~  TRANSFORMATION PROPERTIES OF
SPINOR FIELDS,.

fo = Introduction.

Invariance requirements with respect to certain
groups of transformation are one of the most powerful helps
in setting up tentative expressions for the interaction
Lagrangians between various types of fields, in order to confront
their consequences with experience and so reduce the number
of possibilities, and ultimately, perhaps, arrive at the actual
expression for the interactions

Boson fields are represented by usuval observables,
which have tensor properties with respect to the (restricted)
Lorentz group and have an even or odd parity with respect
to space reflexions. They need no spec’al discussion, except
as regards their isobaric propertles,jﬁhlch we shall comment
later. The fermion fields, on the other hand, are regpresoated
by spinors and it is necessary to specify their transformation
properties; this will now be done by the technique of dichoto-
mic variables. This method has the drawback of not being
"manifestly" covariant, but it allows one to write down ( in
a special representation, it is true) explicit expressions for
the transformation operators, which can be found guiie eagily

by simple inspection.

2= . CONTINUOUS TRANSFORLAWTOYS.

The linearisation of the energy-momentum relation

E2= F2+m1 (Cai)
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is effected by two dichotomic variables G"’ f: . This is

based on the product relation

(Ao ()= M. + 4o (TAR)

Thus,
-2 -2y 2
P = (F.-7)

and a further linearisation is effected by another variable f) 3
e .

here one has only two of}g ocomponents ﬁ ,yz 3 Fz appearing

explicitly. The usual choice 1s

E = ?' ?‘ﬁ + Q?) v,

The variable 0 3 discriminates between the two " spin" states f’ 3
between the two signs of the masse.

For a continuous group, the infinitesimal transforma—
tion dq' of the variable q' , defined as

o o r i
' ow o o d
“wo=q “q

(transformation of the frame of reference)corresponde for the
state vectors to a unitary operator
A dal
qut = % "Z’ xC(P
The operator [ must be hermitian ( and therafore D unitary)
in order to ensure invariance of the ascalar product.
Alternatively, one may leave the state vectors unchanged and

apply the transformation to the quantal variables. Then, the
(n
new variable A  is given in terms of the old A by

A L TRD - A vk dyip Al
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This shows (1) that the operator p is canonically conjugate
. AL B j
to ¢ (since one must have Yep © g + dg )
(2) that if the Hamiltonian is invariant for the trans-

formations in question, p is an integral.
The finite transformation is expressed by

4 c"F) - qfﬁu
Digr=e % =€ ¥
The relation between invariance for a continuous group and
conservation law, being expressible in terms of Foisson brackets,
remains valid in the classical limit so long as it concerns
observables with classical ccrrespondence. Ve have full cerrese—

pondance with classical theory. The physically important cases

ares
group congervaiion law
L]
i
space translaticn s moimentum
time translation energy

space rotation angular momentum
Galilean relativity(translation centre of mass

in momentum space)

A non-classical example is that of the electromagnetic
gauge-group, which, when the gei.ge transformation is ccombined
with a transformation of the phase of the (complex) charged
field, yields the law of conservation of electric chargs.

The rotation in spin space around axis 1 by ar. inzle 9

is effected by the transformation
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from which it is apparent that the spin contributes an angular
momentum fl 7~ . The argument leading to this result is typical

for all the following:
,First apply to all temnsor variables the usual transformation

(Lx = X - component of "orbital"angular

momentum) .
e PO el

This transforms J ., P into ¢ . P ",where is a

linear combination of the fixed matrices 0, . G, , U3 . We must

—
now introduce a transformation in spin space to restore the 7
——pr

to the fixed form G~ s

S o

D r“(";) = 5 .,

3. DISCONTINUQUS TRANSFCRVATTLONL .

The discontinuous transformations suchas spatial
rofledion or charge conjugation are entirely unclassical in
character. In classical physics, one may exclude them because they
would imply - transitions of a type which cannot be described in
classical terms. Thus, the transition from levogyre to dextrogyre
configuration of a molecule involves a "tunnel effect"” through
a potential barrier; the creation of an electron pair involves
a transition from negative to positive mass over a "gan", i.e.

a region in which the energy is not defined classically. Hence,
the associated conservation laws concern things wi'k —~» (lassical
correspondence, such as "parity" or " number of particize minus
antiparticles'.

The spinor transformation for space reflsxion is
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with a phase factor & +On repeated reflexion, one may either
restore the original spinor or its opposite: & * - .
Hence, there are two classes of spinors according as £ = |
or i ( the double sign is immaterial, since the two signs occur
in Ps3 ). The transformation;%_means that if one analyses the
4—-component wave-function into two two=—component spinors § i

'
belonging to P3 = 4 and .. 1 y Tespectively, these two

spinors behave in opposite ways under space reflexion:

== }

() ; .
E‘ - ef w*\“: ~ 5.1

The two kinds of spinors are irreducible to each other.

To discuss time reflexion, one usvally considers the

reflexion in ell 4 coordinates. Then, the unitary transformation

Py will do, provided one also changes the sign of the charge:

this is the Schwinger or strong reflexion. Cencelling space

reflexion one gets
D:_.’t'_(‘i

One may avoid the change of sign of the charge, but at the
price of smorificing unitarity (Wigner) by passing to the complex
conjugate (or transposed) equation. Without space reflexion, the

Wigner transformation is

The matrix 5, is in our representation the "I matxix' of
- -
Pauli, which transforms in any representation o * i, 45 -~

The anticonjugation is effected by

s ilﬁ; c, \P *
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Hence, it is obvious that the product of any two of SR, WR

and C is equivalent to the third. The Liiders theorem states

that S R invariance is implied by Lorentz inveriance { and

local character) of a Lagrangian involving all types of fermions
and bosons. Hence , one has always invariance for combined P

(space reflexion), T ( time reversal) and C(anticonjugation).

Besides the charge symmetry expressed by anticonju—
gation invariance, cxe has more exterded charge irvariance
properties when one innizde ieu’ izl paiiicles (whil. may or
may not have distinct auiiconjugaseg)s Ths distirction between
charged 2ul neuisral particles of a certoin type is offentatl
by a dichctomic varieble T called jzchaxic goiy -F
system of nucleons, we have from the first only o cxpact
conservation of a 3-component b2 T; ¢ this, corbined with the
constancy of the total number of nucleons, expresses the
constancy of the number of protons and is thus, in this case,
identical with the conservation of charge. The invariance for
rotations around the 3-axis inisobaric space implies for the
nucluar forces, the property known as " charge symmetry":the
forces between protons are the same as those between neutrons.

This is less than the "charge independence", which also asserta

equality of the proton-ncutron forces with the others:®"charge

independence" is a consequence of the wider requirenent of

invariance for all rotations ia iscbariz spacc. . “ui have
as a 241 invariant the Lsobaric spia qnancan reiioer,defined

= 2 ; ;

by T (T+1) = ( é S 7T ). These is strong svidewnce, in sone
light nuclei, for the existence of states forming an isobaric
triplet T = 1, with binding energies very close to each other.

The concept of isobaric spin may be extended in such a way
that the conservation law applies to interactions involving
other types of particles than the nucleons. The /\0- baryon ,
e.g., existing only in the neutral state, will be mesigned
the isobaric spin O. The S -baryon and the 711 -meson,on the obher
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hand, exist in three charged states , which are conveniently
treated as corresponding to isobaric spin 1.

One may ask whether reflexions in ssobaric spaca should
also be considered. d'Espagnat and Prentki have shown that this
leads to a further quantum number equivalent to Gell-liann's
strangeness. One has to characterize each particle by the
factor by which it becomes multiplied on inversion in isobaric
space. For the isobosoms ( T = O, 1 ) this can only be 2 14 3
for the isofermions, it is necessary to consider the two
irreducible possibilities L & and it is most convenient to
take & = A . Thus, we have a factor 1Y , with U =11
for the isofermions ( of Ist. and 2nd.kind), and U = ©
for the isoboséns; V-ta s Which would indicate
odd parity, does not occur: it is perhaps significant that
in contrast with the other cases odd parity would not be unambi-
guously defined by U. For anti ~ isofermions, the isoparity
is = U. The invariance of2. U expresses the conservation

of isofermions ( minus anti-isofermions) .

The electric charge 3 is connected with isobaric
spin and isoparity by the remarkable relation

x T, * .4

Q 3t U

This allows a geometrical interpretation of the operator
Consider the transformation

TG imTy (ZU

= € &
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|
|
-4

| 7 t U l )
| /2 . - % !
| 1 I f
! 0 0 ’
1/2 1

-
-~ O
—

it represents a reflexion, followed by a matation by T
around the 3-axis, i.e. a reflexion by the plane perpendicular
to the 3-axis. This mirroring has the effect of multiplying
the field variable by the factor (‘)Q .

5. = 7T LNEUTRINO.

The equation for the nsotrino
-

(Fz 6?, F’ - E ) Y/ =0

can be split into two twd-component eguations, corresponding
to the eigenvalues T 7 of P4 .This can be done, without

changing the representation, by applying the projection operators
D _ 7/ LI )
l = '5_\‘ + F') 1 Pz = (' = P‘

P2_ P P'roP' PPloo, PsPr),

- ] )

(One has
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They represent the two types of longitudinal polarisation.

They go over into each/by space reflexion and by anticonjugatione.

J.Serpe (Physica I8 (I952), 295) has shown that the
restriction to one type of longitudinal neutrino, say P
is equivalent to imposing a Hajoranm representation. To define
the latter, it is convenient to use a representation in terms

of annihilation and creation operators

(-f’.'.’.Z_CL 1 T

F
(the w2 is what we had hitherto called (? ). One must then
carefully define, for any }bi.( : ) the transposed é? - (..),
. . e = . +
the complex conjugate ¢ = (:i ) and the ad301nt‘€ (.“,")~
t

With these definitions, split ¢ into its real and imaginary

pafts:

== (9 )

Ve

and build up the 4—-component spinor

g - (8
%1
It satisfies the equation

2 o .
;:P‘t)ﬂ? = O L’i(ﬁ“‘),‘jz(i}}d}j

—-—> . =2 1 -
If we introduce the real operators T ,& by W =ULp,£--L&

we have an equation

(f,'ﬁ?*i) \IF = O

which is entirely real.
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- 7 . .
TR Hl , becomes in the new equation
o i.e. also real
~lpy, po Z.H,

This scheme is invariant for space reflexions. The
transformetion operator is

%’“) = ( z (VL L& ¥

with an arbitrary phase factor E:-; e .This gives for
-7 L A
\').—. -‘/2—
CE = L Pa & é

td

Time reflexion and anticonjugation are effected by

operating in the same way ( with independent phase factors)on
the spinor variables.

It is therefore a matter of taste to say that the

neutrino carries a '"chirality". One has an equivalent description

by a Majorana representation, which is invariant for bothP and

C: the lack of invariance is then shifted to the interactions.

-
Any electromagnetic coupling, say a magnetic one Pao‘.F?
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CHAPTER I

FUNDAMENTAL INTERACTION LAGRANGIAN

Assuming with Gell~Mann and Nishijima that

(1) ¥ = b il K = K: are iso-spihors,

" = K
> ‘—'(E ! Z) ome I :(ﬂ-;vxiﬂ3\ FT hoikh
~ | i} 1 3 ~ I/T

are iso-vectors and N is iso~scalar; and assuming
( 2) charge - independence

{ 3) charge and nucleon-number conservation

( 4) field interactions

there are 8 possible coupling terms

f-(g Van + ‘gq—fzz)'"‘i
+ %L(X .o+ b))
% ‘g"?;'?'
+IV—(%;A*%4T'E)K+“ K’--LTzK*
P T4, 0 F G EE)K + b (7)
K

Considering all the difficulty we had in fixing the one coupling
constant g, it seems highly implausible that without further theoretical
guidance we shall fix the 8 constants from experimental comparison alone
in & finite time.
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Theoretical guidance is provided by the remark that the masses
of hyperots are not wildly different. If as a first approximation we
assume their means are equal, the free Lagrdngian possesses a number
of symmetries. These same symmetries also exist for the interaction
Lagrangian provided some of the coupling constants are equal, and it
seoms plausible to infer that the coupling constants concerned are
. equal to the approximation that the relevant masses are equal. A number
of such symmetries have been pointed out by various authors; we list
them here and then later try to find a deeper basis for them.

In all this it is being assumed that

N} Z’ /\‘ = an g {Zl 't.) ra(,’a.kv{u;

(1) (Salam—Polkinghorne )
-I1l Nuovo Cim -
To the approximation that m = ™M . N e 2’)
ot - Kes K'

We may infer

(2) 1f m - m The free
Lagrangian is invariant for

AN - T - Z
~ A
The interaction lagrangian is invariant if

% s 3‘7 ! 3 ¢ - 3 b %'3 © e

D'Espagnate,Prentki, Salam, )
Nuc.Phys. -

(3) Wirite
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Llwsen)a| - o) 2 (505
where Zg:t—%; {/\°+Z°) \/°: ‘%__7 (’Aa_‘zjo)
Assume /m/\ - o,

The free Lagrangian is

ffr(ﬁg)”,v+>3§)z'z‘+f{ﬂ): Zl+31 3"’)

Now (1) _ | —
E vl + ZL T'WZL TAZT + he Gell~-Mann,Schwinger,
' _ - LA T
Also(2)
W(/\*E’-Z) .+ = {/\+ T.Z) K + he =
- — (K" kT\/Z
(N E) - - o s + l’\C
kK- - K L
Tiomno
‘To the approximation that M , = /M = M < An _

the free Lagrangian is invariamt for the substitutions

vy — I,
9 T o
= - Zl K >+ K

Likewise the interaction is invarient if O = 9q, © %2' = - '33

/

wnd %5_.‘—'%‘:%7:33:6

te

It would appear from this that there is the possibility of a very consi-
derable symmetry in the strong-interaction lagrangian and to a very good

approximation, there may just be 2 coupling constants G and G'.
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The substitutions we have considered ars linear transformations.
It is possidble to give a deeper significance to these linear transforma-
tions and consider these as rotations in a higher dimensional eymmetry
space. Attempts in this direction using [4]51:&095 have been made by
Salam & Polkinghorne and Schwinger. The most goneral attempt is that of
Tiomno who considers rotations in a [[77] space

Write v - (f_’)

' o

Y- ()

N

Y-z
z, -
Y is an 8~-component spinor, appropriate to a [7J space.
Write

e 1) e _
r - . ‘.l\»- “’t_} ) T _ _ _‘_‘\ .:L
R L . T Y
gy "‘,1'3 Lo
Yy
ﬂ
[ . Vo
of - %y

"Y.( d - S.’ é , 7
where z are usual 2 x 2 Pauli matrices.

T™ese ' T matrices anti-commute and form & Dirac set,
Algo write

— Q
m s K -
H - Tt | =] @
0 h .
I'e) L ko: K U & KL,,
K 3
0 3
0
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Then

{ ., =6V¥YT Y A+6 ¥TL¥3

To see that the part of the Lagrangian involving G' can be written in
the form above, not that

o (W :)(ﬁi )(;)m

=6 Wy sk )y s Y (KT k) Y

- 6 WT’/‘WB/;

~ Also note that G = g, =gy = + &y = §,

unlike the case where only substitutions were being considered and where
G =g =8, =8 =8,

Tiomno has also considered the approximation Mm o = A .
80 that vactors HI' and (5,.» can be combined into a single vector with
7 —components

and thus G = G' = G,
[ T

LN

‘ ) Ty
K = |

¥y

\ o
k

'qr

write

L

M'\t

H

6 ¥ T KoY

He goes to define the quantum~numbers that arise when the rotational
aspect of the [7] space is fully exploited. For this reference may be
made to his paper in Nuovo~Cimento —(June I957)- and Rochester Conference
Report~(April I957)-.
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Although Tiomno's full theory with the assumption M 7 = M
is very attractive, we shall not édopt this attitude. The attitude I
prefer is that of the paper of d'Espagnat,Prentki and Salam: to the
approximation that hyperon mass-differences can be neglected, there
appears a high degree of symmetry in Lint leading one to infer that
there are possibily two fundamental parameters G and G' in the theory,
the actual coupling constants gyjyeee, g4and gs""’SB differing from
G and G' to a small extent.

Gell-Mann and Schwinger have started a different point of
view. They wish to assume that T - couplings (presumably etranger than
K =couplings) represent a higher degree of symmetry and thus , .. o
By = 8y = - 33 = 34 = G, exantly. The K -couplings 85’g6’87’g8 are
unequal and these break the higher symmetry represented by'Trinteractions.

To sustain this point of view one should first try to decide
if present experiments give the result G > 6‘, (more precisely -
G > 9%, 3¢ 37,38).Gell-uann has tried to make a case for this assump-
tion based on the observation that K I A production in T/ - NV
collisions and in ¥-(0 cdllisions seems to be smaller than 7/ -production.
In support of this view may also be adduced ovidenee from high-energy
 jets ( 10°Bov etc).
At these high energies hyperon-masses are irrelevant and since experimerts
soem to show very much larger 7/ production compared to A production ,
it may be inferred that 6>6’.

Againet this is the K- Mscattering data which although in a
proliminary stage still scems to give about as high K -A¥ scattering as
Ti - M seattering. Since in lowest order perturbation calculations

0—' ( h F\’Ddur \'{oy\) 6;!,

2

o ('“, P'\:Oduc"-;oa\) G 4
and g (K N SC&HLUV‘%) 6,7’/.1
~ —_—
G (Ti M Scﬁh'e'u'\a%) G 4
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Py’ )
it seems hard to reconcile c¥ T owith 2 T g, .
It is possible that the experiments on production of strange particles

are in not too good a shape.

In all this work we have considered only 3 field interactioms.
There is always the possibility of 4~field (rendhalizable) interactions

lik ~— 2
©o (k) (1)
L
It NS 6 , then in the lowest order

Q'(KN 5coﬂ‘er§n%)
o (7 OV scafte r:ng)

~ A*

and in this case the suspected exporimental small K ~productionend large
k" scattering may find an explanation in terms of a term like th2 above
in the Lagrangian.
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CHAPTER II

CHARGE~INDEPENDENCE= ¢

In all theoretical thinking about strong interactions
it has been assumed that charge independence holds. There are perhaps
two direct picces of evidence

(1) charge-independence hypothesis has found experimental confirma-
tion in pion-nucleon scattering and ths deviations from strict charge-
- independence seem attributable to electro-magnetism. If the strange
particles are strongly coupled to pions and nucleons, the M- scattering
would proceed through intermediate states involving strange particles
and thus we expect their interactions to be charge independent also.

(2) The mass of 5°is close to.the masses of &' and & . This
is strong evidence for charge-independence (as against charge-symmetry).
It is possible to obtain a number of relations (equalities or inequali-
‘ties) between various reactions on the basis of assumed charge-indepon-
dence . A fairly complete list has been given by D.Feldman (Phys.Rev.IQ3,
254,195 ). The procedure for obtaining thesc is standard. Consider
initial and final states [(| and {%l each involving, for simplicity,
two particles.

‘ﬁ)ﬁ' {t,’,fzrtfl; tj

in an obvious notation where 1% ) t:gr give isotorie~characterization

- of particle 1 and tz , t;’” for particle < etc..
TY . T¥

{

From charge independence 'Tf = TE ,
where T{? = tff + '{;2’
Write the Clebsch-Gordon coefficient

(T’T%l tuti rgltizt?)tf ) as <T/L)

296



Now it is well known that

) %B(T, T}'I twtl ><T, T’&‘, t*{’tz ‘ - 4 (completeness-relaticu

@) (T Tr(s| T, T2 )= §(7-1) S (TY.T¥ ) (T),
where S is the scattering-matrix. Thus

(§Is)i) = & <fImT[i)o(T)

Consider as an example

1K) = [Tp> ({0 (W' p >

2

It = 157+ > = (K57

i

(4,5 = (74>

SRS <%:1L2>:\/?
P N R SV E PO
(319) s t=(ha] %)

A
l’
<
AV
3]

I
o>
&
N
[

Therefore

(B 1514) = ¢ La)vla(d)

3
(1 0 T CY 4 U7
Falsie) \/_B-;d(-i) (2

(3 1514,)

fr

13
—
P

297



- I0 -

Fron
asNlGL s = s 2 v a(3)]
N2 SO = L foza(g)e2 2 ()
e\ lsli™ = 5 | 3ot (3)]

We deduce that square rotes of (differential and total) cross—sections
a, b, ¢, satisfy triangular inequalities.
o+ b -c >0, tc -a 3 0 , cra-30.

Foldman lists a number of reactions where equalities (rather

than inequalities) can be obtained. For example for

~

a K"P — Z+Tl‘w
. (o] o
b — T a+c e z2(b+d)
Y se at+ct+td = 2(b+c)
e _» E7 0"

He-. remarks that all cases where equalities are obtained are special

cases of Watson's lemma, which is stated thus-:

=4

5 Por collisions involving two Tz Lparticlos, if thescattorcris with egnal
“Siprobability a proton and a ncutron, the number of charged TT"} '{or charged
i ‘ﬂks)produced is twice the number of neutral 73 or Z(S .

Fal

A simple plausibility proof for the case above may be given.
The initial state:

s

K™p ~ ?"m

Va
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constitutes an "unpolarized beam" in insotopic~space, as also do the
set of states

K

K*p-r K°m T
V2

K™ n

Y taken with equal probability. This means that respective sums of

§t
-

matrix elements for Ts’f, Tro, 7 producticn arising from the 4
initial states K}a,f'r\/ {2‘6{3/ K°n are equal. Since K P and K ©n
as well as & n J k? P are charge-symmetric states, particularization
to kfdp,ikiﬁ processes gives the milder result that sums of matrix-—
elements involving Tt or T mesons is twice those for 7 < mesons.
K~ absorption in deutrons or He4would provide the hest
way of checking Feldmath's relations. The difficulty of courss as alwujc

is the identification of events invelving two neutlral particles.

In more sophisticated theories (4-dimensional isotopic gpace),
for example in Salam~Polkinghorne theory where the particles are labeliled
with two or more gquantum—~numbers (I"') T in S-Pcase) and ('ljl ani (17
conscervation holds (l;I_ “| to the extent that M = mass can be neglectel,
i.es at energies far above the threshold),

(blsfe) = I%(}{l", TYCIY T7¢) « (1t 1)

4

and the procedure is entirely analogous to the case discusszed above.

Peldman has given relations holding in such cases as well.

Glaser in a recentpre-print (Charge Independence and Uyperon
Production, Brown,Glaser, Meyer,Perl,Velde and Cronin, Jhas considered

‘ the experimental angular distributions at 1i=-1 Bev. ( ‘T~ energy) for
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—— - +
(a) T H+p —s & +K

——— EO KO
() T +pP —> +

: + +
(@) THip —» & r &
* As is well known the charged hyperons tend to go.forward in c<.m, system

and neutral ones go backward. Glaser maintains ( on the basis of rather
[
a small number of events, 15 §L° 5 )that the irisngular in equality

de(Z7) . \ Jdo(E*) _ 2dd(2°) 50
AN 4N

is not satisfied. If this is true, this presents indeed a most serious

situation and clearer experimental check on this point is stroangly
indicated.
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CHAPTER _III

STRANGE PARTICLE DECAYS

Strange particle decays fall into 2 classes~:

class 1 -t where all final state particles have strong interactions and
a definite value of isotopic spin ( K —5 T+ T etc)
class 2 «s Only some of the final state particles carry isotopic spin

(K — KoY, Ko @ tpatv etc).

In all cases however it appears that

TY _ 1% _ 1
¥ ¢« - 2

This observation has been made into a principle. Decays involving
(AT ¥ > Ji may exist but are much slower than those involving

[a T’a‘}:z-?'-‘. This gives one way of understanding why the = particle
does not decay into a N+ T ,

Theoretical work has also considered extending |Q T Tt
rule to total isotopic-spin i.e. not only (A T’f] =1, but also
AT | = ji « This is an ad~hoc rule with no %ha'omti‘;al basis.
It has been considered by a number of authors (Gatto,Wentzel, Takcda,
Gell-Mann, Dalitz and others). It provides some preductions which can be

checked against experiment.

The proccsses +to consider as=:
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i ° o .
(1) Branching ratios A —s P+T
/\D — N ?'»-O

. +
(2) Branching ratios Z ey P mwe

Z'f‘ s " Ti“l'

(3) Decay-probabilities ‘ Z‘FJ
(2]

(4) Decay probdabilities .
(2]
(=°)
(5) Branching ratios ";;+ I Lo (i

,c+ —n-o T‘-ﬂ Ti“f’

o PR
(6) Branching ratios 65 —_— T
@? —> TOT°

(7) Decay probabilities F oy tWe
@;’ — T

There aré many ways to state the AN (T\ ::l-z rule precisely.

Statement U)‘I‘hb decay Lagrangian should transform as spinor in isotopic-

space.

Statement (2) Equivalently, in any decay, a particle of T = I/2 Ty= I/2

is emitted while charge-independence strictly holds. This particle carries
no energy and momentum and has been called a spurion(s)

Consider process (1). This may be pictured as the reaction

A+ A s paT”

m+T°

[+
where /4 is the anti-spurion absorbed by /1 and charge~independence holds.
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Using the methods of the last lecture
(41514)
(}1sl4)

where Uk)

Thus

H

a(l) (§11)
&) (1L = 5 ag)
‘f)TT‘ ) ‘Qr') = \71 Tt )'

"
oot 71
2
~~
Pl -

i

i

This seems to be experimentally verified

consider (2) and (3)

qu—n

/.S+Z+__..> %+TT+
‘ b+ rro

;g.i“z”.___.) 1’\1"7‘_

This is exactly analogous to the case considered in the last lecturs

P+ T~ —» K +E7
.0 7}

——— K -(»—2

p +7T , Kkt . 57

so that

(£+..;’nﬁ'+),ji : (22424}"“} pw"})"% P (2T mwT)?

= (%) a2 M) w (R 3 ()

% 2

Clcarly a [S»laz~inequality exists between
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+ +’>i . o tﬁ - P
(ﬁ: _— MT ) ) (Qii — P }) and (E. - T V%

This seems to be checked experimentally . To obtain more definite results
we must make further assumptions about the decay-process.

(1) Assume T (time-reversal) invariance of the S-matrix .

(ii) Also for simplicity assume P-invariance and 3 to be (I/2 = )particle
so that the final pion-nucleon state is an S-state. We shall relax
assumption (ii) shortly lent for illustrative purposes it is convenient.
Then Takeda has shown that

W (T)  m La(T)er s

wher: &T) is the S—wave pion-nucleon scattering phase—shift in the final
state and Q(T) is real. At the energies concerned in S-decay, ths S-phase
shifts are small and thus A (T) == EQ(T) (a» real)

If & is (I/2 +) and parity is conserved d (T) refer to P-phase shifis
but even these are small (< 1I5 )and can be neglected. Thus with T and
P conservation wé have the result

-
b3 + - ey B v
— T e = q(2)+ﬁa(“i}+ Q(‘Q_)O.(,%)

- pPT° o 2‘( ) + a"'(?’)_a( )a%)

u

& 5w’ o % &2(’5/&>

St s ot
+ — P 7e
~ 2, it is clear that there is a definite discrepancy

~ 1

From the known experimental results

and & (xt)
b (£7)

and no numbers( I/2 ), .a( 3/2 ) exist to give the two experimesizl

results,

Feld (Pre-print) has recently pointed out that there is no
reason to assume parity-conservation in these decays,so that irrespective
of whetherl is (I/2 +) or (I/2 -) particle, the final pucleon-pion state
should contain both S and P phases. The number of ampliiudes describing
the decay is doubled (oLS(T),okP(T) i rather than merely ok (T) ) Je
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Write
ol (li) = Qe“y'
.lims(%) = b ei&'
() = a 51 et (Sun)
Lo(3) = ©3 o6 )

bl

ay, b are arbitrary pure imaginary constants. §1 ) 32 are real constants
which measure the degree of parity non-conservation in the decay and

is a phase factor whose magnitude gives the degree of break-down of
time~reversal invariance in the decay. The introduction of('? is necessary
since on account of the PCT theorem, P-visintion implies that either or

both of T and € must be violated. In particular if PC is conserved
T}:O y if PT is consaerved U :Tr/l’ and if only PCT remains o < N <Tt'/z .

To obtain the decay-rates one must integrate over all angles.
After this integration thers remain ro $erms corresponding to interference

botween s and p-statess It turns out that the decay rates are indenendent
ofrl as well.

Setting J; : 53 - &, = 533; o) obtain
w(E) = 3 £30+8")
22

w (7 pT7) = /s o (I +§?’)+2/362((+§2)+Z,[%.ab(\+’§"§)2>
W(ET o mTr) 2 Y5 at (14 ¥° )7 @Z(Wj’gi) W2 b (14, )

Pold makes the'naturalassumption é g 3 it turns out then that the
two experimental ratios can be fitted with % - - "{52 =+ .7
and G/b YS’O « Feld gives reasons for believing phat these particular

- values ofg’ , and gz( 7[) correspond to maximmm parity violation in
the decay process concerned.
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To calculate (5),(6) and (7) it is perhaps easier not to use the"spurion”
but to proceed directly. '

Consider process (6)

From 4 | T| = I/2 rule the final state can only be a T = 0 or T = 1 state.

If E(ﬂ,’ E(?—) are two iso-vectors referring to the two final pions

. - + -
? = O corresponds to IE(‘) . ‘35(7*) z 'ﬁ-+(| YT () +T ()W (+)
| + 17O (1y TO(2)

T = 2 corresponds to W (YA T (2)
Assuming that © has zero spin, the final-state wave function must be
symmetric. Clearly no symmetric wave function exists for T = 1 case.
— - + N R :
For T = O, the wave function for W' T N NON, (?—)*77*(2.) I 2)%;
LTRING 1 Pt

Reading from (‘T =0 )T (1) .7 () = \[5 X AT
— w7 : ‘

it is tclear that =z | ==
—— -TTO + _{TO l

O° s mtem” (\;’E)Q:Q

The oxperimental result(with a large errsr for this ratio is ~As 4 or 5

and seemingly irreconciable with 2. This is the first clear-cut failure
of the rule AlT|= I/2 we have encountered so far. Wo, sihall come back
to this later.

Consider process (5) -3

Assuming 1;+ spin zero, Dalitz has given arguments(bazed on barrier
penctration factors, see Steinberger's lectures)to show that the firal
pion wave-function should bve totally symmotric.

From A |T[=I/2 rule, the final state must hav

306



- 19 =
T = 1., With 3 iso-vectors

7__7/ (1), TI (2), E (3) a symmetric T = 1 state
COI‘I‘GSPOYldB to ,‘.T(!) {:,WJ(Q.) ) /'T(?)):s - Tf(l) [Tl (5) . /'\'/(‘> ]
+ T;(s)[?‘(t). ’ﬁf(l)]

For Tf+ decay, it gives

\_}55%) () () + 7 ()T T3) + T T ) 5\}

o — O ¢ ~- _&’_'
= [/’2 rtyat ) 3) +. +...}+[Tr () T T Bk J
Va
+ B .
- -

( 2N
T = ! <T) = 4

_...._._’ "
The experimental result is neaver 3 and this is accounted for by

Clearly

f e e T S
the smaller phase-space volume available for the 1 TTTTT gtate as

-0 o + a ..
against t L 10 s the smaller veclume of phase-space arising
from the fact that t is heavier than TT° .

Consider process ( T) -

From O] T| = I/2 rule spin zero K ¥ san not decay at all inio
two pions. This is because there does not exist a symmetric final state
of two pions with T = 1. Clearly a small admixture of Al'r[= 3/2 is
necessary in order that P§+ﬁecay at all into two pions. This is at once
a groat point in favour of the A(T@= I/2 rule ( in so far as Kt s very
much longer lived than K° and no otker "nahtural' explanation of this
exists) and also an ambarrassment.on account of the arbitrariness intro-
duced into the situvation. It was already clear frca lack of agreemont
of ? —s T 1™

.._.9‘1.70,‘.,.”70

ratio with cxperimont

that some A{T'= 3/2 admixture would be necessary.
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It was hoped that the same admixture might also give the correct ratio
KY —s ot w©
o bl
el S— Z {i
Calculations were made by M.Gell-Mann (Il Nuovo -Cim.5, 758, ( I957)
‘and R.H.Dalitz (Proc.Phys.Soc.69, 527, (IS57)) to see if this is the
case , but their result is that to fit both (5) and (6) not cnly is i%

necessary to have A [T|= 3/2 but aleo A[T[= 5/2 admixture.
That a* all events the AIT‘ = 1/2 rule must be an approximate rule ie

of course clear from the fact that eleciro-magnetic intersciions wonld
always violate strict conservation -laws waich refer to total isotopic

spine It is commonly stated that the viclation of ,:“,‘mz 1/2 rule( and

consequently the cxtent of A{T.[= 3/2 admixiure) would be proportional
to A = Ti?: in the matrix elements. This is fallacious Lfor +the
7

following reason. Eleciromagnetic inteructvion is supposed to produce

the Ti'*, TT° mass difference, which is considerable and this masas Aiffe-
» rence can have 'a large effect on the matrirwslcments of for--example 97

decay to T T or 27r°%5.(We are not discussing the phasc-space Factons

here but the matrix elements themselves)

T° 0

P ) Il‘!’z

The matrix~element for process(1) is
2 2 2z -
MO;M(P/ Pg}P’L) P‘Ft""'()z,
For process (2) it is
2 pA 2 —
M. = M(p2 pE, p*) Pp, P

Here P, P, P3~ etc.are 4-momenta
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2
so that P" ™

#H
¢>

2. 2 /&/Y\ 8 2 o
= = - Z
and since O o-qg TYeTT = 2 Mc? ( 2 comes from symmetrizatio:’

& T -
We would obtain the result stated before { i.e. T _+ T - 2 )

(TRl S T
However WW . 7{— m _— . Thus
2 2 2.
Mo = ™( PYW Py Pa )
- 2 2 2 c 2y M 2 3\ ol
= M(p y P P~)+<Pa"P+ :~7;~2+<P2~{>'~>5»~«2
If for an order of magnitude argument we assume = {'+ -
o
oM M 1 ] ,
N ~ MPz ! we obiain Mo ~ Mc [5'— 2 (m Ti‘f“""",”..,»J-:.: _6_.“};
Ps + mt !
T
]

o + -
so that O s, T+ - 27
T+ TP

1.

We still have not reached the experimental valye (~4) but the fact

romains that electro-magnetic effects can meke very sizable differenceint.

Summing up, & (T{ = I1/2 rule has a namber of thipgs in its
favour; it fits A° decay ratio, it can with parity-%#olation give an
account ofY decays, it serves usefully for giving 7T decays ratios
and it gives an explanation of the long-—liife of charged K compmaret to
K°. It fails for 6;) decay but it is possible that the discrepancy sar
be resolved with better experimeants and a better calculation of electrn--
magnetic violation of A {T]= I/2 rule.

The rule of course has no deep theoretical basis.
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STRANGE PARTICLES

I.~ INTRODUCTION

The cross-section for strange particle production is about a few
per cent of the geometrical cross section, Therefore, every time a sufficient-
1y energetic Ti posses across a proton, it has an appreciable chance + about
1/10 = of producing a strange particle. If the production process was just,

for example,

ey
J

g .A‘(:

——
J i
+ H y

we should expect the N to decay via the inverse process in about

'4--""10"'2l secs.

)

2

10 x
Me

In fact, all the lifetimes are 10~10

sec. or longer (except perhaps the . ).

This is the dilemma from which all theories of strange particles
Start-

2.~ HIGH SPIN THEORIES.-

These are now dead, but it is good to mention them to understand

why one is forced to the later theories.

If the matrix elements for processes involving strange particles
increased rapidly with energy, then it would be explained why production, which
happens at high energies, was copious, whereas decay, at relatively low
energies, was slow. It was assumed that strarge particles hed high spin,
about 7/2 f . They would then have to bs produced either in pairs or in
states of large orbital angular momentum. Im the decay, the high orbital
angular momentum would provide a centrifugal barrier, which had the necessary

energy dependence,
L
The cobjections to this theory were ¢

a) if the strange particle decayed in or near mucelar matter, some of the 312



energetic pions in the nucleons % clouds-could provids ths necessary
angular momentum, Thus the lifetime would decrease. with the density of
matter. This is not observed.

b) whilst this theory predicts production in pairs, as is observed, it does
not predict production in certain kinds of pair but not others. This v»ill
be discussed later,

¢) many other detailed predictions of the later theories make one certain
that they are on the right lines,

3.~ THEORY OF GELI-MANN AND NTSHIJIMA

The strange particles are observed to occur in groups with
nearly equal messes but different charge ( $" end £, X '. K ana K7 ).
This suggests extending the theory of isotopic spin to include strange par-
ticles, and to do so in such a way that their slow decay is eonnectaed with

the existence of apuroximate selection rules.

The important idea is the following : for nucleons and pions,

we have the relations

Q= T, + 1/2 B | (1)

. ) A
T, is a component of isotopic spin, (Q is charge and B is barfon (i.e. heavy
particle) numbers. Since Cz and B are supposed to be conserved in all inter-

actions, the conservation of T, is guarantecd by the above equation, and gives
7
us nothing new, After the particles have becn assigned to isotopic multiplets,

Yhe entire content of the theory of isotopic spin is that T is conservod.

The new idea is that equation (l) should not heid for strange particles ;

s0 that conservation of T, beccmes something new, jand we have snothor quantum
7/

number at our disposal.

The assignments of T and T3 are shown in table I. Interactions
are then divided into three classes, as shown in table II. They are sago-
ciated with typical coupling constants, the number of quantum numbers
consegved -decreases with the size of the coupling constant.
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NOTES

Data frem Alvarez (Rochester 1957)

o~

+ . .,
K" mass is from U = decay

"I “only scen is cosmic rays (few
events)

r—

7 "not yet seen

22

f=6.57 x 10 °° Mev x Sec

Q=T +1/2B + 1/258

uem+4\mc

- U

p ="

Particle and anti-particle are s
shown together, and always have
opposite euu By, S ana U



TABLE II

Interaction Coupling Quantunm Tot conserved
class copstant  numbers

S [Ay _conserved
Streng 15 Q,B,T,TB,P -
Electromagnetic - Q,B,T3,P T

137
Weak 10”14 Q, B T, Ty, P

The strong interactions zre suppos2d to account for
all production processes, with a streugth very rcoughly the same as
the picn-nucleon interacticns. That electrormaguetic interactions
should conserve T3 but not T, is an extrarclaiion froim the xoown

case of pions and nucleons.

Dacays are known (neutron and pion), with a couplinz
constant of about 1O~14, in which the secondaries have no isotoplc
spin assigned to them. Conservation of T; in these cases makes no
sense. 1t is therefore a reasonable extrépolation to say that T3
is not conserved in any weax interastlon. Parity, P, is put in for
completeness, and also because it is the okly known connection of
these ideas with physical space~time. Charge conjugation, C, should

accompany P.

Although the relation teitwecn Q and T3 is no longer

equation (1), there is still a linear rolation within any charre

multiplet.This fact may be summed up by uniting
Q=T3+’I/ZB+1/ES (2)

which defines a new quantum member S. S is a couvenient numbsr to use

in practice, because it is zero for nucleong and pions Wi ncn-zero

for strange particles. However, its use is exactly equivalent to

the use of Q, B and T
&

3 together.

The first consequence of the theory is the one it was
designed for i.esthat strange particles are produced in pairs. This
overcomes the initial dilemma. They may enly decay though the weak 315



interactions (except for E:o., which can decay by electromagnstic

interaction like the TT°).
The scheme has had the following successes ¢

a) it predicted the To. This is not, as might be thought, absolutely
necessary for any theory using isotopic spin at all. Karplus,
and Yang (Phys. Rev. 101, 874) using a finite isotopic group, found

the possibility of isotopic multiplets with Q differing by 2.

b) It says that possible associated productions are
7~ + P —2A+ K°
- +
—s I *K
4 P
3 N+K +K
but not

TI" +P=—— A + A
— 5T kT
Thus double A production is prohibited, and has indeed not be seen.
Also the threshold for K production is above that for K+, and even
then a K~ can only be produced with a K*. So X*1s should be fore

more abundant than K 's, as indeed they are.

¢) K* and K~ behave very differently on scattering from muclei.
K" can only scatter (with or without charge exchange), but K~ can be
absorbed in processes like

A+ amt?t

K +XN

withhyperon production. This is observed.

a) X° cannot be the same as K° since they have different valuns of T3.
(Particle and anti-particle must always have equal and crrosite values
of T3,

consequences. If we write, in terms of Hermitian fields,

%o allow them - to annihilate). This has very remarkable

KO

1 o e}
aﬁ‘(K‘I.’-iKz),
then gg and Kg may have different properties for weak interactions,

and so have different life~times and slightly differcnt messes (i.e.

masses differing by 107 sec). Thus K, and K, may behave as

10"10
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two different particles.

This sort of behaviour between particle and anti-particle
is unique. For charged particles it is forbidden by gauge invariance,

for neutral baryoms by conservation of B, and for TTO because
m° = g7 0.

This prediction is not independent of (b). In fact,

if K° were equal to 'f(v, the known reaction

T7 + P

would lead to double A production, by using the same formula again

/f’+ Ko

with Ko garrisd aover to the other side.

The theory makes some predictions which have not yet

been verified.

o

a) The existence of = °. The likely decay = ° —— A © +77°

would be hard to see,

b) Charge independence in stronginteractions involving strange par-
ticles. Charge symﬁetrz has already been roughly checked in hyper—
fragmentse.

One feature of the theory is at first sight odd.

Bosons and fermions are treated differently. Although

T{ =T+, I whs

(it can't be for B conservation, and the masses of §* <+

are now
known to be different). Similarly, two fermions with T = 1/2 are
included, but only one boson. The reason bekind these facts is that
for fermions an_gﬁfra quéntum member , B, is available. This distin~

guishes between T ¥ and . ~ and between P and = ~, but ncthing
would distinguish 7 from 77 ¥,

This theory has had great practical successcs. However,

the important fact that Q is linear related to Ty within a charge

multiplet is only expressed by equation (2). And the number § in

this squation is introduced in an arbitrary manner. A number of
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attempts have been made to generalize the isotopic space in such
a way that a linear relation appeared naturally. Before we can
understand these theories, we must briefly consider the theory of

the representation of rotation groups in 3 and 4 dimensions.

4+~ REPRESENTATIONS OF ROTATION GROUPS.

Our treatment uses infinitesimal generators constantly,
- and is supposed to make relatively simple that part of the theory
which has so far proved relevant to physins. We speak onily of the
homogeneous groups, that is the groups of rotations without trans-

lationse.

Take first the Ruclidean rotation group in 3 dimensions.
That is the set of all operations on a set of orthogonal coordinate
axes, which keep them orthogonal and their origin fixed. Such a sot

forms a group because it obeys the three awioms of a group :

a) If R1 and 32 are rotations then the product 3231 is defined as
the operation which takes the axes into the position obtained by

applying R1 and then R2. R2R1 is itself a rotation.

b) There is a unit rotation, 1, which makes no charge at all j and
for any rotation R there is an inverse 5! such that

TR !

=1o

of square matrices, such that with any element of the gioup
is associated one and only one matrix, MR’ and such that, if
R1 R2 = R3, then Mﬁ1 Mﬂz = Mﬁ3' We also cenmsider two-valued repre-
sentations, where we allow = + M, .
) MR1 MRz - A{R}

A representation is completely reducible if every

matrix in it can be written in the form

/

— -
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where the non—vanishing components make up two square matrices
down the diagonal. For our purposes, we can call such a case .
reducible (though there is really a difference between complete
reducibility and reducibility). Obviously, then, a reducible
representation splits up into two quite independent sets of

matrices, and there is no point in considering, them together.

If we have a representation of matrices M, and we
-1 . .
replace each M by M' = T MT (where T is a ncn singular square
matriz) j then obviously we have ancther rorresceniation. Two such

representations are called eguivalent. They are not essentially
different.

3
'3

D
Cu
[
o
‘_J
o
~d
(t

One therefore sceks all inequivalais,

o

representations. We will in f=ct rfiad only these of finite crder

(that ie with finite metrices).

Cne can conviince curszli what any rotation can he
made up of a product of a sufficicnt uumber of rotations about ono
or other of the co-crdinate axes serarztoly. Lot R,o{ %) be +he

. 2,

rotation though an angle T about ths
i 1

2 W o Vi

A, = ——""-—: P\ 3 C"-' A

3 a b i

Then (1 + A3Ei) is the rotaticn tuwuuﬁn ar. irfinitesimal angle €

N
ot

about the 3-axis. Since the product ¢ twe rotations about the

() ney be made up of infi-

J-axis is itself such an roltation, Ty

nitesimal rotations, thus ¢

Rs(@*) = lim ( 1 + A&, =

Ay D
(where the exponential is defincd by

2ll rotations may be genecrated by

tors A1, A2’ A3.
The Ai obey certain computation relaztions which we

want to know. These can be found ty abstract methods, dbut we will

use an easier (though less elegant) method. We describe any rota-

tion by the 3 x 3 matrix which gives the co-ordinates of the rotated

axes in the co-ordinate system defined by the un-rotated axes. Thus
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Therefore 1 0 0
w .?’“ i ] .
N (P

Note that A3 is not itself a rotation, but the infinitesimal

rotation

(e
(1"‘A‘ﬁ):§’€ 1 !r
= VLo o4y

Using similar rotation fox A1 and AZ’ we chbtain

r P

\_1&2 , A.3] -y
§-A3 , A1} = A

1]
.
>

- (3)

L
~ e e

These are the requered commutation relations.

To complete the group we have to include rofiections.
All reflections can be made uvp out of 1oilations and any one rém

flections We choose as our basic reflection the one given by the

S
S = -1
\ =
S obeys the additional relatiouns
i

{ g

S = 1

matrix

3 b
A, | = 0,
i

(4)

IRV

Since the entire group can be built up out of tke
A.i and S, it is sufficient to seek, for representations, four
matrices M,, P, obeylng the relations (3) et (4) ; except thab for
two-valued representations we can allow

P2==i~I

(where I is the unit matrix).
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The matrices L Mi obey the same commutation relations as
the components of an angular momentum. In any standﬂrd book on quantum
mechanics, it is shown that we can make M3 and M ‘2 Mz + M3
simultaneously diagonal, with M2 = ¥ ¢+ 1) anﬁ Mz huv1ng eigenvalues
-0, =2+ coeeeee 0 -1, £ , where B is integral or half-integral,
Thus, there is one representation, of dimension 2 £ -+ 1, for each
integral or half integrel £ . It can, in fact, be proved that all equi=
valent irreducible representations cén be constructed in this way.
However, we will be satisfied to be able to construct the simplest

cases.

Sirce P commutes with all the other matrices, it is plausi-
ble that, in an irreducikle represencaticn, ? shiould be awultiple of
the unit matrix (this, in fact, follows from Sohur's lemma)e. We hsve,
then

P=%1 for single valuad repracsantations

( 2 integral)
P=%1ar X i for doutle valued representations
( ¢ palf integral)s

We can now ccnstruct the three first representations.

For K = 0, Ml = M2 = M3 = 0, and all rotations map into unity. This is

the scalar representations for P = + 1 ; the pseudo-scalar, for P = =1,

For @ =1, we can take for the M; the matrices we used ‘to
describe the rotations im the first place. ThlS is the vector ( P = - 1)
or pseudo-vector (P = + 1) repressntation. Vectors are ccluzm matrices

which transform by the matrix of this representations for any rotation,

5 e

v ooof a point

o

and thus transform the seme way as the co-~ordinates

when the axes are rotated.,
For ? =1/2, we can take
Mi=1/2 L,'Cé P =

el
3

- . \
Cﬁ_: {,; c) ey T (

+
[3
Let %= :‘} be a spinor which transforms according to
w
this representation, icet’ which, for any rotation, is multxplled by
the matrix corresponding to that representation. Then 4 j is a

«
scalar, and X; ¥ 1is a pseudo vector. The easiest way to see this 321



to consider the infinitesimal rotations (1 + € Al), under which
4 -
‘j-—-’) (1 +§‘Lt&£)j

gril. v

and verify that the above combinations transform in the correct way. The

-

<%
fact that '3 jis a scalar, means that this representations is unitory.

Consider, now the guantities iTC 3’ and ‘31& Tf;‘ ‘5., where
C = ( -1 ) and ‘5' ig enother spingr transforming the same way as .
(T stends for transpose). One may verify that these are scalar and pseudo-
vector, or pseudo-scalar and vector, according as P = Il1orP=ti,
(The reason being that ¢ ’Crf C = "t;' } . It is seen, therefore,
that one "advantage" of a spinor representation with P = ¥ 1, is that one
can form all four quantities, scelar, pseudo-scaler, vector and pseudo-

vector, Whereas, if P = + 1, one can only form scalar and pseudo~¥actore

It must be emphasized, however, that a representation exists
quite independently of other covariant quantities that one can form
with it. Prom a purely mathematical point of vicw, all four representa-
tionsy P =& 1, + i, exist on an absolutely equal basis. We shall refer
to these facts in section 5.

Now let us consider rotations in a 4-dimensional Fuclidean

space. Here there are six infinitesimal generators, A ij == A it
corresponding to rotations in each of the co~ordinate pianes (13
They must obey commutation relations, of which the following pair are

typical.

(a0 24,) =0, [‘12"25] =+ 43

: — — B o= = = y
Defining L, = A, (i =1, 2, 3), E) =253, By = Ay =By = &)y

we obtain

f
!
=
N
3

[El, Ez) = - B;; otc,
y

[Ll L,] =- Ey, etc,

{Ll, Eaj = - L3, ete.

Hence, defining G, =% (Ei + Li), H =% (Ei - Li)’ (1 =1, 2, 3),

(Gl, GZJ[ = = G5, etc,

[H HZI = - Hy, ste,
[e5 B;] =o.
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Thus the generators break up into two independent sets, each of which
has the same commutation relations as the 3~-dimensional case, In any
representation, therefore, each set is characterized by an integral or
half integral spin value, corresponding to { . Every representation is
thus characterized by a pair of integezra or half integers {g, h}
and there are two quantum numbers additively conserved, corresponding

to G5 and HB'

The representation {g, h} clearly has (22 + 1)(2h +1)
dimension. This enables as to identify the simplest ones
{0,0} is a scalar. {%, 0 and{o, -1} are two different types of two
component spinor. { 1y (% is a self-dual skew-gymmetric tensor.

{%, %} is a vector.

Let } and ’Vt be spinors of type {v}- C\} and {O, %}
respectively. Then ?‘3 is a scalar, ‘g*ﬁi \§a self-dual skew-symetric
tensor, "'ir ')’}v enother sca\lar and "’{f" 5. M en anti-seli-dual skew-symmetric
tensor. The quantity (}’* GTmoa fx”-}.) is a 4~vector. In all these
combinations, \3 may be ;eplaced by “E’TC . These facts may be
verified as ia th2 3-dimensional case, but ther may be remembered by

means of the rules

-lr,o} x {4 0t = '1,01 + fo,o‘
AP B R

These rules are special cases of the fact that the quentum numbers g and

il

h combine seperately in the came wzy as angular momentum in 3-dimensions,

i.e. according to

N
. . !
{Elx {Q'B = {Q + L} + {?_ + £ - lj F aane (je-ﬁl)
We have still to consider refleciions. We choose as the
basic reflection;

-1

-1
S= -1
1

(Notes that [ =1 is not a refleciica but a rotation).
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The commutation relations for S are more complicated than in 3-dimensions 3

SA4i+A4iS=0 (1-“-1,2,3)

SA'J.Z-AIZS = 0 etec

Therefore

-1 1H S=G

5 ¢ S=H, s™ i 4 (i=1, 2, 3).

l

It is clear, therefore, that, when reflections are included, the Gi and

Hi are no longer independent. {Ll, } is no longer a representation,
but we have to take the sun {l, O\ {O, 11, o Similarly, spinors
become 4-component, j-g, 0 ) f O, -5-)( » We shall not pursue this
further here.

Now consider 4-dimensional Lorentz  space., The commutation

relations are now :

o -

[Alz, A23j = ATL} ete, but ELAM"Q A 42 l = - AI?) ete,
We define Li and Ei 3 before, but now put

Gy =% (B +3L,), ' B, o= f (B - i;i).

These G, ard H, obey the same commuation relatlons as before. The re-
presenta’ions are rharacterized by { g, hl as befcre. An exanmple of

a f\l, 05‘ is the combination H +1E of electromagnetism,

321

¢ H ’
If, again, 3 is a {%—,0} and )'ZJS& { 1] , One
L
r 3 =0 that, in contrast %o tiie Eveli-

may verify that t f..s not a scalr

_ Y (v
dean space, the repressatations is ot unitsgve In fact ;’ 'e') and Cf

Foas T AT -

are scalars, &va "‘i T g exd 5 € Lo 3 ere sel .~ duval anc_-sy":.fmd

2 P el W '\,24" N .

tensors, and(”a “‘{t i, “3’ ; } is a ¢~veclor. Trese facts are coagis-
2 4 \

" - ¢ e a4 s
tent vith thewm}:;les {-'5, 0y x }{ 0, %} = {\’2, -12-} , if 1% i3 reno=-
3. L8 (¥
gnized that 5 transforns lilke ¥ not like ,t .
L o

Space-inversion, $, makes the same c;hanges as in the Lucli-
dean space. As an example, H + 1 B has to be repiaced by the six real
quantities F {1, } + [ 0, ly Ya S:,M:*.*r_;rly, 2-component
spinors have to be replaced by 4 ccmpomn’r spinors, which can be taken
real (Majorans representation) in compleie analogy with L 5°
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5.~ FORMALISH OF D'ESPACNAT AND PRENTKI.
We now return to the question raised at the end of sec -

tion 3. First we replace equation (2) by

Q=T +1/2U

where U is an additive quantum number, whose existence is to be
"explained". It takes the values O,i 1, as shown in table 1.

Isotopic spin space is generalized to include reflections.
Then as demonstrated at the beginning of section 4, representa -
tions with T = O or 1 can have parity p = ¥ oand representation
with T = I/2 can have p = = i. p. is not an additive quantum

number so we define

-y

U i LU

p=1i = eld

Then U is additively conserved mod.4. I{ is then asgumed that
the Lagrangian for the sirong irteractioas cuntains cnly Yakawa
like couplings, with the values of U that have been used, that
U cannot change by more than 3 in any elementary interactiou,
and is therefore conserved.

Thus, if only scalars, pseudo-vectors and spinors with
P = i occur, and if they interact through Yykawa-like terms,
then the exists a quantum member U which is additively conserved.
D'Espagnant and Prentki stress the assumption that only scalars
and pseudo-vectors occur; but not that only spinors with p = z
i.occur. As explained in the last sacticn, these spiners ,although
they may have practical advantages, have no priviledged position
over those with p = ¥y,

Now consider the.opeggtor

| x.-ﬁQ - G‘(,Ti !3' P
Since e”Iﬁ '3 is the representative of a »ciation through TV
about the 3-axis, eﬁ’vrgrepresents a raflection in the (IZ2)plezne.

Perhaps the best way to state the impertant point about
this scheme is to say that, if e‘xﬁ @ is to be interpreted as
the reproduction operator in the (I2)-plane and if Q is to have
eigen-vales + 1, O, then only scalars, pssudo-vectors and spiners
with p = % i can bo allowed. From this point of view, there is a

gap for a boson with T = O. ( Phys. Rev.102, I684 ( I956)). 325
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6.~ INTRODUCTION TQ OTHER FORMALISM S.

Other schemes for the strange particles have been proposed,
most of them using, explicitly or implicitly, a four-dimensional space.
The purpose of this section, together with section 4, is to provide a
background to help in the understanding of the literature omn this subject,

The earliest 4-dimensional schemes were invented to provide

an interpretation of the quantum number S or U. Pais wrote

= A

where T3 and Té are the thirds components of the angular momenta corresw
ponding to the two sets of generators G; and H; of sectiocn 4. T3 vas
identified with ordinary isotopic spin. The trouble with this scheme
was that it predicted the existence «f doubly-charged particles, and

others, which have never been seen.
Salam and Polkinghorne wrote :

Q:T3+T§

and used only single valued representations, The trouble with this
scheme was that N and -= werecombined into one 4-vector, with no

explenation given of their mass difference.

Schwinger then proposed a 4-dimensional scheme, which he
has since withdrawn znd replaced by another. This is very similar t{o
Gell Mann's new ideas, which we shall describe first. (Schwinger, Phys.
Rev. 104, 1164 (1956).

Gell-Marm stwris by drawing some conclusions he believes ‘ame
indicated by experiment. He assurmes that all mescons have spin ¢; and
all baryons have spin 4. The parity of all particles with S = 1 ie
inaccessible. In strong interac;}cns, S is conserved, and so in any
parity assignment a factor (~l)b can be anerrue’ withovt altering the
conclusions. In weak interactions, there is no reason to suppose that
parity is conserved. Therefore, !V’can be eonventionnally assigned the
parity + 1 (velative to P and N). The parity of the L. 's and K's is

then a matter for experiment.
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Gell-Mann asserts that photon-production of K-mesons, and,
in fact, all strange partlcle production reactions (part:.cul:trly hJ.gh—
energy jets) point to a weaker coupling of K~mesons than Tr-mesons. It
is kmown that photoproduction of pions at threshold affords a direct

> 1 PN r Sad
measure of the pion coupling constant, 3 - / 4T a 5

For K-mesons, the experiments are supposed to give a consi-
derably smaller value, perhaps c% X /4,“"‘ 1 (The comparison may not be
valid unless the K is pseudo-scalar).

Now consider the A -nucleon force, as indicated by hyper-
fragments. One possible mechanism is

A K N

If the K coupling is small, this will not be the dominant mechanism.

The other possibility 1s N A
' w
AVAWAWY,
Z L
/’\/\,
/7 X

Provided that the pion couplings here are of the same strength as the
pion-nueleon coupling, and provided that the parity of ')_: is 4+ 1 this
vill give a similar potentisl to the two-pion exchange term in nucleon-
nucleon forces, Thus (if we can attach some rough meaning to this way
of calculating), the A N force will be similar to NN force, but some-
what weaker and of shorter range (since there is no one pion evchunge

term). This is supposed to be consistant with hyperfragmsni data.

Thus, Gell-Mann concludes K-mesons are more weally coupied
than pions, and that nucleons, A and ¥ have the same parity. In
opposition to this view there is the fact that K" seatterin g seems to
be large, and Marshak's considerations about . ¥ mass difference
(see below).
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Arguing from these considerations, Gell-Mann divides the
strong couplings into V S (pion couplings) and M S (K couplings). In
a generalization of table II, he suppuses that V S interactions exhibit
greater symmetries than M S ones. Thue, he first supposes the K-meson
couplings turned off, and thsn looks for nexw symmetiries among the

remaining couplings.

The simplest possible pion couplings may be written (lesving

out ¥ -matrices)

- % - P S
4N TN U P I\ ;ig ,‘EZ + ¢.c.

* — s
TS K" S 9 - ~ o
- / Ao . 4 —_— L - b1
I NP I U A = L

According to Salam, charge conjugaticn implies that the four g's mey
be taken real (Nuc. Phys. 2, 173 (1956)). Define two 2-component quan-

tities . / G
R < —
< i
Loy / /. .4""" _...f{.._..
— AR | H i
— « © ¢ b N
\ o+ A
—r— m—— /, {-ﬁ; -

Then, with a suitable choice of the g's, the above interaction Lagran-

gian may be re-written as
{ 3 >
TN Y L

Gell-Mann therefore assumes that the lLaryon mass splittings are due to

¥ 1] s K S )
d —~ ~ " -
CoY o4 . T o }.Ti

e a4 P

<™
£ L
~S

g

“+

E\

the K-mesons, and that when these are turned off, the four doublets

have a common mass and identical interactions with the pions,

At this stage the symmetry between the four baryon doublets
is a purely formal one. However it is certainly possible to corbine thea
into two 4-vectors in a four-dimensional space. This has been ione, for
instance, by Schwinger.

Gell ~Mann then deduces certain consequences, by turning .oa
the K-meson interaction and calculating it in second order perturbation
theory (but taking into account pion interaciions exactly). Let ¥ be
the mass of the baryons when K-interactions ave switched off. Then, to

seeond order in K-interactions
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mzomoe (G, 395, )T
Mz= M +~{9;Ax +3‘3~:rx)
My,s M "SL( EfiAyt + 3 ZA )
Mez M 2ol By 9wk )T

where I is the same integral in each case. Thus, whatever the valuss
of the gK

M

N M

+ M - at 2 M
2 4

I

Z

The two sides of this equation are in fact 190 Mev and 235 Mev above the
nucleon mass., Gell-Mann also deduces that, if the NN force is written
as

then , -
VIV £ - H
D'Espagnat, Prentkl and Salam have given an exharsiive
account of all the different possibilities that exist in 4-Cizensional
spaces. However, if we accept Gell-Mann's starting point, the alter-
natives can be considerably reduced.

a) It has been argued dnvery general grounds by Higgs ard by Schwinger
that only Euclidean spaces can be used ; for otherwise terms appear
in the free part of the Lagrangian with the wrong sign.

b) If the pion is to retain its identity it must be a 3-component quan-
tity, and therefaore a ~{l, 0 % representation. Therefors, reflections

cannot be included.As a consequence, thare can be only 2-ccmpcnent spi-

nors (not 4-ccmponent spinors). (See seection 4.)

Schwinger's new scheme appears to be very similar to Coll-
Mann's. He seems to assext that, if there are any groups of iransfor-
mations corresponding to internal degrees of fresdom of the particles,
then, on general grounds, the simple< groups must be the Buclidsan -
rotation groups in 2, 3, or 4-dimensions. The 2-dimensional rotations

are gauge transformations.
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Pais has revived his old 4~dimensional scheme, Corresponding
to the fact, already mentionned, that the parity of strange particles is
inaccessible, he proposed to define parity, P, so that

PS + 8P = 0

He asserts that this enables him to remove the unwanted particles from
his scheme.

(A general reference for this section is Rochester Conference
Report, 1957).

7+~ ELECTROMAGNETIC MASS DIFFERENCES.

Feynman and Speisman have shown ithat the P - N anqu*; TTO
mass differences can be understood as due to the action of charge and

anomalous magnetic moment. Their result is

oo - 21
&M =M [Io'*'ll,""“""laf"j
for positive or negative particles, and
~ 2
M =MI, p
for neutral particles. The I's are integrals whose numerical value depends

upon the cut-off used. it is the anamalous megnetic moment.

Marshak et, al. have applied these methods to the & mass
differences. For instance, they have the formula

rq‘:'—!&/‘;z"" :[114' IZ{ﬂﬁ-d}""‘)}élkju*+}i')

In ( Moy + }L*) the effects of the pion clouds cancel out (since, when
-.»+ ‘_:__"}' {“"—w —
¥ = A+ , = > A+ T ),

therefore it is very difficult to see how the observed large miss diffe-

rence can be ohbtained without involving s rongly coupled K-mesons.

The above formula for the self-imess of a neutral particle

has to be modified to include the grarh
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for the case of the & ©, This probably amounts to a factor of sbout 2.

In the course of his calculations Marshak uses the inter.os'¥ing
result

o
+ o
/..JL+ ! j}u\'- poos “’_}"’LG
which is a direct consequence of the fact that

Q = ‘I‘3 + constant

(Marshak et. al. Phys. Rev. 106, 599 (1957)).

8.~ LIFB-TINMES AND PRANCHING RATIOS. ,

The observed lifetimes are given in teble I. The following

are observed values of branching ratios (1957)

N R N 19+ .08
S
v o —
Ko= 77+ T - 44 % .06
o .
K,— 21
l-r . 7% ['O +
—— + t PR 3 7
< . H - .:’:“‘o‘)/

-+ @

S P o+ 1 7 v 4
<t 2
L. -
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The first thing to note is that the life-times of A, }:"
and K° are about what would be expected on the basis of a crude
phase space calculation using a coupling constant of the order 10‘1
(the seame value that is required for 47 , N decay).

5

For decay of a fermion (mass M) into a fermion (mess m)
and a boson (mass ui), the estimate is (using the simplest possible
direct interaction between the three fields)

"’C‘ o 33' E.'?"'m. o

where p is the momentum and E the energy of the secondary fermion,
go that

Mo\l e pt SNt e pd

r-«"" i
Por the /|, pyino and L v g 400 mov

o o
-1
n — s {0
‘ 40C x 19°'°
ey ~ "’O
For the 2.~ k300 which predicts T, v 1D agein.

For the Ki’ decay into two pions, we assume a coupling
constant for the three bwvson interaction of MK g + The estimate is

then
-1

T~ (ng)?' P

M K CJ
where p is the momentum of a pion andwwits energy. We have ) =% MK'
P o 200 ; so that again T o gl 100 Mev
Now consider the long lifeetime of KS. The theory of Gell-

2
Mann certainly predicts the existence of the two particles Kg and Kg

(see section 5). We assume parity is not conserved in any of ihs weak
decays. The situations is then complicated in general (sec Iee, Colme
and Yang). However, if C P is conserve? and kS is defined o ve the

eigenstate with eigenvalue - 1, then Kg c&nnoi decay into two pions.
The 3 1r decay mode is most easily estimated. It has the same angular
momentum states av-ilable as in Kf,ﬁ,‘1 and so should have a similar partial
life-time of sbout 107/, According <o the AT =%4 (see

below), these two partial life-times should in fact be exactly equal. 332
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(Pais and Treiman; Phys. Rev.) This same value can be obtained from
a phase-space estimate, assuming a direct four h@son interactions. In

a non - relativistic approximation for the pions, this gives

2
-1 a1 -
,-t A 9 i_{\.:’.-:;‘“._}fl ‘:‘__J fdi)o ?"",’eg
™
7

T ~ 10 sec

The branching ratios in the Kg decay are not known at present, but
the 31Tmode seems to account for only the smaller part of the decay,

p . . (o] o k) 3

the remainder being K2 e, ard Kéf¢3 .If this is so, the lifetime should

be as short as 10 - sec., in poor agreement with experiment,

Next consider the long lifetime or the K. The easiest way
to explain this is to invent the {approximate) selection rule AT =+ +,

fer weak decays, This implies A T5 =2 %, and therefore that the
decay _=_ —> N+Ti is forbidden, which is consisteut with observa-
tion. We shall discuss the consequences of *his rule below. But first
we note that it is hecessary also to explain why the Kﬁﬁ’z partial
life-~time is elso long. We make a cxde phass-space comparison iith
T *wé }44-+ ) decay, For decay of a boson (mass M) into a meson

(mass m) and a neutrino, the simplest direct interaction yields 3

Tx -1 ~ V) ;’_.“L
f\} i o
AN
S
where p is the meson momentum, p ==2L~9M‘ = .
The two values are -1 TS
! ‘ \) r—- l_:’
Ty ™~ 9
Ve - ‘ ey ~ 3"
EVRN VI A
K
Thus, on this basis, we would ezpcct
Pt , -G
K. 50 W

vwhich is a little short. If, fcr irctance, ths decays proceeded by an
intermediate baryon loop, this would be an argument for having K-mesons

rore weakly coupled to baryons than %7 -mesons.
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Now consider other consequences of the rule [\ T = % 4. If
this is assumed, there is, in f\ decay, only one final channel, with
T = 4, and the branching ratio must be

A— N +T7° 1
N—= P +17 3

in excellent agreement with experiment. Similarly, in Kl T2 deczy the

!

decay chamel must be T = O (smce T must be even), and so

> =5 9T A

K,
"

K — 17 +T7 2

——

This is not in good agreement with experiment. Hov.zever, the selection
Tule can only be approumate in auy case. It hazs been shown that the

observed value of ,_‘; and the observed value of ;\aove branchinz ratio,
agil.? we allow an admxture of about 10 % of both AT = 13/2 and

AT= ¥ 5/2. This is rather a large admixture. ard the selection rule
looses much of l;?ti'activeness.

For X 73 decays the rule makes no definite predictions,
since a state of T = 1 can be made up from three pions in an infinity
of ways, However, if the spatial wave-function is completely symmetric
in the three pions {as im suggested by the distribution of points in
the Delitz diagrem), there is the unique prediction

— 3 - -
K = T +77 +717°7 4

- Taking account of the different quentities (M - 3 /.,.)2 and (M - M - 2 /u.,)z
appearing in the phase space this ratio is raised to 1/3; in azreement
with experiment. ( Dalitz, Proc. Phys. Soc. A 69, 527, (195%)).

In the case of % there are two final channels, T =+ and
3/2. There are also two measurable quantities, the ratio of the life-
times and the branching ratio in + decay. .79 analysis is complicatéd
by the interference between the two'channels, which means we have to
know the relative phases of the amplitudes. Takeda has shown that the
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amplitudes are of the form ca.eLf where . is real and b is
the phase shift for the scattering of pion on nuclecn in the re-
levant final state. These phases are known, and actually, at the
energy of decay, are negligible ( since T = 3/2 states are not
involved). (See Takeda, rhys.Rev.IOI, I547 (I956) ).

¥sing this method of analysis, Fsld has shown that, assu-
ming parity conmervation, the two measured quantities cannot be
fitted without a very large violation of AT = b I/2 (about I/3 ).
Bowever, if parity is not conserved, both S. and {? waves are
possible for the decay particles; and so more a's are at our dis-
posal. Feld obtains a fit with maximum parity‘non—conservation,
and (4 + ¥ ) appearing with A T = + I1/2 and ( 4 = 75’,; )
with AT =~ I/2 ( or the other way round). (See Feld,Phyx.
Rev., to be published). This may possibly be thought to have scme
connection with the ideas of Pais, mentioned ai the end of section
S

The lifetime of s ° estimated from an interaction

o

e ( b )l A A 3 F;u,i is
— -t 2 ' -20
T ' & tev ol C N~ A0 sec

This beyond the reach of present expsrimental technique, but the
[

lifetime of T = estimated in the same way is compatible with

experiment.

e +

We make no discussion of the }{ ) and | K e
decay modes. Most, if not all, of thcse are ' * E; +3 +77°
Decays into £ 4vand into }Lﬁ'+ e:, waich aré‘gMELEEéi possivle,
have not been seen. The decays TT ~ —3 &1+ YV and 7 e’ +i+¥

are also known to have at most very small probabilicies. The
latter is particularly puzzling as it would be expected to follow
from a tenser term in neutron beta~decay.(Treiman and Wyld, Phys.
Rev.IOI,I55, ( I956) ).

The following theorems of Lee, Ochme and Yang are rele-

vant to strange particles. Using only TCP theorem ( i.e. not assu-

ming T.C.P.separately.): 335



a) Masses of particle and anti~particle are equal ;

b) Lifetimes of particle and anti-particle are equal to second order

in weak interaction coupling-constant.
UsingCPor T ¢
( €) the probabilities of, for instance
- o - S +
|<§’-—9€f+’°+'ﬁ' omnd. Kg'ﬁad—g'l'rﬁ‘

are equal. However, I believe this is not a very good test of T, since
with the lifetime of K?; being so much longer than K?, these probabi-
lities would have to be mozxrly equal anyway.

336



	chamberlain_antinucleons_7.1.pdf
	levy_physique_7.2.pdf
	polkinghorne_pion_7.3.pdf
	rosenfeld_scattering_7.4_online.pdf
	I. SCATTERING PROBLEMS II. ELEMENTARY PARTICLES
	TABLE OF CONTENTS
	PART I – SCATTERING PROBLEMS
	CHAPTER I. CLASSICAL THEORY OF OPTICAL DISPERSION
	I – Introduction:
	2 – Optical Scattering
	Untitled
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)

	3- Energy Transfer In Optical Scattering
	Untitled
	(12)
	(13)
	(14)
	(15)
	(16)
	(17)
	(18)
	(19)
	(21)
	(20)
	(22)

	4- Scattering Amplitude and Scattering Cross-Section
	(23)
	(24)
	(25)
	Untitled
	(26)
	(27)
	(28)
	(29)
	(30)
	(31)


	CHAPTER II.- THEORY OF OPTICAL DISPERSION
	I – The Correspondance Argument
	(1)
	(2)

	2 – Natural Width of Emission Lines.
	(3)
	(5)

	3 – Dispersion and Absorption
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)
	(15)
	(16)
	(17)
	(18)
	Untitled

	4 – Time  Directedness of Propagation
	(19)


	CHAPTER III – SCATTERING OF PARTICLES BY SHORT – RANGE POTENTIAL
	1.- Introduction.
	Untitled
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)

	2. – Scattering by an Impenetrable Sphere.
	(15)
	(16)
	(17)
	(18)
	(l9)
	Untitled
	Untitled
	(20)
	(21)
	(22)

	3.- Green's Function and Integral Equation for the Scattering Problem.
	Fig.l
	Fig.2
	(23)
	(24)
	(25)
	(26)
	(27)
	(28)
	(29)
	(30)
	(31)
	(32)

	4.- Characterization of the Resonances.
	(33)


	CHAPTER IV. SCATTERING OF PARTICLES BY SHORT RANGE POTENTIAL (continued)
	I. – Dispersion Theory of Kapur and Peierls.
	2. – Dispersion Theory of Humblet.


	PART II- ELEMENTARY PARTICLES
	CHAPTER I. FERMIONS AND BOSONS.
	I.- Introduction.
	2.- Fermions and Bosons.
	3. – Fermion families

	CHAPTER II – TRANSFORMATION PROPERTIES OF SPINOR FIELDS.
	1. – Introduction.
	2.- Continuous Transformations.
	Untitled

	3. Discontinous Transformations
	4.- Isobaric Spin.
	Untitled

	5.- The Neutrino.



	Illustrations
	Illustration p. 5
	Illustration p. 4
	Fig.l
	Fig.2
	Illustration p. 62

	Formulas
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)
	(15)
	(16)
	(17)
	(18)
	(19)
	(21)
	(20)
	(22)
	(23)
	(24)
	(25)
	(26)
	(27)
	(28)
	(29)
	(30)
	(31)
	(1)
	(2)
	(3)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)
	(15)
	(16)
	(17)
	(18)
	(19)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)
	(15)
	(16)
	(17)
	(18)
	(19)
	(20)
	(21)
	(22)
	(23)
	(24)
	(25)
	(26)
	(27)
	(28)
	(29)
	(30)
	(31)
	(32)
	(33)


	salam_strange_7.5.pdf
	taylor_strange_7.6.pdf
	ADP559.tmp
	Les Houches 7 - 1957 

	ADP33.tmp
	Les Houches 7 - 1957 




