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ABSTRACT

Thérscattering of photons of 100 toIZOO Mev from protons and deuterons
is éxamined in a model in whicﬁ it-ié assumed that only electric and magnetic
dipole photons scatter.‘ Two dispersion relations derived by Gell-Mann,
Goldberger, and Thirring, and the analysis of photopion production from
nucleons by Watéon, Keck, Tollestrop, and Waiker, are used to guide the
theoretical prediction of differential scattering cross sections. Several
s épproximations are madé, including the impulse approximation in the discussion

of photon-deuteron scattering;‘the accuracy of these approximations is
estiﬁated. In this model the photonéproﬁon cross secfion, and the sum of
the'elastic and\iﬁelastic photon-deuteron cross sectionsvare largest-at
‘backwgrd scattering angles. Several feasible typeé'of photonwdeuteron

scattering experiments are discussed briefly.
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I. 'INTRODUCTION

-

Photons of energy in the range 100 to 300 Mev may be'used to probe
the pionic structure of nucleons and of .complex nuclei° In the past few
years many laboratories have attacked the problem of measuring the elastic

9 93[4'

scattering of‘hlgheenergy photons from nuclei; " . progress has been

slow, however, because the photon-nucleon scattering cross section is

extrémely small, on the order of (eQ/Mcz)2 ~ 1l.5x 10n32 cmz/steradiénn‘
Experimentai cross sections for high-energy photon scattefing from various
nuclei are known at present only vaguely; though it appears thaﬁ.thg
measurements may be improved significantl& in the next few yeérso'

Two different models 6f photon-proton sc;ttering predict that the
pionic contributions to the differentidl cross section should be small at
energies below 100 Mev and should increase rapidly in the energy range 100 -
to 150 Mev,596 The éXperiments of Oxley and Telegd12 tend to support the
conclusion that the 100-Mev cross section differs by iittle from the

prediciion of the Klein-Nishina formula modified by the inclusion of the

1 Pugh, Frisch, and Gomez, Phys. Rev. 95, 950 (1954).
2 C. L. Oxley and V. L. Telegdi, Phys. Rev. 100, 435 (1955).
3 . .
Gomez, Pugh, Frisch, and Janes, Phys. Rev. 100, 1245 (1955).
L Janes, Gomesz, Pugh and Frisch, Phys. Rev. 100, 1245 (1955); Larry Higgins - .
and Burton J. Moyer (private communlcatlon); several other groups ‘
have also worked on this problem.
‘GellaMann Goldberger, and Thirring, Physo Rev. 95, 1612 (1954). This
paper (and its authors) will be referred to by the symbols GGT.
¢ ! .

"R. H. Capps and W. G. Holladay, Phys. Rev. 99, 931 (1955).
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Pauli anomalous moment. Piohic effects are important for energies greater
than 150 Mev also; however, the experimental ﬁeasurement'is more difficult
in this région because of the background of high-energy gamma rays produced_
in the decay of photpproduoed neutral pion_s° Since the energy resolufion'of
ﬁresent gamma-ray detectors ié not verylsharp (about 30 Mev), the neutral-
pion~production events may be separated from.scatteriné events only if the
angle or enérgy (or both) of the recoiling nucleon is meaéured with a fair
degree'of acéuracyw Above 150 Mev the theoretical analysis also is more

complicated because recoil effects and effects of high angular momenta are

" more important than at lower energies. In this work we shall concentrate

primarily on theuenergy range “ 100 to 190 Mev.since pionic effects should
be noticeable in this region, yet the experimental and theoretical treatment
is not excessively complicated,‘ |

 Since pure neutron targets are not available, one can determine the
photon~neutron cross section only by analyzing @he results of scattering
from complex nuclei. Such an analysis can be made in a simple manner if the
impulée appfoximation7 is vaiid for this process. The deuteron representé
the most suitable nucleus for.application‘of the impulse approximation, since
thétaverage separation between.thé prétbn and neutrdn is relatively large,

and the deuﬁeron wave function is known fairly'aécurately° In Sections III

and IV of this paper possible photon-deuteron scattering experiments are -

-

discussed, and the validity of the impulse approximation is estimated.

7 G. F. Chew, Phys. Rev. 80, 196 (1950); G. F. Chew and M. L. Goldberger,

Phys. Rev. 87, 778 (1952). Several réferences to previous works on the

impulse approximation are given in the work by Chew and Goldberger.‘
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The theoretical prediction of photon-proton and phofon—deuteron

scattering is greatly facilitated by the use of dispersion relations.

'Gell-Mann, Goldberger, and Thirring. (GGT) have derived dispersion relations

for the spin-independent and spin-dependent forward photon-nucleon amplitudes,
and have showed that the spin-independent forward amplitude (the coherent_
amplitudeb’may be determinéd‘to a high degree of accuracy from a knowledge'

of the bghavior as a function of energy of the total cross section for
productipn»of pions byAan unpolarized beam of photonsg5 Since the publication
of GGT many authors héve deriﬁed various dispersion felations for pion-nucleon
scattering°8 It appears that the various technigues used in these works, if
applied to phoéonenuclebn scattéring, may enable one to determine approximately’

the differential cross sections at all angles from a knowledge of the

dependence on energy'and angular momentum of the photopion»produétion Cross
sections. The anhlysis of.Watson et al. has shown that two mechanisms |
predominate in the'photopfbductidn ffom.nucleons of pions at energies less

th;n LOO Mev; first, the pro&uction of an S-wave pion by an electric dipole
photon, and second, the production of a P-wave pion in a state of tbtal

angulaf momentum 3/2 by a magnetic dipole ph‘ot‘om9 Thus, our present knowledge
justifies the use‘of two separate disﬁersion felatibns in the prediction of

the photdnmnucleon scattering cross sections. In this péper the two dispersion

8 M. L. Goldberger, Phys. Rev. 99, 979 (1955); R. Oehme, Phys. Rev. 100,
1503 (1955) &nd Phys. Rev, 102, 1174 (1956); R, H. Capps and Gyo'Takeda,
Phys. Rev. 103, 1877 (1956). The work by Capps and Takeda contains many
references to other works.

9

Watson, Keck, Tollestrup, and Walker, Phys. Rev. ;9;,‘1159 (1956)-.
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relations derived in GGT and the analysis of photoprcduction of Reference 9

are used to help make such a prediction. A dispersion relation is used for
the furﬁher purpose of estimating corrections to the impulse approximation
in photon~deuteron scattering.

The basic assumptions of the presenﬁ model are that the dispeféion
relations are valid; and that only electric and mégnetic dipcle waves are

impertant in photon-pion-nucleon phenomena at. low enérgies° This latter

'aSSumptioh depends on the assﬁmpti@n that only S- and P-wave pions are

important for low-energy pion-nucleon phenomena. In addition to these basic
assumptions several approximations are made, such as the impulse approximatiocn
in the case of photon-deuteron scattering; the accuracy of these approximations

is estimated.
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IT. SCATTERING FROM PROTONS

" , A. The Differential Cross Seétion

The forward amplitude for the scattering of gamma rays from protons

in the laboratory system may be written in the form

f | v A o v . :
Tﬂ (kl) = Al(lfe)ﬁ_,,‘& # 1 B[(kl)g eX e . (1)

where A and k are com lex functlons of k the ma nltude of
Z( () 1( 2) D ( 9 g

the momentum of the incident photon. The vectors e and EL are the

o

polarization vectors of the incident and scattered photons, and o~ is the

spin operatoffbfﬁthe proton. The subscript ,e is used to denote amplitudes
and momenta that are to be measured in the Iaboratory system. Gell-Mann,
Goldberger, and Thirring5 have shown that the amplitudes AZ and %(

satisfy the following dispersion relaﬁions:

B T C U R = ég g @

. i : 2k . Im B (K F)
Rg [Bf(kf) - k/e BX (o)] = 7/{ P log,dkz — IFZI — - (3)

‘The integral of Eq. (2) may be written in terms of the total cross section
cﬁ}(kzg) for unpolarized incident photons, if use is made of the optical

relation;

ImAX( - (kZ/Aﬂ)c—T(kQ) - | ‘(A)

This relation is derived in Appendix A. For simplicity the constants A

Q : - and’ ¢ are taken to be unity in this paper.
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In order that we may make a partialfwave expansion of the scattering amplitude,
it is convenient to introduce the center-of-mass amplitudes A(k) and B(k),

which are related to %2(52)- and B[(%() by the equations

o

A(g) (k/g() 5/(55) ,

and

B(k) = (k/gz) Qf(gf) s

where k 1is the center-of-mass value of the magnitude of the photon
momentum. The amplitudes A , B , ‘%Z s and %ﬂ are related to the center-

of-mass and laboratory differential cross sections in the forward direction

' for unpolarized gamma rays by the equations

49 = [Aﬂz +.’B£,2
and ' , : ,
ac = 4] +]|B]" .

Since the threshold value of thé scattering amplitude is given by the

Thomson amplitude, iweog
2
Az(o) - ~e /m
where "€ and m are the proton charge and mass; Eg. (4) may be used to

write Eg, (2) in the form oo

N

2

g-i‘(k)
_ ) ST 2
G (EZ - Ke )

=

(s)

N
=

. A , : +
Since the reactions + D e A 1}"0 and Y 4= PN 4 7f . .dominate

whenever they are energetically possible, one may, to a high degree of

accuracy, replace CST% by the total cross section for photopion éroduction :

by unpolarized photons when using Eq. (5) to determine Re A(k). In GGT,
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Re A(k) is determined by this procedure; the authérs then predict the
differential cross section for gamma«proton'écattering in the energy range
0 to 300 Mev on the basis of a knowledge of A(k) and some réasonabie
guésses as to the relative'sizes'éfvéhe phase shiftsa This section is an

extension of the GGT analysis, the principal differences being that the

- effects of the anomalous and intrinsic magnetic moments are included, and

both Eq. (5) and (3) are used, together with the analysis by Watson et al.
of photoproduction, to fix the tworparameters A(k) and B(k).

It is assumed that at energies less than 200 Mev the only electro

]

magnetic waves significantly scattered are those of angular momentum one,

the electric and magnetic dipole waves. This assumption seems reasonable in.
view of the facts that the energy is small compared to the proton rest energy;
and that dipole photons aré responsible for tﬁevimportant features of phéto—.
pion production at energies less than 4LOO Mev. Both the electric gnd
magnetic waves may couple to the spin ofvthe photon to form waves of total
angular moﬁentum 1 and 3/2. Conservation of angular momentum and baﬁity
prevents transitions between these four statés; thus in thié approximéﬁion
the only noﬁvanishing elements of the cenﬂer=of=mass scapﬁering amplitude T
ar; the diagonal elements. We will denote these by T%el’, TB/QeZ',

g mg

Ty , and T3/2 where the superscripts ef and mg denote electric
] .

and magnetic amplitudes. These amplitudes are related to the phase shifts
é; (which are in general complex) by equations of the form
5 .
T. = k e sin.é;i
where 1 denotes the parity and angular momentum. Since the phase shifts

2 o
are.of the order (e k/m) 7~ 0.001 fer our problem, it is an excellent
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approximation to replace the above expression by

T

i

=1 -
~ x4, o - ®

1

Since, in the differential cross section for unpelarized particles,

there is no interference between spin-dependerit and spin-independent

amplitudes, it is convenient to work with such amplitudes. We define

electric and magnetic spin-independent and spin-dependent amplitudes by

the equations

el
2 )
88 (k)
Bef(k)

B (k)

; gllk) ,

, | e[ .
bt TB/Q (k>+ '§T

Nf=

mg(k) + %_T.mg

T3 /2 (k) $

X
2

i (7)

T

NP

£
31y, 00 <370

=

| mg
T

=

(k)

0

- 3 Tﬁ/gmg<k) -

Wl

-~

It may be shown that the forward spin-independent and spin-dependent

amplitudes, A(k) and

by the equations,

Alk)

B(k)

it

B{k) , are related to the amplitudes of Egs. (7)

,
AT W)
y (8)
B+ B oK) .

At_loﬁ photeon energies the electremagnetic field ?eels only the

\

gross properties of the proton. It has been shown by sevéral authors

that, in a gaugeminvariaht'and relativistically invariant theory, the

first two terms in an expansion in powers of energy of theAamplitude fer

scattering of a photon from a spin % particle are determined by the
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, . 10 .
charge, mass, and anomalous moment Ae/2m o the particle, To order k the

center-of-mass amplitude T is given by

ke2 2
= e ode (2 1)k e x e
T = Imii’ zljz()”"‘) TrExE,
2 2 . [ g
+ i QFn Tolexk) x (e xk)
on? | k

N

. te <z+1>[s:w seyxaimssvm:&xs«]v, ©)

where E. and Eﬁ_ are the mcmenta of the incident and scatferéd phﬁtonsg
respectivelyoll 'The last ﬁerm of bhis expressicn involves magne@ic-quadrapole
photons, and is neglected in the présept'dipole model., From thelfirst three“
térms of Eq. (9) it is seen that the low-energy behavior of the amplitude§

Ae,? 9 mg el

A, B ard Bmg is given by

i0 : ‘ , , ‘ o o
F. E. Low, Phys. Rev, 96, 1428 (1955); M. Gell-Marn and M. L. Goldberger,

Phys. Reve‘gés 1433 (1955). A somewhat similar theorem applying to
gamma scattering from complex, structured systems isvgivenby'R° H.
Capps, Phys. Rev. 99, 926 (1955).

11 : , o , . o
The anaslogous expression for the laberatory amplitude is given by

Eq. (1.1) of Low, Reference 10. The sign of T in Eq. (9) is-
opposite to the signvdf the amplitude discussed by Low; this.is a

matter of convention.



B - 2+ Lk, o - e KL

el >
%L A ~ - eZ .
ot ’V o T
k i
< mg
“ii, A ~ C ' ‘ ‘
Tk . : (10)
i ‘eﬁ 2 2

{ B & (A4 1) Ky 25 .58 e X
Kk ~ : :
Zm : ‘
where /Lk is the pion mass and A is taken to be 1.79.
At energies above 100 Mev the scatbering amplitude should be
considerably modified by pioﬁic structure effects. Since partial waves.
' el mg

corrésponding to Ty and TB,
.2

/2 - are dominant in low-energy photopion

- production; we follow GGT in neglecting such pionic structure modificaticns

ng @
in T% and - T

3/2 Then the four dipole amplitudes have the form

kv
=3
@
.
e
-t
i
Am
N
—
1
AN
+
Sad D )
a0
e
Y
s
+
’nsﬁ
[ St
+
Bm
o
;5
g

2
Ty
¥ 2 m om
| ) , (11)
72 TB/;‘%(k) - %t [% .E]fnﬁ (A + 1) ]+ £ M
{0 i -
Lk

The terms in square brackets in Egs. (11) are the threshold terms, determined

~ from Eq. (7) and (10), while the functions é;(k) and )n(k) represent
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pionic structure effects that are to be determined from the photoproduction

data. It should be noted that, in the present approximation, the amplitudes

X el
Ti s A e s B sTE s é; and )72 are all real at energies below

" pion-production threshold.

In order that thé secénd dispersion relation, Eq. (3), be useful
Im B mist be replaced by a quantity that has to do directly with the
photopion production cross éections,‘ To do thié we define partial cross
sections cr§72 and CT% yg which represeﬁt the cmntributiwn§ to the total
cross section for unpolé‘r’ized2 dipole photons from total angular momentum

states 3/2 and % respectiVelye Thus we have
CSE : 3/2 +” CYE + hlgh@r multipole contributions. - (12)
It is shown in AppendiX_A thabs-in our dipole model, Im B. is given by

L mBle) = G AME TS, 0 - )

If Bq. (13) is substituted intc Bq. (3) and B’(o) is replaced by its

value computed from Egs. (8) and (10), Eq (3) becomes
o0

m& Re B(k) - & Ke"“ | _‘L P dklv [ ﬁ/z(kv) - G%_(kﬂ)]

ome 2

k' (k" ~ k)
0 VA Y
| | (14)
As with qu’(B),’only the photopion production contribution to cy§/2 and
G need be used in evaluating the integral of Eq? (14). - It should be

2
noted that if photopion production were a spin-independent process, the

integr%l of Eq. (14) would wanish in our approximation, for an unpelarized

‘beam of dipole photons may be shown to be 2/3 in the state Jj =z 3/2 and 1/3
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in the state § = 5.  Thus, if there were no‘spin dependence, @;/2 ‘would

be'.equal to 2 o“i , - and the integral in Eq. (14) would be zero.

g‘-\ _ . | quations (8)‘3 (7), and (11) may be used to write A(k) and B(k)
in terms of known constants and the functions )’b? (x) anda &E(x). If

these expressions for m and & are substituted into Egs. (5) and

(lh)s these two dispersion equations become

Oc_/\
‘&
<
"
=
=
S
Ny

Re [Mck)-%%ﬁ(k)] - P
- (15)

e [%M(k) -3€ <k>]\ - Sd 20 - G‘1<k“>]
| | s ,

o | kg (cp' ,“-kﬂ

: If the analysis of photopion production of Reference 9 is used to determine
N @% s G§ /53 and &3 , and the integrals are nwne'rically,integrated,,
/- : z ‘
(15) determirnie Re 07)7 and Re 8 as functluns of the energy. " The
results of such a pronedure are shown by the oOlld curves in Fig. 1.
The imaginary parts of ?7 and 8 alsoc may be determined from
thé photoproduction .dat,.ao Taking the imaginary parts of Egs. (11), we
obtain . .
- ‘el mg
m ' = ImT = O 3
Im_ T3/2 = Irﬂ T% o= 3
(k "k).Im Tle (ez/m) 5
\ig/ m AL = A€
N ) . .‘, /\ Ing 2 I
, K,/kjIm T, = e /m
. | - (kp/K)Im Ty = 2 (e )777
"’ If these equations are combined with Egs. (7), (8), (4), and (13), the

imaginary parts of }77 and 5 are given by



UCRL-3572

~1h-

‘m

2 ’ _ M' ' k‘ ;
& Im L%](k)fé 5(10] = Tﬁé G (k) o

(16)

2 W0 | K —
g In [%7}’)7(&) - % &k)] = 2,7@; [% S50 - Gf%(k)]

The imaginary parts of 777 and é;’ , determined from HEgs. (16) and the

photoproduction data, are shown by'the daszhed curves ianigo 1.

If the functions 777(k) and é; (k) -are known, the amplitudes
Aez,mg and Bef,mg may b.e'determined from Eq% (7) and (11), The
differeéntial cross section for gnpolarized gammé rays may then be computed.
from Eq. (B3) of Appendix B, (The_dérivétion of Eq. (B3) ié discussed in
Apperdix B.) The center-of-mass, differential, "uﬁpolérized" crﬁss section, '
computed by the above procedure, is given in Fig. 2 at ineident phioton
energies>(in the lab sysﬁem) of 120, 150, and 185 Mev.

.Of the assumptions made in this section, pefhaps the least justified

' : exX ng
is the assumption that the amplitudes TB/Z and Ty are given by
: g 2

their low-energy forms without pionic structure modificaticns. However,

it does appear reasenable that such modifications are smaller than the
- ' ex . ' : ‘ '
corresponding modifications of Ty and TB/Q . In the weak-coupling
, ) % _ ‘ .

theory cof Capps and’Holladay' the ratio of the,pionié structure modifications
in the electric amplitudes T and TB/?

terms of the present model this ratic R may be written

1 iz about £ at 150 Mev. .In~
2

- Jomext v] gy
(5 /) X+ )]

N el 2
N C L I

Cgron e [ 2y

(VS

i

In crder to test the effect of a plonic structure medification in the
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amplitude T%/? we make the rather arbitrary assumption that the ratio of

=

Eq. (17) is  1/35 and recalculate the differential cross section, corresponding
to k = 150 Mev, again using Eq. (5) and (14) to determine the various
amplitudes. The resulting tross section is shown in Fig. 3. It is seen

that thevmosF important characteristics of the cross section are not changed
much by thié)assumptidnn,‘The effect 'of a small but finite value of the

ratio of Eq. (17) is even less pronounced at 120 and 185.Mev° The effect of

mg :
a bmall flnlte value of Ty is also somewhat less than the corresponding:

£ 2
3/2

The differential cross sections may easily be converted to the
I : .

laboratpry system. To make this conversion one may use the relation,

{ or d N dg- : ':Y fiJ?zd<§z ;

v‘where the integrals are over corresponding seolid angles, and the relation

effect for T

, g
dJft/d 2, - (k, /k
N/ = (' /)

The laboratory differential cross sections corresponding to the center-of-

mass cross sections of Fig. 2 are given in Fig. 4.

~B. Comparison with. Experimenﬁs and Other Theories

The results of high- energy gammauprotun scatterlng experlments

. are not yet sufflclently conclu51ve to prov1§e a test for the present modelo
From the analy31s by the MIT groupl 3 of the scatterlng of 100~ to 140-Mev
photons from complex nuclei, tﬁere is some indication that the gamma-proton
differéntial cross section is greater than (ez/m) at € = 1350, in

agreement with the present model. This result is quite tentative, however,
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Eecause ef the difficulties both in performing-and in analyzing the
ex?eriment of scattering photons from complex maclel.

» It is instructive to comparé the results of this paper with those
of othér theories. Thé front=back asymwetry in the 150-Mev differential
cross section given here is simiiafg%c4that_predicted by GGT; thé center-of-
mass differential_crdss section of the presenﬁlmodel increases from 0,1 eQ/m
to 3.1 ez/h "as the sca@tering angle inéréases from 0° to 1800f while
the corresponding cross section of GGT increases from Ool'ezfm to 2.8 e2/m
in the same range. The séattering smplitudes are quite different iﬁ the two

thecries, however. In the model of GGT the picvnic structure modification

. ’ mg
of the amplitude T3/2 is larger than the corresponding medification of
oL T , |
T, 3 the front-back asymmetry is caused by interference batween the
= . . -
2 Cme

spin-independent part of Tﬁ/h " and the negative spin-independent electric
. . . 2/ < . i

dipole amplitude (the Thomson amplitude)o‘ In the present model the

evaluation of the spin-dependent dispersion relation, Eqg. (14), indicates

that thé magnetic modification :77? is smaller than the electric modifi-

’

cation é;q at %( = 150 Mev; thus the spin~independent magnetic amplituds
is smaller than the corresponding amplitude of GGT. The front-back asymnetry
in the spinmihdependent part - dcrz’ of the differential cross section in

Section ITA is.only modefately large:
} 0 . o, 2
o dc—A(lSO ) - dc"A(O ) = 0.8e/m ;
however, théme is an additiqnal;source of front-back assymmetry in the

spin~-dependent cross section dcr%z

=

-do‘;(lsoa) m-,do-i(o") 2 2.2 (5/m) .
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This spin-dependent asymmetry arlaﬁu primarily from interference between the

8

-electric and magnetic scatteringﬁ which is depeﬁdent on the 1ntr1n31b and

anomalous magnetic momentb, and alsc on the mesonic btructure effects.,

The differential cross section at 31?33150 Mev predicted by Capps
' iz
and Holladay, who use a modification of the weak pion-nuclecn coupling
theory of uaggu and F<7a7* ig similar to the results of Section IIA in the
forward direction, but increases only to abeut do— 2= 0.3 eZ/m at
8 = 180°, In this case the magnetic amplitudes are small; the princival
effect of the proton's pionic structure is to reduce the magnitude of the

electric dipele amplitudes from their threshold values. It is expected

that the magnetic amplitudes are underestimated by this theory, however,

‘-81nce the scattering from the pionic confrlbublon to the static magnetic

moment is not included in such a weakwcdupling caleulation,

-Inaccuracy of the results of Section IIA may'arlse from inaccuracy
of either the structure-independent terms of the scattering amplitude |
(those terms depending on only thé mass; ‘charge, and anomalous magneﬁic -
momeﬁt) or the plonic-structure mﬂdificaﬁibn terms., An estiméte of the
inaccufacy of the structureQindependent termsvmayibe made by_setting the

func ions )77 (k) and Ei(k) of Eqs; (11) equal to zerc, and comparing

12 R, H, Capps and W. G. Holladay, Phys. Rev. 99, 931 (1955). The curve
showing.the effect of the inclusion of the anomalcus magnetic moment
in Fig. 2 of this reference is incorrectly computed; the resulting

. differential cross section should iﬂcrease as the scattéring'angle
increases. | | | |

13

R. G, Sachs and L. L. Foldy, Phys. Rev. 80, 824 (1950).
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the resulting computed differential cross section with the cross section

given by the Klein-Nishina formula modified by inclusion of a Pauli anomalous-
moment term. Such a comparison is given, for IE( = 150 Mev, in Fig. 5.

It is seen that the neglect of certain recoil effects in the present model
leads to an overestimation of the structure-independent differential cross
section at angles other than forward angles of about 20%.

The assumption thaf the mesonic'structure modifications are appreciable
ng , ,
3/2

only in the amplitudes T and T% leads to spin~dependent electric

and magnetic amplitudes of large absolute value. This leads to a large

backward peaking in the spinmdependent Cross séctiono Figure 3 illustraﬁes
the effect bf a different assumption concerning mesonic structureveffectsc
‘Because the choices of both structure-independent and structure-
dependent. effects in the present model ténd tq overestimate the crosé sectioﬁ
in the range 900 L O <L 18005 the curves of Figs., 2 and 4 probabiy
are somewhat high in ﬁhis region. In our opinion a reasénable guess would

be that the curves in Figs. 2 and 4 are about i% times too large at 18000

1i | '
* J. L. Powell, Phys. Rev, 75, 32 (1949).
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;,///'III° SCATTERING FROM DEUTERONS |

A. The Differential Cross Sections’

_ o
Information concerning the scattering of photons from neutrons must

. be obtained from the results of scattering photons from complex nuclei.

The results of scattering from complex nuclei may be related simply to the

corresponding neutron and proton cross sections if the total nuclear scattering

~amplitude is approximately equal to the superposition of the scattering

amplitudes from a group of free protons and neutrons having the éamelmomeﬁtum '
distribution as the nucleons in the nucleus. This "impulse approximation®
Has.been studied by Chew and ophers7 énd applied tb many collision problems
involving complex nucleigA The impulse assumption is necessary to thé
formulas given by Pugh; Frisch, and Gomez1 for photon scattering from medium
and heavy nucléi° | |

Because é deuteron consists of only two nucleons an& because these _
nucleons have a relatively large average separation, deuteréns represeﬁt
favorable nuclei for application of the impulse approximation"to a coliision
process. In this sectionvthe impulse approximation is used to predict the
results of high-energy phoﬁon—deutercn scétteringo

The formulas relatihg the deutercn amplitude to the proton and
neutron amplitudes in the impulse approximation are similar'io thosg given
by Chew and Lewis for the photoproduction of meutral pions from deuﬁeriﬁmels
thus tﬁese formulas will be listéd here wiﬁhaut derivation. Letting CZ, and’
ég? represenﬁ spin-independent énd ;pin«dependent amplitudes; and letting

the subscripts n and p refer to the neutron and pfoton amplitudes;

-

G, F, Chew and H. W. Lewis, Phys. Rev. 8L, 779 (1951)."
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respectively, we may write the unpolarized differential cross sections for

scattering photons from free protons and free neutrons as

2 ~ 42
Ao~ = / a + / é?] ‘
P ‘ p p
| | o (18)

' v 2 2

o = |ja P+ B

n n n '

- The relation of the quantities (2: and {%g © Lo the scattering angle

byn psn

and to the various electric and magnetic amplitudes is given in Appendix B.
The expression for the differential cross section for elastic phbton

scattering from deuterons is analogous to Eq. (25) of Referénce 15 and is

"given, in the notation of Eqs. (18), by

elastic

e g ra v 24 +6ﬁ72'; @, (9

where g is tﬁe magnitude of the vectof a s which représents_the momentum
transferred to the nucleons inlthe collision. Thé ﬁstickiﬁg‘factor" S(q)
measures the probability that the,deuteroﬁ'remains bound after the collision;
this factor may be determined from the deuteroﬁ wave funétion)-ﬁtf) by |

the equations |

FQ(% a) , - (20)

VJ; Fr oo o () . . . (21)

5(q)

it

[h}

F(q)

. The sum of the differéntial cross sections for inelastic and elastic

scattering is given by an éxpression analogous to Eq. (27) of Reference 15.

Repfesenting this sum by do7 , we have |
G, 410, +]8)" + |8, 2} a, =

' L + %@n*@pp(q) s - (22)

doy =
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where the interference factor F(gq) is given by Eg. (21). In inelastic

. scattering the momentum transfer is not determined by the energy and -

scattering angle alone. In the present calculation this momentum transfer

. , i
is assumed to be equal to the momentum transfer of the corresponding
deuteron_elastic scattering, an assumption which is accurate to order %(/Zmo

In order to compute the form factors F(g) and S{q) we assume

that the deuteron wave function ﬂ(z) is given by the Hulthen function.

; -3 o r =ﬂr ' '
o) = \¥BB+) 7 ST (23)
pe L -

where the constants ,e{ and fg are expressed in terms of the nucleon
mass and the deutercn binding energy Y by the equations é?
3

?k - (m)° ooséz/kg 5

%3 = by .
The factoré F{q) and S({q) that result ffom this choice af ﬁ{f} are
given as‘functions of.the momentum transfer, by Chewolé They are both unity
at g = G indicaﬁinglthat thejscattering is completély coherent in the
forward direétiono AS, Q increases the two functions decréase monotOnicailyo
Tﬁat the differenceibebween F(q) and 'S(q). is not too lérge for any
vaiue of q indiéates thaﬁ, if the neutron%proton system remains in a
ﬁriplet’sﬁate after the collision, thevinterfereﬁce effect in the inelastic

scattering is not too large. Thus if the momentum transfer is large enough

G. F. Chew, Phys. Rev. 84, 710 (1951). See Eq. (5) and Fig. 1 of
this paper, - '

14
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- to split the deuteron, the Y"struck" nucleon will generally be left with a
kinetic energy noticeably larger tﬁan thaé of the other nﬁdléon; in whiéh
‘ééseiinterference effects are small, 'If, on the other hand, the neutron-
proton system‘is'in a singlet state after the collision, the scatiering‘
mst be-inelasticg intérferencé'effects in éuch Scattering mayvbe,important,
In order ﬁo méke a definite brédiction»for the gamﬁa%deuteroqlcrbss
sections, we assume ﬁﬁat’the mesoﬂic effecﬁs iﬁ‘photon-nuqieonvreactiéns i
are charge-symmetric, and contribute equally to the neutron and proton
amplitudes. In such a model the neutron amplitude differs ffom the proton
”ampiitude only in the effects of the total chérge an%(the intfinsic magnetic
mg e

: € o .
moment. The neutron amplitudes An s An 5 Bn -, and Bnmg are

given, in terms of the corresponding prdtoh~amplitudes,'by

K el ed 2
__E&(An - Ap ) = %_; s
( - A ) = 0 5
‘fig“ & P - (24)
4 ‘L -
2e” -8 = e ey,
k , o _
- - -, 22+ 1) .

11

Thus, the structure-independent parts of the neutron amplitudes are given

by ' mg | el Z

, - A - A - B - 0 j
n - nv n
- S
B - e ) k/2n”

-
i3
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The difference between the anomalous'moments of the proton and neutron is
neglected here. -
If the proton amplitﬁdes'are determined by the procedure of

el

Section IIA (neglect of mesonic structure modifications in T3/2 and
ng : ’ :

Ty , and use of dispersion relations), and the neubrcn amplitudes are
5 : _ ' . 4

determined by Eqs. (24), the resulting deuteron elastic and inelastic cross

sections may be computed from Egs. (19) and (22) and the formulas given in®

Apperdix B. The resulting differential cross sections, converted tc the

laberatory system, are shown at:three energies in Figs. 6 and 7.

‘B, Accuracy of the Model

At presenﬁ we know of no reliable experiment that may be used to

. check the present results for photen-deuteron scattering. Such measurements

may be made in.the near future, howéver; therefore it is important to
estimatévthevaccuracy»of the appréximationsuséd here.

| It is expected that the deuteron cfoss sections of Figs. 6 and'7
are_bverestimated somewhat at backward ahgles for the same reasons as given
Iin Section IIB in the discussion of the pyoton cross section. Fuftﬁermore;
there are several sources of ‘error in the present tréatment of photon=
deuteron scattering in addition to those Which are presentkin the treatment
of Section iI‘of photon&proton scattering. One such source is the internal
moméntﬁm ofithe deuteron; becauSé of thié momentum the relative energy
between the phéton and the "struck" nucleon is nét fixed by the gamma-ray
energy aic‘mew The impulse approximation can be accurate dﬁiy if.the
résulting'spreéd in relative energy is small encugh so that the scattering
amplitude does not vary by a large amount Withiﬁ the range of thevspread°

If the deuteron wave function is given by Eq. (23), a calculation shows that,
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for an incident gamma eﬁergy of 150 Mev, the spread in éammaunucleon relative
ehergy is around 15 Mev; that is, 80% of the time the relative gamma;nucle§n
energy is within 7.5 Mev of the corresponding energy for a'nuclebnvat resf._
From the curves of Fig. 7 it appears}that the differential cross sectioﬁ at
some fixed angle may vary by aé much as 0.4 ez/m_ in 7,5 Mev . Therefore’
errors from this source are not negligible.
| The neglect of recoil leads to several types of small errors in the
model, Theyeffeét‘of nucleon recoil in the gamma scattering frém the
nucleon's pionic structure leads to violations of the chafgeesymmetry
assumption » of order )Lc/m.. vExperiments on the closely related‘proéesa
of charged pion production by photons on deuterium indicate that the
violation of charge symmetry in this process is of the expected order, about
15%;17 The assumption that the momentum transferred to the nucleons in
inelastic Scétﬁering is equal to the momentum transfér of-the correéponding
élastic scattering is another source of reccil efrors, which, in this case,
are of order %Q/Qm o |

The impulse assumption, that the neutron and proton aﬁplitudes are
additive, heglegts the effect of “comoperatién" between the nucleons in the
phpton scattering. We may estimate the magnitude of these effects by
making use of certain experimental data. In order to formulate this estimate
we write the amplitude Tdf for elasticlforﬁard scattering froﬁ_deuterons

in a form that is somewhat similar to that of Eq. (1),

n)bflx'e‘ 4 other terms, . (25)
— P

Tye() = Ay(K) ece’ 4 By(k)(oT, +

‘where cri.-and ST are the spin operators for the proton and neutron,
. land vcner. .

respectively. The coherent amplitude A, may be written in terms of the

d

17 ‘ » or
Sands, Teasdale, and Walker, Phys. Rev. 96, 849 (1954).
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corresponding proton and neutron amplitudes by the equation .
A0 = A A (k) + Ak | | (26)

The quantity A(k) is zerc in the impulse approximation and represents
. y .

the errcr in Ad ‘due to the impulse assumption. The imaginary part of

A may be estimated from experimental data, if use is made of the optical

relations,
In A, - (WG s
Im A& = (k/wm“”n ; , S (27)
In &y = (AT, t o;i&g

The cross sections S s CT;rn s and CT%yd represent the total cross

Kl
sections for photoproduction, by unpclarized phcotons, of pions from protons,
neutrons, and deuterons; respectively, while cs-ais represents the

~corresponding cross section for photodisintegration of deuterons. Only
. . 2 o . ’
terms of order e° are included in Egs. (27).

If Egs. (27) are combined with Eq. (26), the following expression

for the imaginary part of _43 (k) is obtaineds

Im A) = (&/47) [G‘,fd(k) - cs',p,p('k) - Q‘,}rn(k)] L) Sy ()

(28)
The two terms on the right side of this expression are treated here as
" separate corrections. The gquantity k) - k) -~ 0= (k) is
'p i . q J Ga’]fd< ) G—;TP( ) ”/n< )
zero for :%Z & 140 Mev; it is not known at energies above plon-production

threshold, since cy%yn is not knowri, However, there is evidence that the
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77#‘photoprddﬁction ratio gg deuteriﬁm'ﬁo.hydrogen in the energy réngé
under éonsideration here is abqut 0.9, suggesting that the fatio

| @j;rd - cy;rp - qﬁé{n)’ /Cy%ﬂi | is prqbably not largég perhaps aboﬁt
10% or 15%018 “That part of Im A resulting from photodisintegration,
(k/A7T7CTaiS s is finite at_all‘but Very‘lQW‘enérgieso For photen enefgies
in the range lQO to 2QO Mev, however, (k/&7r§crais is not greater than
0.30 'e2/m; Thus, in this energy range, the quantity Im'z; probably is
not more ﬁhan 0.3 or 0.35 eg/mO‘ |

Tﬁe real part of A O{) also may be estimated; if use is made of

'dispersion{relationsa The real parts of Ad’ and A

\

n satisfy dispersion
relations which are analogous to the relation for .Ap s Eg. (5). If the
dispersion equations for An(k) and Ap(k) are subtracted from the

equation for A4 (k), the result is an equation for Re A (x),

kg pe A = &
k.

on
2‘ ‘ ? 9  - 4 - e ?
2 (ot ot toy 000 -0 00 - o 6 ]
2N - o 2

2
(%2 ~kp )
| (29)
' o ) : ‘ .
The constant e“/2m results from the difference of the threshold values
for scattering from deuterons and from protons.
Again we make the estimate that the error that arises because

Cq%d =‘@qyp‘= qﬁrl is not zero is probabiy not much more than 15%.

i

18 ‘ " | -
Crowe, Friedman, and Hagerman, Phys..Rev. 100, 1799 (1956).
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In order to determine the contribution to Re 4 from virtual photo-

'disintegration of deutefons, we neglect the difference between cy;r
G?TP -#-Qﬁ%h ,‘and'evaluate the integral in Eq. (29) from the experimental

d -and |

data on photodisintegration. The result is noct very energyadependent in

the range 100 Mev < %@ £ 200 Mev and is given approximately by,

1.08 Re A (k) = 0.50 (e%/m) - 0.64 (e*/m) 2 -0.14 (e*/m) .

v

If the contribﬁtiéns to Re /\(k) from the two sources--virtual pion
production and virtual photodisintegrationmwareiadded together,‘it is seen'
that I Re AX(k) / probably is not more than 0.2 (e2/m)

That the contribution to Re A.(k) ffom virtual photodisintegration
is fairly small‘(for lﬁi > 100 Mev), may be understood more clearly if the
region of integration of Eq. (29) is divided into two regions K(' > 100 Mev
and ge“ £ 100 Mev. The contribution of cy'dis(k”) is small in the
highaenergy region, sincg the ratio Créié/tr;fd “is léss than 0.25
throughout this region. In the low-energy region, the photodisintegration
cfoss'séction-i§ la:ge, crhié 7 10“27 pmz , and is primarily'the result
of spin-independent,; electric dipole transitions; For this regioh the

. 12 2,1 . - 12, 2
energy denominator (5( - %( ) may be expanded in powers of (31 /%z )
 so that the low-energy contribution to the right side of Eq, (29) is
100 Mev o 2k
g_mvr S dkz cy‘:iis(k)@ o ,g + . o ) (30)
m 2 & 2 S . .
T ¢ kg k

: 2,.-1
The zero-order term in this expatsion, (277 ) jﬂ d%zv CS‘di (k'), 1is
o s
approximately -equal to 0.59 (e2/m); thus it is nearly canceled by the
" threshold constant, ‘0,50'(ez/m)5 This is a rough restatement of the

well-known f-sum rule for the deuteron, which states that the total
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energy‘integralbof tﬁe electric dipole cross section is approximately
0.5 e2/m0119‘ This fact has been pointed out by GGT, who show that the
aséumption that the impulse approximation is valid in the High»energy
_ limit may be used to defive a sum rule for the_Lgtal;photodisintegrati@n
CToss sections for.complex nuclei. |

The contribution to Eq. (30) from tgrmg of higher order in
(kivz/%(z)A is small alsc, since (%zgz/%(z) ié small if %ev is such
that crals(k ) is large. |

It is concluded that the quantltles Re A,(k) and Im A(k),
which measure the inaccuracy of the impulse assumptlon, probably are not
larger than Oa2vor.0,3 62/mn It may be argued further that similar corrections
vto both the Spiﬁmdependent and spin-independent amplitudes should be of this
6rder or smaller at a];l ang1es° Experiments indicate that the deuteroﬁ=\
proton ratiocs for photoprodudtion of positivevpibns, and of neutral pions,
do not vary much with.angle; it appears that the_impulée approximation is
reasonably accuréte fof the process of'photopion prsduction at all angles. 18,20
Therefore that part of photonmdeateron scattering whlch proceeds through
virtual pion productlon states may be treated by the 1mpulse approximation :
fa;rly accurately for all scattering gnglesa
“f | Similar arguments may be_given for the contribution of Qirtual

photodisintegration states. The fact that the total photodisintegration

19 | |
ThlS sum rule is discussed by J. S, Lev1nger and H. A, Bethe, Phys.

Rev, 78 115 (1950)

20 . '
uGovCocconi and A, Silverman, Phys. Rev. 88, 1230 (1952); and Bingham,

Keck, and Tollestrup, Phys. Rev, 98, 1187 (4) (1955).
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Cross seétion ié small for energies greater than 100 Mev indicates that all
'partialnwave photodisintegration cross sections are small in this eﬁergy |
‘range; therefore the contributions to the deuteron;scattering differential
cross sections from excitation of high-energy ph&tbdisintegrgtion states
should not be lafge at'ény angle. Excitation of IOWaenérgy photodis—~
Iintegrationistatés is primqrily a spin~-independent electric dipole process

- which, as shown above, gives corrections to the spin-independent electric
_ el - S
dipole amplitude Ad.

o o Mev
(277) ;

Itiis concluded that the présent model is not a precise one;

s which are of order

Q"dis(k') [1%'2/1%2] akp' 22 0.05 -,e.2/m o

errors due to negléct of certain recoil effects and errors due to neglect

of éffects in which the neutron And proton "cooperate" may lead to sizeable
errors in the predicted photon-deuteron differential“cross sections. Roughly
'speakiﬁg, at any given angle;‘these errors may be as large as 0.5 e2/m or
,509 Furthermore, we expéct the predicted crosé sections to be somewhat

- high for backward scattefing angles for the reasons discusse& in Section IIB.
However, ohe mayféxpect the predictions of this modei,to reveal thg

salient features of the actual crdsé sectionsy provided that the_basic

assumptions of the model are correct. v v
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IVQ_ POSSIBLE PHOTONuDEUTERON SCATTERING EXPERIMENTS

Because of the presence of the neutron-proton force, the present
model is not expected to predict photdnmdeﬁterdu scattering as accurately
as scattering from free protons. However the difficulties of using photon-
deuteron experiments to investigate the photon-nucleon interaction are
' paftiaily'compénsated by one advantage of such expériments,‘namely the
possibility of measuring several different Quantities when the scattering
is from deuterium. One can measure both the elastic and inelastic cfoss
sections, and it may be possible to obtéin fUrther‘usefﬁl information by
detecting the récoil_of one of the nucleons in the inelastic photon~deuteron
_scatteriﬁge /

:In'ordén»to separéte the elastic and inelastic scattering with
present experiméntal equipment, one must detect the recoiling nucleon or
deutéron in coipcidence With the gamma ray, using a'dectector that
differentiates‘getween'deuterons, protons, and neutrons. Suchba‘coincidehce
measurement is‘not too difficult in elastic scattering, since the recoil .
energy and angié of the deuteron are fixéd by the incident energy and.
photon scattering angle. If the.scattering is inelastic, however, the
- recoil of the nucleons is not fixed by the incident energy and photon
scattering angle. For this reason ﬁhe least difficult way‘to measure the
' inelastic cross sectidn is to measure the total cross section and the
elastic cross;seétion and find the difference. l

Tt is possible that still further information may be obtained from
such coincidence éxperimentsol If the impulse approximation is a fairly
accurate description of the inelastic scaftering, one expects that the

nucleon which is "struck" by the photon has a high probability of-recoiling'
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in a direction that is fairly close to the recoil direction in the corresponding
scattering from free nucleons. If one can detect the recoiling “struck"

nucleon with appreciable efficiency, one may obtain the ratic of knocked-out

protons to knocked-out neutrons. In the impulse approximation this ratio is

the ratio of the proton and neutron differential cross sections at.the angle

in quéstiono Such a procedure is difficult experimentally, but has the -

3

5 .

advantage that a neutron-proton ratio is being dstermined; hence, the use

e

of the iﬁpulse apprcximatign.in determining the free~particle cross-section
ratio is free from some of the'érrors_inyblved in the analysis of Section III.
We may:mgke a roﬁgh esﬁimate of the variation.in direction of emission
of the knocked~out nucleons by using the impulse approximaﬁion and assuming
that the internal‘momentum spectrum of the deuteron is given by the Fourier
transform of the expression for ﬁO(E) given in Eq. (23). For values of
the inciaent photon energy aﬁd photorn scaﬂtering angle of 140 Mev and 900
such as estimate indicates that in 56% or more of the inelasticﬂcollisions
the knocked-out nucleon emerges in a cone of radial angle‘ISO, the center of
this cone being very close to ‘the direction of recoil in £he corresponding
scattering from free nucleons. Thoﬁgh such a cone is not small; it does
appear possible to detect a reasonable proportion of the knocked-out nucleonsn
The efficiency of.suﬁﬁ a meésurement would be lower than in an ordinary
photonwécattering experiment, but it may not be as much lowef as it would
aﬁpear at first sight, for the following reason:. Present-day photon
scattering experiments are performed with bremmstrahlung beams having a

wide energy spectrum, and the energy resolution of present gamma detectors

~is not very sharp. If the energy of the recoiling particle is measured,

this measurement makes it easier to subtract events resulting from photons
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in the low-energy tail of the bremmstrahlung spectrum. Furthermore , nucleons
struck by low-energy photons have less chance of being knocked out of the
deuteron and emitted in a direction inside a fairly small cone than'do

nucleons struck by high-energy photons.
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V. CONCLUSIONS

The development of dispersion relations has made it pmssible to
predict many features of photonmﬁuéléus scat%ering-fromAa knowledgeﬂof‘
photopiar-production craés sectionsu In the wdrkipresented here two dispersion
relatidns, together with several reasonable approximations, are used to
predicﬁ the differential cross sections for photon-proton scattering and
elastic and inelastic photon-deuteron écatterihg at energies less than 200
Mev. VAt présent the experimentél data.are not accurate enough‘to check the
model gsed here.

_Sinbe the photon sgattering'amplitudes may be expressed approximately
in terms of photoplon-production cross sesctions; the primary purpose ofv
measuring photon-nucleon scattering probably is not to find néw inférmation
conéerning_the_pionic structure of nucleons, but rathér to test presenﬁly.
accepted ideas; such as the dispersion relations, and the asshmption that
only S-wave and P-wave pions are important tovan understanding of low-energy
pionmnuqleon-phenoména, These two assumptions are basic to the present .
model. Further approximations are made (such as the impulse approiimation),
but the.accuracy