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ABSTRACT 

UCRL-3572 

The scattering of photons of 100 to 200 Mev from protons and deuterons 

is examined in a model in which it is 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 Watson, Keck, Tollestrop, and Walker, are used to guide the 

theoretical prediction of differential scattering cross sections. Several 

approximations are made, including the impulse approximation in the discussion 

of photon-deuteron scattering; the accuracy of these approximations is 

estimated. In this model the photon-proton cross section, and the sum of 
I 

the elastic and inelastic photon-deuteron cross sections are largest at 

backward scattering angles. Several feasible types of photon-deuteron 

scattering experiments are discussed briefly. 
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I. INTRODUCTION 
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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 
1~2~3~4 

scattering of high~energy photons from nuclei; . progress has been 

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

2; 2 2 ~32 2/ ' 
extremely small~ on the order of (e Mc) ~ 1.5 x 10 cm steradian. 

Experimental cross sections for high-energy photon scattering from various. 

nuclei are known at present only vaguely~ though it appears that the 

measurements may be improved significantly in the next few years. 

Two different models of photon-proton scattering predict that the 

pionic contributions to the differential cross section should be small at 

energies below 100 Mev and should increase rapidly in the energy range 100 
5~6 2 

to 150 Mev. The experiments of Oxley and Telegdi tend to support the 

conclusion that the 100:-Mev cross section differs by little from: the 

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

1 

2 

3 

4 

---5 

6 

PughJ Frisch, and Gomez~ Physo 'Rev. 95, 950 (1954)0 

C. L. Oxley and V. L. Telegqi~ Phys. Rev. 100} 435 (1955). 

Gomez~ Pugh} Frisch, and Janes., Phys. Rev. 100, 1245 (1955). 

Janes, Gomez} Pugh} and Frisch~ Phys. Rev. 1001 1245 (1955); Larry Higgins 
and Burton J. Moyer (private communication); several other group~ 
have also 'worked on this problem. 

Gell-Mann J Goldberger, and Thirring, Phys. Rev:- 95,l612 (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). 



UCRL-3572 

-3-

Pauli anomalous moment. Pionic effects are important for energies greater 

than 150 Mev also; however, the experimental measurement is more difficult 

in thi~ region because of the background of high-energy gamma rays produced 

in the decay of photoproduced neutral pions. Since the energy resolution of 

present gamma-ray detectors is not very sharp (about 30 Mev), the neutra1-

pion-production events may be separated from scattering events only if the 

angle or energy (or both) of the recoiling nucleon is measured with a fair 

degree of accuracy. 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 the energy 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 the results of scattering 

from complex nuclei. Such an apalysis ~an be made in a simple manner if the 

impulse approximation
7 

is valid for this process. The deuteron represents 

the most suitable nucleus for application of the impulse approximation, since 

the average separation between the proton and neutron is relatively large, 

and the deuteron wave function is known fairly accurately. In Sections III 

and IV of this paper possible photon-deuteron scatteri~g 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 references 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 photon-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 

amplitudeDmay be determined to a high degree of accuracy from a knowledge 

of the behavior as a function of energy of the total cross section for 

producti?n of pions by an unpolarized beam of photons, ,5 Since the publication' 

of GGT many authors have derived various dispersion relations for pion-nucleon 
8 

scattering. It appears that the various techniques used in these works, if 

applied to photon~nucle6n scattering, may enable one to determine approximately' 

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

dependence on energy and angular momentUl1,! of the photopion~production cross 

sections. The analysis of Watson et ala has shown that two mechanisms 

predominate in the photoproduction from nucleons of pions at energies less 

than 400 Mev; first~ the production of an S-wave pion by an electri? dipole 

photon, and second)! the production of· a P-wave pion in a state of total 
. 9 

angular momentum 3/2 by a magnetic dipole photon, Thus, our present knowledge 

,justifies the use of two separate dispersion relations in the prediction of 

the photon-nucleon scattering cross sections. In this paper the two dispersion 

8 

9 

M. L. Goldberger, Phys. Rev. 99 y 979 (1955), R. Oehme, Phys. Rev. 100, 

1503 (1955) and Phys. Rev. 102, 1174 (1956), R. H, Capps and Gyo'Takeda, 

Physo Rev. 103, 1877 (1956), The work by Capps and Takeda contains many 

references to other works. 

Watson, Keck j Tollestrup, and Wa,.lker, Phys, Rev. 101,1159 (1956). 
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relations derived in GGT and the ana1ysis of photoproduction of Reference 9 

are used to help ma.ke such a predi.ction, A dispersion relation is used for 

the further purpose of estimating corrections to the impulse approximation 

in photon-deuteron scattering, 

The basic assumptions of the present model are that the dispersion 

relations are valid,9 and that only electric and magnetic dipole waves are 

important in photon-pian-nucleon phenomena at low energies, This latter 

assumption depends on the assumpt,ion that only S~ and P-wave· pions are 

important for low-energy pion-nucleon phenomenao In addition to these basic 

assumptions several approximations are made ~ such a s the impulse approximation 

in the case of phot.on=,deuteron scattering, the accuracy of these approximations 

is estimated 0 



f~ 

UCRL~3572 

II. SCATTERING 'FROM PROTONS 

A, 'Iha Differential Cross Section 

The forward amplitude for the scattering-of ganrrna rays from protons 

in the laboratory system may be written in the form 

(1) 

where A1..(kR.). and B1 (k,e) are complex functions of k,e J the magnitude of 

the momentum of the incident photon. The vectors e and e i are the ---
polarizatio~ vectors of the incident and scattered photons~ and cr- is the -
spin operator'of:the proton 0 The subscript 1. is used to denote amplitudes 

and momenta that are to be measured in the laboratory system. Gell-Mann; 

Goldberger j and Thirring5 have shown that the amplitudes ~ and ~ 
satisfy the following dispersion relations: 

(2) 

1m 8[ (k.e i ) &' 0) 
~i2(l:/ 2 ~ I;e 2) 

The integral of Eq. (2) may be written in terms of the total cross section 
i 

CT(kt ) for unpolarized incident photons j if use is made of the optical 

relation J 

(4) 

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

and care taken.to be unity in this paper. 



UCRL-3572 

-7-

In order that we may make a partial-wave expansion of the scattering amplitude, 
, 

it is convenient to introduce the center-of~mass amplitudes A(k) and B(k)~ 

which are related to AJ(k~) and by 'the equations 

A(k) ::: (k/ki ) ~(kl) 
and 

B(k) ::: (k/k;) B.eCkf) 

where k is the center~of=mass value of the magnitude of the photon 

momentum. The amplitudes A, B ~ '~ ,and B~ are related to the center­

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

for unpolarized gamma rays by the equations 

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

Thomson amplitude, Le.,~ 

A~(O) 
2 

- = e 1m 

where' e ahd m are the proton charge and mass J Eq. (4) may be used to 

writeEq. (2) in the form 
c:..£) 

2 2 S dk£' 
().; (k) 

~ e k 
Re A(k) T - ;fz P T (5) 

= 12 2-, k m (k,e - k,e ) 0 

Since the reactions 
, 0 

~ + p :-1 p ;- ff and '( + 
"I-

p--+n + 11 ' :dominate 

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

accuracy, replace cr-T by the total cross section for photopion production 

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 authors then predict the 

differential cross section for gamma~proton scattering in the energy range 

o to 300 Mev on the basis of a knowledge of A(k) and some reasonable 

guesses as to the relative sizes of the phase shifts. This section is an 

extension of the GGT analysis j 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 9 . 

of photoproduction, to fix the two parameters A(k) and B(k). 

It is assumed that at energies less than 200 Mev the only e1ectro-

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 are responstble for the important features of photo-

pion production at energies less than 400 Mev. Both the electric and 

magnetic waves may couple to the spin of the photon to form waves of total 

angular momentum ~ and 3/2. Conservation of angular momentum and parity 

prevents transttions between these four states; thus in thts approximation 

the only nonvanishing elements of the center-of-mass scattering amplitude 
el e£. 

are the diagonal e1ementso 
mg mg 

. Tl ,and T I 
::2 3 2 

We will denote these by T~ T3/2 

where the superscripts ell and mg denote electric 

and magnetic amplitudes. These amplitudes arf:'! related to the phase shift.s 

& (which are in general complex) by equations of the form 
i 

-1 
k 

i 6t , ~ 
e s~n·o, . 1 

where i denotes the parity and angular momentum. Since the phase shifts 
2 

are of the order (e kim) ~ 0.001 for our problem, it is an excellent 

T 
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a.pproximation to replace the above expression by 

(6) 

Since, in'the differential cross section for unpclarized particles J 

there is no interference between 8pin·~dependent 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 

eR eR 1. et A, (k) .- T (k) +- '2 Tl' (k) -, 3/2 '2 

Amg(k) rug ~ T1mg(k) -. T3/ 2 (k) 1-
~ 

'2 

eR 1 e1. ~ Tj.eJ(k) 

.(7) 

B (k) ,~ 2 T':}, '2 (k) ... " 
./1 2 

BIDg(k) 1. 
' mg, ~, ~ Tl mg(k) "~ T3/2 (k) ,,,,,,., 2 

:2 

It may be shown t,hat the forward spin-independent and spin,~dependent 

amplitud~s~ A(k) and B(k) J are related ,to the amplitudes of Eqs 0 (7) 

by the equations, 

A(k) 
e1 rng 

_ A (k) +- A (k) 

(8) 

B(k) 
el rug 

~ B (k) + B (k) 

At low photon energies the electromagnetic field feels only the 
\ 

\ 
gross properties of the protol1o It has been shown by, several authors 

thatJ in a ga.uge=invariant and relativistically invariant theory" the 

first two terms i.n an expansion in powers of energy of the, amplitude for 

scattering of a photon fromp. spin ~ particle are determined by the 
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charge J mass.~ and anomalous moment )e/2m. c1: the particle. To order k the 

center-of~rnass a.mplitude T is gi.ven by 

ke 
2 

T ~ -
k£m 

+ 

+ 

~ €ioe 
"""" ....... 

2 
ie 
;m2 

2 
ie 
2m2 

-
2 

ie (2 Ai- l)k a i <:roe x 
2rp.2 

2 
(;1 t 1) 

........ ...... '-'" 

Q:"' 0 (!. x 20.....; x (~ x £) 
k 

where k and k U are the momenta of the incident and scattered photons, 

respectively,ll The last term of this expression involves magnetic quadrapole 

photons, and is neglected in the preseptdipole modeL From the first three 

terms of Eqo (9) it is seen that the 10'i'r~energy beha.vior of the amplitudes 

eJ. mg et Brrlg 
A ~ A 3 B .~ and is given by 

10 

11 

F. Eo Low, Physo Rev. 96,,) 1428 (1955), M, Gell~Marm and M, 1. Goldberger .• 

Phys. Revo 96 3 1433 (1955)0 A somewhat similar theorem a.pplying t.o 

ganuna scattering from comp1.ex~ structured systems is g1.ven by Ro H. 

CappsJ Physo Rev. 99~ 926 (1955). 

The analogous expression for the laboratory amplitude 1.5 given by 

Eqo (Ll) of Low, Reference 100 The sign of T in Eqo (9) is 

opposite to the sign of the amplitude discussed by LowJ this.is a 

matter of conventiono 
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~t 
e) :2 

A t'V ~ e 
"-" k m. 

k mg 
~ A ,..., 0 

~ 

k (10) 

.-i ell 2 ') 

(2 ) 
<- k 

B ~ 
e t l)k..e -X 034 ~ -g ~, 

:2 ITt ./A k 2m 

kg, BIDg 
2, 

A 
2 :2 k1., ,...., e ( +- 1) Y'I.. ~ 058 e 

~ .~ 

k 'V -i ill ft 
2m 

where is the pion mass and A. is taken to be 1079. 

At energies above 100 Iviey the scatt.ering amplitude should be 

considerably modified by pionic st:r'Uctur19 effects, Sines partial waves 
efl mg 

corresponding to Tl and T" f",'- are dominant in low=energy photopion 
, '2 :5/."<!. 

prQduction~ we 

rug 
in T~ and 

follow GGT in neglecting such pi.onic structure modifications 
e-R 

."", 

T3 '2 Then .the four .dipole ampli.t'(tdes have t.he form 
I 

~ 

:2 
e 
m 

e 

:2 
e 
m 

:2 

m 

k 

[ 
:2 

~ j + :2 ~ (2 A. + 
.3 m 

,~ (A 1)2 ] + [~ + 
" 

m 

}:t CA 1/ J [- ~ + 
' j rr! 

:2 
e £ (k), ~ 
m 

(11) 
:2 m (k) e 

m 

The terms in square br'ackets in Eqs 0 (11) are the threshold terms y det~rmined 

from Eqo (7) and (lO),~ while the functions C'(k) and. "hi (k) represent 

,: .... ..::~ 
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pionic structure effects that are to be determi.nedfrom the pbotoproduction 

data. 

T. j 
1. 

It should be noted that. j in the presentapproximation~ the amplitudes 

A e1 jIng, B e/ ,rng e and 1'( are all real at energies below 

. pion-production threshold. 

In order that the second dispersion relatioTI 2 Eq. (3), be useful 

Im B must be replaced by a quantity that has to do directly "rith the 

photopion production cross sections. To do this we define partia.l cross 

sections 
0-;/2 

and ~ which represent the cmmtributions to the total 

cross section for unpolarized j dipole photons from total angular momentum 

/ 
1 states 3 2 and 2 respectively. Thus we have 

CSJ/2 t c:J1 + higher multipole contributions. (12) 

It is shown in Appendix A that, in (lUI' dipole model~ 1m B is given by 

k,1 () A Im B k,.e (13) 
k 

If Eq. (13) is substi.tuted intc. Eq. 0) and B~(O) is replaced by its 

value comput ed from Eqs 0 (8) and (10) j Eq 0 (3) becomeS 

!:1 Re B(k) ~ 
k 2 

2m 

A 
2 

(14) 

As with Eq •. (5) j only the photopion production contribution to CS/2 and 

CS"i need be used in evaluating the integral of Eqo (14) ... It should be 
2 

noted that if photopion production were a·spin~independent process y the 

integr1,l of Eq~ (14) ",muld vanish in our approximation~ for an unpolarized 

beam of dipole photorlS may be shown to be 2/3 in the state j:::: 3/2 and 1/3 
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in the state j ,.~ ~. , Thus, lf there were no spin dependence ~ 

be equal to and the integral in Eq. (14) would be zero. 

Equations (8);, (7L and (11,) may be used to write A(k) and 

in ,terms of known constants and the functions ,Yvj (k) and e(k). 

these expressions for Wl and G are substituted into Eqso (5) 

(14), the~e, two dispersion equations become 

~P 
00 

Sdk U 

,·l 
o 

C)T(k U
) 

---')--~~~ 

B(k) 

If 

and 

(~ i ,,- ~ k.e &(') 

(15) 

[~Oj/~/kV) ~ CS"!(k U
)] 

kj IT (k; U 2 _ kR.
2

) 

If the analysis of photop:ion production of Reference 9 is used to determine 

cs-;;" CS-:::3 1-- 'J and cr 1. J and the integrals are numerically integrat.ed~ 
J. / G 2 

Eqs 0 (15) determine Re ~ and Re 8 as. func.tions of the energy. The 

results of such a procedure are showTI by the solid curves in Fig 0 1. 

The imaginary part.s of "l and e also may be determined from 

the photoproduction data 0 Taking the imaginary parts of' Eqs 0 (11) 5 vIe 

obtain 
'e1. 

Im T 
3/2 
e.R. 

Lll T~ 

rug 
1m T'1 

" "2 

2 ~ 
(e/m) 0 

o 

If t.hese equations are combined "W'i,th Eqso (7), (8), (4), and (13), the 

imaginary part s of Jr; a.nd C are given by 
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(16) 

[~. ~ /'" (k) j,% 

The imaginary pa.rts of tr; and ~ determined from F~qs 0 (16) and the 

photoproduction data, are shown by ·the dashed curyes in Fig 0 L 

If the functions ~ (k) and C (k) . are known~ the amplitudes 
e~jmg el.~mg 

A and B may be determined from Eqs 0 (7) and (11.) 0 The 

differential cross section for unpolarized gamma rays may then be computed 
, .... ' 

from Eqo (B3) of Appendix Bo (The d~rivation of Eqo (B.3) is d.iscussed in 

Appendix Bo) The center-of~massj different.ial~ iiunpolarized ii cross sect.ion, 

computed by the above procedure~ is given in Fig, 2 at inc:l.dent photon 

energies (in the lab system) of 120, 150 jl and 11:35 Mev 0 

Of the assumptions made in this section~ perhaps the least justified 
ef mg 

is the a.ssumption that the amplitudes T3/2 and T~ are given by 

thei.r low-energy form~ without pionic structure modifications, HmV'ever~ 

it does appear reasone.ble that such modifications a.re smaller than the 
e). mg 

corresponding modificati.ons of T.! and T3/2 
6 

theory of Capps and Holladay the 

. In the wea.k-,coupling 

, 61.. 
i.n the elect.ri,c ampli.tudes T 

~ 

ratio of the pionic structure modifications 
e1.. . 

and T3/2 i.s a.bout i at 150 Me .... '·o ,In 

terms of the present model this ratio R may be ,,,ri tten 

(17) 

In order to test the effect of a pionic structure modification in the 
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e~ 
amplitude T we make the rather arbitrary assumption that the ratio of 

3/2 
Eq. (17)i8 1/3, and recalculate the differential cross section, corresponding 

to k ::: 150 Mev, again using Eq. (5) and (14) to determine the various 

amplitudes. The resulting cross section is shovm in Fig. 3. It is seen 

that the most important characteristics of the cross seCtion are not changed 
! 

much by this' assumption. 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 

a small finite value of 
efl.. 

effect for T3/2 

is also somewhat less than the corresponding 

The differential cross sections may easily be converted to the 
! 

laboratory system. To make this conversion one may use the relation. 

J dJ1.. d(J :: S d./) d~ 

where the integrals are over corresponding solid angles .• and the relation 

i 2 
(k"e /k) 

The laboratory differential cross sections corresponding to the center·=of·,·~ 

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

B. Comparison with, Experiments and Other Theories 

The results of high~eqergy gamma-proton scattering experiments
4 

. are not yet sufficiently conclusive to provide a test for the present model. 
1 3 3 

From the analysis by the MIT 'group of the scattering of 100- to 140-Mev 

photons from complex nuclei j there is some indication that the gamma-proton 

differential cross section is greater than 2 
(e Jm) at e o 

::: 135 j in 

agreement with the present model. This result is quite tentative, however, 



because of the difficulties both in performing. and in analyzing the 

experiment of scat.tering phot.ons from complex nuclei 0 

It is instructive to compare the results of this paper wit.h those 

of other theories" The front·~back asymmetry in the 150-Mev differential 
, 

cross section given here is similar ,It,o that predicted by GGT~, the center-of-

mass differential cross section of the present model increases from 

to 301 e
2

/m as the scattering angle increases from 0° to 
o 

180 ~ 

t.he corresponding cross section of GGT increa.ses from Oole
2

/m to 

while 

2 
2.8 e 1m 

in the same range,. The scattering amplitudes are quite different in the t1!W 

theories J however, In the model of GGT the picnic stT1.wture modification 
. mg 

of the ampU.tude T3/2 
e1?.. . 

is larger t,!,l3,n the corresponding rttodifi.cation of 

T., 9 the front~back asymmetr;yT:'i.e c<'J:.u.sed by interference b\3tween the 
.l. . 

2' 

spin-independent part of 
mg 

T,. ; ..... 
J, ~ 

and the negati:ve spin~independent electr:'LG 

dipole a.mplitude (the Thomson amplitude), In the present model the 

evaluation of the spin-dependent dispersion relation y Eq. (14);; ind:i.cates 

that the magnetic modifi.cation . fYJ is smaller t.han t;}-le electric modifi~ 

cat ian at 150 Mev) t,hus t.he spin~independent magnetic amplitude 

is smaller than'the correspond:i.ng amplitude of GGT 0 The front~,back asymm.etry 

tn the spin=independent part; d cr-;: of the differential cross section in 

Section IIA is< only' moderately lar~e g 

0) 0) 2; dO-A (180 - dO-A (0 ~i 0.8 e III 

however, there is an additiQnal source of front~back a,ssymmetry in the 

spin-dependent cross section d~~ 

o 0 
. d c.;- (180 ) ~. dCJ: (0 ) 

B A 
2 I . 

2.2 (e 1m) 



I 

UCRL<3572 

This spin-dependentasY1Ilmetry arises primarily f:rom int.erference between the 

'electric and r;:agnetie. scattel'ing~ which Is dependent. on t.he intrinsic and 

anomalous magneti.c moments" and also on the mesonic . structure eff I3c.ts·v 

The differential cross sectioJ,1 at '.It :;; 150 ~{ev predicted b.Y Capps 

12 
and Hollada.y,.w'ho use a modificati.on of t.he le.reak pion~nucleon coupling 

'j i 
theory of Sachs i'lnd Fcldy,.l., 5 ... s sim:l..lar to the results of Section IIA in the 

forward direction, but increases only to about do- ~ 0,3 2 e /m at, 

e ::: 1$00
, In thi.s case t.he magneti(~ amplitudes fire small; the principal 

effect of the protonUs pionic structure is to reduce the magnitude of the 

electric dipole amplitudes from their threshold values. It. is expected 

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

since the scattering from the pionic. contribution to the static magnetic 

moment is not included in such a weak=-coupling cal eulati on 0 

·Inaccuracy of the results of Section IIA may arise from inaccuracy 

of either the structure=independent terms of the scattering amplitude 

(those terms dependi.ng on only the mass, charge, and anomalous magnetic 

moment) or the pionic·=struetuTc modif'i cat. ion terms, An est.imate of the 

inaccuracy of the structure--independent terms may be made by setting the 

functions »t (k) and e. (k) of Eqs, (11) equal to zero, and comparing 

12 

13 

R, H, Capps and W, G. Holladay; Physo Rev, 2'1.~ 931 (1955)" 'rh e curve 
showing the effect of the inclusion of t,he anomalous magnetic moment 

in Fig. ? of this reference 1.s incorrectly computed, the resulting 

. differential cross section should increase as the scattering angle 

increases. 

R, G, Sachs and L, L. Fo1dY1Physo 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-
14 

moment term. Such a comparison is given, for k,f = 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 st,ructure-independent differential cross 

section at angles other thim forward angles of about 20%. 

The assumption that the mesonic structure modifications are appreciable 
e1. 

only in the amplitudes and Tl leads to spin-dependent electric 
2" 

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

backward peaking in the spin-dependent cross section. Figure 3 illustrates 

the effect of a different assumption concerning mesonic structure effects. 

Because t.he choices of both structure-independent and structure-

dependent effects in the present model tend to overestimate the cross section 

in the range 90° .t:. G <::.. 1800
5 the curves of Figs. 2 and 4 probably 

are somewhat high in this region. In our opinion a reasonable guess would 

be that the curves in Figs. 2 and 4 are about l~ times too large at 180°, 

14 J. L, Powell, Phys, Rev, 75, 32 (1949), 
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~ IIIo SCATTERING FROM DEUTERONS 

Ao The Differential Cross Sections 
n 

Information concerning the scattering of,photons from neutrons must 

be obtained from the resul'ts of scattering photons from complex nucleL , 

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

corresponding neutron and proton cross sections if the total nuclear scatt,ering 

amplitude is approximate,ly equal to the superposition of the scattering 

amplitudes from a group of' free protons and neutrons having the same momentum 

distribution as the nucleons in the nucleus o This "impulse approximation ii 

has been studied by Chew and others? and applied to many collision problems 

involving complex nuclei o The impulse assumption is necessary to the 

1 
formulas given by Pugh~ Frisch j and Gomez for photon scattering from medium 

and heavy nucleio 

Because a deuteron consists of only two nucleons and because these 

nucleons have a relatively large average separation j deuterons represent 

favorable-nuclei for application of the impul?e approximation'to a collision 

processo In this section the impulse approximation is used to predict the 

results of high-energy photon-deuteron scattering" 

The formulas relating the deuteron ampli.tude to the proton and 

neutron a.mplitudes in the impulse approximation are silnilar to those given 
, 15 

by Chew and Lewis for the photoproduct.ion of 'neutral pions from deuteriu1"'l ~ . 

thus these formulas will be listed here without derivationo Letting C{., and( 

(3 represent spin~independent and spin~dependent amplitudes 3 and letting 

the subscripts nand p refer to the neutron and proton amp1itudes~ 

15 
.G, Fo Chew and Ho Wo Lewis~ Phys, Rev, 84~ 779 (1951)0 
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respectively:; we may write the unpolarized differential cross sections for 

scattering photons from free protons and free neutrons as 

dO- I a )2 r I ~/2 "" P P p 

(18) 

dO- ::: Ian /2 + 1 ~ /2 
n n 

The relation of ,the quantities /7 and Ci2 to the scattering angle ULp~n ~p,n -

and to the various electric and magnetic amplitudes is given in Appendix B, 

The expression for the differential cross section for elastic photon 

scattering from'deuterons is analogous to Eq, (25) of Reference 15 and is 

'given, in the notation of Eqs, (18), by 

elastic 
d'~ ::; (19) 

where ,q is the magnitude of the vector q ~ which represents the momentum 
""'-' 

transferred to the nucleons in the collision, The "sticking factor" Seq) 

measures the probability that the ,deuteron remains bound after the collision, 

this fa.ctor may'be determined from the deuteron wave function ¢(r) by -
the equations 

Seq) 
2 

~ F (~ q) (20) -

F{q) S ":l ~iq,r 

r!(r) d-'r ' -..- (21) ~ e - --
The sum of the differential cross sections for inelastic and elastic 

scattering is given by an expression analogous to Eq, (27) of Reference 15, 

Representing this sum by d~d ~ we have 

(22) 
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where the interference factor F(q) is given by Eg, .(21), In inelastic 

scattering the momentum transfer is not determined by t.he energy and 

scattering angle aloneo 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 t;f/2mo 

In order to compute the form factors FCg) a.nd S(q) we assume 

that the deuteron wave function is given by the Hulthen function 

¢(r). :: e ~ e 
~(3r 

(23) ..., 
.r 

where the constants and are expressed in terms of the nucleon 

mas s and the deuteron binding energy Y by the equa.tions 

1 
2 

oj ~ (Ym) t"V O0322jA -" ....." 

f3 = 60( 

The fa.ctors F(q) and Seq) that. result from th.is choi.ce of ¢(r) are 
16 

given as functions of the momentum t.ransfer J by Chew, 
-

They are both unity 

at, q;;:: Oy :Lndicating that the sca.ttering is completely coherent in the 

forward directiono As q increases the t'lh[O functions decrease monotonically, 

Tha:l::, the difference between F(q) andS(q) is not too large for a.ny 

vl?lue of q indicates that, if the neutron~,proton system remains in a 

triplet state after the collision9 t.he interference effect in the inelastic 

scattering is not too large 0 Thus if the momentum transfer is large enough 

16 
Go F, Chew, Phy's, Rev" 84, 710 (1951), 

t.his paper, 

See Ego (5) and Figo 1 pf 

" 



to split the deuteron, the Hstruckli nucleon will genera.lly be left 'with a 

kinetic energy noticeably larger than that of the other nucleon9 in which 

case-interference effects are smalL If, on the other hand, the neutron-

proton system is in a singlet state after the collision, the scattering 

must be inelastic; interference effects in such scattering may beimportarito 

In order to make a definite prediction for the gamma-deuteron, cross 
, ! 

sections, we assume that the mesonic effects in photon-nucleon reactions 

are charge-symmetric, and contribute equally to the neutron and proton 

amplitudes. In such a model the neutron amplitude differs from the proton 

amplitude only in the effects of the total charge and the intrinsic magnetic 
e1 mg e1. B mg, 

A A j B and are n n n n 
moment. The neutron amplitudes 

given, in terms of the corresponding proton ampli.tudes" by 

.!l (A 
eR. eR 2 

A ) ~ e p -k n m 

~ 
mg 

A mg) (~ 0 
k P (24) 

.-2 (B 
e1 ef 2 

(2 ) +- 1) B ) :: e j 

k n p 2 
2m 

mg 
B mg) 2 ~ (B ::: e (2 A +1) 

k n p -:=2' 2m ' 

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

by 
Amg e.( e1 

A ~ B ~ 0 n n - n -
mg 2 ,,12 

') 

B e k/2m'::' 
n 
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The difference between the anoma.lous moments of the proton and neutron is 

neglected here 0 -

If the proton amplitudes are determined by the procedure of 
eR. 

Sectl on,IIA (neglect of mesordc str-Jcture modifications in T",/,", and . J ~ 

mg 
Tl ~ and use of dispersion relatJ.ons)~ and the neutron amplitudes are 

2 

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

sections may be computed from Eqso (19) and (22) and the formulas given in' . . , 

Appendix Bo The resulting differential cross sections~ converted to the 

laboratory system~ are sho1tm at three energies in Figs 0 6 and 7" 

Bo Accuracy of the Model 

At present we know of no reliable experiment tha.t may be used. to 

check the present results for photon~,deuteron seatteringo Such measurements 

may be made in the near future~ however; therefore it is important to 

estimate the accuracy of the approximatioreused here, 

It is expected that the deuteron cross sections of Figs, 6 and'7 

are overestiuated somewhat at backward angles for the same reasons as given 

in Section IIB in the discussion of the proton cross section" Furt.hermore~ 

there. are several sources of 'error in the present treatment of photon-

deuteron scattering in addition to those which are present in the treatment 

of Section II of photon-~proton scattering, One such source is the internal 

momentUJIl of the deuteron, because of this momentum the relative energy 

between the photon and the "struck" nucleon i.s not. fixed by the gamma-ray 

energy alone, The impulse approximation can be accurate only if the 

resulting spread in rela.tive energy is small enough so that the scattering 

amplitude does not vary by a large amount within the range of the spread. 

If the deuteron wave function is given by Eq. (23L a calculation shows that, 
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for an incident garrrrna enerf,'Y of 150 Mev, the spread in gamma-nucleon relative 

energy is around 15 Mev; that is, 80% of the time the relative ganuna-nucleOn 

energy is within 7.5 Mev of the corresponding energy for a nucleon at rest. 

From the curves of Fig. 7 it appears that the differential cross section at 

some fixed angle may vary by as much as 2 
e 1m in 7.5 Mev. Therefore 

errors from this source are not negligibJ:e. 

-The neglect of recoil leads to several types of small errors in the 

model. The effect of nucleon recoil in the gamma scattering from the 

nucleon's pionic structure leads to violations of the charge-symmetry 
, 

assumption, of order fA--/m. Experiments on the closely related procesq 

of charged pion production by 'photons on deuterium indicate that the 

violation of charge symmetry in this process is of the expected order, about 
17 

15%. The assumption that the momentum transferred to the nucleons in 

inelastic scattering is equal to the momentum transfer of the corresponding 

elastic scattering is another source of recoil errors, which, in this case, 

are of order ~ 12m • 

The impulse assumption, .that the neutron and proton amplitudes are 

additive, neglects the effect of "coo-operation" between the nucleons in the 

photon 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 elastic forward scattering from deuterons 

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

Ad(k) e.e' t- Bd(k)(O-: + cr::)'e x e' + other terms, .....,........ ......p _n "- ~ 
(25) 

where and £n are the spin operators for the proton and neutron, 

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

17 
Sands J Teasdale, and Walker, Phys. Rev. 96,849 (1954). 



corresponding proton and neutron arnplitudes by the equation 

A. (k) +i A (k) + ,6.(k) 
p n . 

(26) 

The quantity Ll (k) is zero in the impulse approxima .. tion and represents 

the error in Ad due to the impulse assumpt.ion~ The imaginary part of 

l1 may be estimated from experimental dat.a 9 if use is made of the optical 

relations, 

Im An ~ (k/h11')a-: 
1/n 

(27) 

The cross sections cs-" J 

"p 
and cr~d represent the total cross 

sections for photoproduction~ by unpolarized photons, of pions from protons, 

neutrons, and deut.erons, respectively~ while ~ represents the 
\..j dis 

. corresponding cross section for photodisintegration of deuteronso Only 

terms of order e2 are included in Eqso (27)" 

If Eqso .(27) are combined with Eqo (26).9 the following expression 

for the imaginary part of .~ (k) is obtainedg 

lm jj (k) 

(28) 

The t1rfQ terms on the right side of this expression are treated here as 

separate corrections 0 The quantH~7 a-,.,.,(k) - cr::: (k) .. ~ 0:." (k) 
I,d ~p "n 

is 

zero for k"e . .t.. 14.0 Mev, It is not knovlfn at energies, above pion<~pr()duction 

threshold~ si.nce l.s not knowrL However 9 there is ev:?-dence that the 



• 

'+- . 11 photoproduction ratio of deuterium to hydrogen in the energy range 
I 

under consideration here is about 0.9" suggesting that. the ratio 

I «()1Yd = CJffp = r:J1J'n) J 1cr-1f,.1 is probably not large, perhaps about 

10% or 15%.lS That part of 1m A resulting from photodisintegration J 

(k/41r)Gdis J is finlte at all but very low enErgies 0 For photon energies 

in the range 100 to 200 Mev, however J (k/l-t1l1 o-dis is not greater than 

2 
0.30 'e 1m. Thus, in this energy range, the quantity Im '/:l probably is 

,., 
not inore than 0.3 or 0.35 e~/m. 

The real part of ~ (k) also IrlE\y be estimated, if 'use is made of 
/ 

, dispersion' relations, The real parts of Ad' and An satisfy di.spersion 

relations which are analogous to the relation for A Eq (5) If t.he , P j • • 

dispersion equations for An(k) and. Ap(k) are subtracted from the 

equation for Ad (k) ~ the result is an equation for Re 4. (k) , 

!t Re L1 (k) 
2 - e -, 

k 2m 
, 
i 

2 rd~/ k 
P +, ~ 

21t 0 

" (29) 

? 
The constant e-jan results from the di.fference of the threshold values 

for scattering from deuterons and from protons. 

Again we make the estimate that the error that arises because 

cr.Jrd - G1rp. - 'ft n is not zero is probably not much more than 15% 0 

IS 
Crowe, FriedmanJ and Hagerman~ PhysoRev. lOO~ 1799 (1956). 

. , ... 
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In order to determine the contribution to Re tJ, from virtual photo-

. disintegration of deuterons, we neglect the difference between and 

<S""'1T'P + ~n > .,and evalua.te the integral in Eq. (29) from the experimental 

data on photodisintegration. The resu:Tt is not very energy-dependent in 

the range 100 Nev < k .:::::. 200 Nev and is given approximately by, 
I .p. 

If the contri.butions to Re Ll (k) from the two sources--virtual pion 

production and virtual photodisintegration--are added together, it is seen 

that I Re ~(k) I probably is not more than 0.2 (e2/m) 

That the contribution to Re ~(k) from virtual photodisintegration 

is fairly small. (for k J... '> 100 Mev) 3 may be understood more clearly if the 

region of integration of Eq. (29) is divided into two regions k£' > 100 Mev 

u 
and kR <: 100 Mev. The contribution of cr- (ki) is small in the 

dis 

high=energy region, since the ratio ..- /-- . is less than 0.25 
\..,J dis/I..; 1td 

throughout this region. In the low-energy region, the photodisintegration 

cross section 1.5 large 3 ()d" ~ 10-27 cm
2 

, and 1"s primarily the result 
1S 

of spin-independent, electric dipole transitions. For this region the 

,2 2 1 2 2 
energy denominator (k,e - k;()- may be expanded in powers of (~/ /kJ. ) 

so that the low~energy contribution to the right. side of Eq. (29) is 

2 1 100SMev i ( ) ( .Y:i 22 k i 
4 

.) 
e ~ dko O"dis k 1 + + ,.... . i> • 

2m 21/'4 0 ~ k,e k 4 

The zero-order term in this expansion, (21f2) ~l S dk';.e i ~ di.s (k i), 

approximately equal to 0.59 (e2/m); thus it is nearly canceled by the 

2 
threshold constant,0.50 (e 1m) 0 This is a rough restatement of the 

well-known f-surn rule for the deuteron, which states that the total 

(0) 

is 
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energy integral of the electric dipole cross section is approximately 

219 . 
0.5 e jm. . ThlS fact has been pointed out by GGT, who show that the 

assumption that the impulse approximation is valid in the high-energy 

limit may be used to derive a sum rule for the to_t.al_photodisintegration 

cross sections for complex nuclei. 

The contribution to Eq. (30) from terms of higher order in 

12j 2 U2j 2 i 
(kj kl) is small also, since (k,R k£) is small if ~ is such 

that Cidis(k i
) is large. 

It is concluded that the quantities Re A (k) and Im Ll (k) j 

which measure the inaccuracy of the linpulse assumption, probably are not 

- 2 
larger than 0.2 or 0.3 e jm, It may be argued further that similar corrections 

to both the spin-dependent and spin=independent amplitudes should be of this 

order or smaller at all angles. Experiments indicate that the deuteron= 

proton ratios for photoproduction of positive pions, and of neutral pions, 

do not vary much with angle, it appears that the impulse approximation is 
18,20 

reasonably ac.curate for the process of photopion production at all angles. 

Therefore that part of photon~deuteron scattering which proceeds through 

virtual pion production states may be treated by the impulse approximation 

fairly accurately for all scattering angles. 

Similar arguments may be given for the contribution of virtual 

photodisintegration states. The fact that the total photodisintegration 

19 

20 

This sum rule is discussed byJ. S. Levinger and H. A. Bethe, Phys. 

Rev. 78, 115 (1950). 

G. Cocconi and A. Silverman, Phys. Rev. 88, 1230 (1952); and Bingham, 

Keck, and Tollestrup, Phys. Rev. 98, 1187 (A) (1955). 
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cross section is sm.all for energi.es greater than 100 Mev indicates that all 

partial=wave photodisintegration cross sections are small in this energy 

range, therefore the contributions to the deuteron-sca.ttering differential 

cross sections from excitation of hi.gh-energy photodisintegration states 

should not be large at any angle, Excitation of low-energy photodis-

integration states is primarily a spin-independent electric dipole process 

which, as shown above, gives corrections to the 
e12 

dipole amplitude Ad. ,which are of order 

100 Mev 

(2~) -1 J c:Jdis(k') [ ~ .2,1J;/] dk/ ~ 

spin-independent electric 

2 0,05·e 1m 

It is concluded that the present model is not a precise one, 

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

of effects in which the neutron and proton "cooperate" may lead to sizeable 

errors in the predicted photon-deuteron differential cross sections, Roughly 

speaking, at any given angle; these errors may be as large as 0.5 e2/m or 

so. Furthermore, we expect the predicted cross sections to be somewhat 

high for backward scattering angles for the reasons discussed in Section lIB. 

However, one may" expect the predictions of ·this model. to reveal the 

salient features of the actual cross sections,' provided that the basic 

asslllnptions of the model are correct 0 
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IV, POSSIBLE PHOTON-DEUTERON SCATTERING EXPERIMENTS 

Because of the presence of the neutron-proton force, the present 

model is not expected to predict photon~deuteron scattering as accurately 

as scattering from free protons, However the difficulties of using photon-

deuteron experiments to ,investigate the photon~nucleon interaction are 

partially cOl}lpensated by one advantage of such experiments, namely the 

possibility of measuring several different quantities when the scattering 

is from deuterium, One can measure both the elastic and inelastic cross 

sections, and it may be possible to obtain further useful information by 

detecting the recoil of one of the nucleons in the inelastic photon-deuteron 

scattering. 

In' orde~ to separate the elastic and inelastic scattering with 

present experimental equipment, one must detect the recoiling nucleon or 

d-euteron in coincidence with the gamma ray j, using a dectector that 
I 

differentiates between deuterons~ protons 9 and neutrons. Such a coincidence 

measurement is not too difficult in elastic scattering, since the recoil 

energy and angle of the deuteron are f:ixed 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 

scatt~ring angle. For this reason the least difficult way to measure the 

inelastic cross section is to measure the total cross section and the 

elastic cross, section and find the difference. 

It is possible that still further information may be obtained from 

such coincidence experiments. If the impulse approximation is a fairly 

accurate description of the inelastic scattering, one expects that the 

nucleon which i~ "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 i.n the corresponding 

scattering from free nucleons, If one can detect the recoiling "struck" 

nucleon with appreciable efficiency) one may obtain the ratio of knoc:ked~,out 

prot,ons to knocked':out neutrons 0 In the impulse approximation this ratio is 

the ratio of the p:coton and neutron diff",rential cross sections at. the angle 

in question, Such a procedure is di.fficult experimentally ~ but has the 

advantage that a neutron'~·proton rati.o is being. determined, hence j the use 

of theimpuls6 approximation in determining t.he free~'parti.cle cross,-scction 

ratio is free from some of the errors involved in the analysis of Section III, 

We may make a rough estimate of the variation in direction of emission 

of the knocked-out nucleons by using the impul~)e approximation and assuming 

that the internal momentum spectruxn of the deuteron is given by the Fourier 

transform of the expression for ¢ (r) 0 ........ given in Eq, (23), For values of 

the incident photon energy a~ld photon scattering angle of IhO 11ev and 90° 

such as estimate indicates that in 50% or more of the inelastic collisions 

the knocked-out nucleon emerges in a cone of radi.al angle 1.8
0 

j the center of 

this cone being very close to ·the direc.tion of recon in the corresponding 

scattering from free nucleons 0 Though such a cone is not small j it does 

appear possible to detect a reasonable proportion of the knocked-out nucleons, 

The efficiency of such a measurement would be lower than in an ordinary 

photon~scattering e:x:periment, but it may not be as much lower as it w'ould 

appear at first sight~ for the following reason: Present~day photon 

scatter:i.ng experiments are performed with brenmlstrahlung beams having a 

wide energy spectrum, and the energy resolution of present gamma det,ectors 

is not very sharp, If the energy of the recoll:i.ng particle is rneasured J 

this measurement makes l.t easier to subtract events resulting from photo:qs 
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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 relati.ons has made :i.t possible to 
.. 

predict many features of photon-nuel'eus scattering from a knowledge of 

photopicn-product:i.on cross sections. In the work presented here two dispersi.on 

relations j together with several reasonable approximations 3 are used to 

predict the differential cross sections for photon-·proton scattering and 

elastic and ine1astic.photon-deuteron scattering at energies less than 200 

Mev. At present the experimental data,are not accurate enough to check the 

model used here, 

Since the photon scat,t.ering amplitudes may be expressed approximately 

in terms of photopion=production cross seetions, the primary purpose of .. 
measuring photon-nucleon scatter-i.ng probably is not to find new inform.ation 

concerning the pionic structure of nucleons, but rather to test presently 

accepted ideas, such as the dispersion relations, and the assumpti.on that 

only S-wave and P-wave pions are important t.o an understanding of low~energy 

pion~nucleon phenomena. These two assumptions are basic to the 'present 

modeL Further approximations are made (such as the impulse approximation), 

but the accuracy of t.hese further approximations is estimated. If the 

measured cross seetio.ns should differ from those predicted ih Sections II 

and III by amounts much larger than expected J this probably would indicate 

the failure of OIle of the tltJ"O ba.sic assumptions. 

In the present model effects of virtual transitions of the nucleons 

to a nucleon-pion P-wave state of angular momentum 3/2 (the resonant . . ~ 

state) are important, but they do not dominate the effects of S-wave 
.. 

pion-nucleon states, at least at energies below 200 Mev. As the photon 
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energy increases from 120 to 300 Mev, the virtual P-wave, j = 3/2, pion-

nucleon state becomes more and more important. Compton scattering at energies 

corresponding to the peak of the resonance in this state (photon energies in 

the range 275 to 350 Mev) is not treated here, but this problem is interesting, 

both experimentally and theoretically. ,In this region the imaginary part 

of the amplitudes should be quite large, it is easily shown from Eg. (4) 
I 

that the imaginary part of the spin-independent forward amplitude, 1m Ap(k) , 

is ,a high as . 2; 3 e m at the peak of the resonance. If only electric and' 

2 
magnetic dipole waves contribute to A (k), the condition 1m A (k) ~ 3 e 1m p p, 

implies that the total scattering cross section is at least 4~ times the 

Thomson cross section,thusthe total photon-proton cross section must be 

relatively large in the resonance region. 
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APPENDIX A g CONSEQUENCES OF UNITAfUTY 

Equations of the t:rpe of Eqs,o (4) and (13) may be derived simply 

from the unitarlty property- o.f t.he ;wa.ttering matrix. Since the photon-

,nucleon scattering problem is more complicat,ed than some others beca.use of 

the' spins of the pa.rticles ~ we indicate in this appendix how the numerical 

coefficients of Eqs. (4) and (13) are obtained, 

Let the plane wave that represents the incoming wave plus the 

unscattered outgo-ing wave for a particular pola~ization state in a two~ 

particle scattering problem be expanded in spherical waves in the fol1m..ring 

rnanner 3 

c~ ~,(e~ s)' fo (kr) 
1, """",,.. 1 

CAl) 

where ~C((s) represents the spin wave functions of the particles in th,e 

polarization state denoted by or Xi(8 5 s) represents a normalized 

ii angular lU \,lavefunetion depending on orbital and spin angular momenta, 

and fiCkr) is the radia.l vl/'ave fundion depending on the relative particle 

separation r ~ norI!lEtli.zed so that.9 as r ~oO ~ 

The complex nU11bers 
0( C, 

1 
are the (1xpansion constants. - \ 

~ sin kr 
kr 

Let the states 

denoted by the index i be eigenstates of the scattering in the sense 

that the scattering cannot cause transitions between states corresponding 

to dHferentvalues of i (though final states involving different particles 

may be produced) 0 It lIk'ly be easily shown from the unitarity of the S matrix 

that the imaginary parts of the scattering amplitudes Ti 

terms of the complex phase shifts 8 0 by the relation Ti 
1. 

are related-teo pa.rtial cross sect:l.ons b;t the equation 

(defined, in 

. i8 i ('I / 
_ (e ainOi) k ) 
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0{ , I C~ il 2 

1m Ti 0-:. - 1 -1 
k 

(A2) 

where is the partial cross section (including elastic and inelastic 

processes) correspondihg to the spherical wave state i for an incident 

. beam of polarization 0{ 

In the present model the index i refers to the 
e,t mg 

amplitudes discussed in Section II, T3/2 j T3/2 

four dipole 
eR. 

T1,. , and 
2 

If we quantize along the direction of the incident beam there are two 

polariZation states which may scatter differently, the state in which 

the nucleon and photon spins are parallel, and the antiparallel state. 

(Reversing the direction of both spins simultaneously does not affect the 

scattering cross section.) We denote these hro states by the superscripts 

p and a. If use is made of Clebsch·~Gordon coefficients and the expansion 
21 

in vector spherical hannonics given in Blatt~~sskopf it may be seen that 

., oj 1'2 the constan'Es ,Ci' in the present model are given by 

C3/ 2 ,mg 

p r 6;(, 

2 
C P 
~~mg 

,2 
o 

2 
a 2 

(A3) , 

G -
3/2,ei.. 

2 2 
a 

C 
~,e~ 

From Eqs. (A2) and (A3), equations for the partial cross sections may be 

obtained. 
21 

J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics, John Wiley 
and Sons, Inc., New York, 1952j Appendices A and B. 
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An unpolarized photon~nucleon beam may be considered as the sum of 

a parallel polarized and an antiparallel polarized beam, occurring with 

equal intensity. Consequently an unpolarized partial .cross section 

is given in terms of the partial cross sections 

equation -

P 
o-i and 

a 
0-:; 

1. 
by the 

(Ah) 

Combining Eqs Q' (A2), (A3) J and (Ah) j we obtain the relations for the electric 

amplitudes, 

e,f, 
(k/h1l) OJ/2~e.R. Im T3/2 -

~ 

e-R. 
1m T~ :; Ck/21f' )0-1 e~ 

2~ 

If Eqs. (A5) are combined with the expressions for 

Eqs 0 (7), the following equations result g 

Im Ae.i -, (k/4.11) ( ~ /2 R. + ~ 

..) Je 

'e£ 
(k/411) (~ c:s- / R. Im B - .-

~ 

, 3 23 8 

e.R 
A and 

0-1 R) 
2,e 

CS': 
~,eR 

e,R 
B 

~ 

) 

(A5) 

(A6) 

Exadly similar relationships hold for ,the magnetic amplitudes. Adding 

j together the electric and magne;tic amplitudes (see Eqs. (8) and using the 
\ 

fact that the total cross section is the sum of partial cross sections, 

one obtains Eqs Q (h) and (13) of Section IL 
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APPENDIX B~ 

RELATION OF VARIOUSAV~LITUDES TO DIFFERENTIAL CROSS SECTIONS 

In this appendix the amplitudes (j3 and 
p 

are related to the scattering angle and to the 

A mg 
p,n 

etc, Formulas for the differential cross 

sections in different states of polarization of the photons and the target 

may be derived by the standard method of expanding the photon waves in 
21 

vector spherical harmonics. Since the scattering cross sections discussed 

in,this work refer to the case of no polarization, we shall list here 

differential cross section formulas only for unpolarized beams. Such 

formulas are comparatively simple since the spin-independent amplitudes 
I 

and spin-dependent amplitudes cannot i.nterfere for liunpolarized ll scattering. 
e,f mg e.R 

We introduce four angular dependent functions X
A 

X
A 

" XB ' and 
mg 

(which XB are related to combinations of the vector spherical harmonics), 

and the amplitudes Up,n 
I A.nd 63p3n 

in the form express 

o.p e.1 eR mg mg 
~ A X + A X

A P A P 

63p 

e1.. e;' Bmg mg 
::: B ~ ,... X

B 
, 

P P 

el eJ + 
(Bl) 

Amg xmg 
an if. n X

A n A 

@n e{ x e,( + Brng xrng = B 
n B n B 
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In order to compute the cross sections of Egso (18)J (19)j and (22), one may 

substitute for C13 the above expressions and make use of 
P9 n 

the relations 

I X
A 
e£ I 2 1 mg \2 ;2 

~ X
A 

~ ~(l t- cos e) 
~~ 

\Xae.er I xB
mg 12 ~(3 -

;2 
@) cos ~ (B2) 

et* R* xmg e xmg x
A ::: X .= cos e 

A B B 

The angular functions given above are determined by taking the sum and 

average of final and initial polarizat:i.on directions ,of the dipole photon 

. waves involved in the present modeL 

If, for example J the above procedure is applied to the seattering 

from protons, one obtains 

( h ee (+ I Kpmg 12) !(1 1- 2 
cos e) 

I. 2 2 

+ ( I Bpe I + I BpIng I ) ;2 
~C3 - cos e) 

+ (A e R * A lng ..L B e R * B mg) 2 cos @ 
p p r p p (B3) 

The above formulas represent a shorthand method of writing the cross 

sections discussed in this paperu For a derivation of the form of the 

scattering amplitude ~ the reader is referred to Referenees~5 and 21. The 

appendix of Reference 5 gives the form of the photon-nucleon scattering 

cross sections for different states of polarization o 
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FIGURE CAPTIONS 

Figure 19 Values of the amplitudes [ and "7. as functions of the 

incident photon ener,gy (laboratory system) The' solid lines 

represent the real parts of the amplitudes; the dashed lines 

represent the imaginary partso 

Figure 2g Calculated photon-proton differential cross sections in the 

center-of-mass system~ shown ~t incident photon energies in the 

laboratory system of 120, 150 J and 185 Mev o 

Figure 3g Dependence of the calculated, photon-proton center-of-mass 

differenti,al cross section on the value 

structure modification of the amplitude 

assumed for 
eR 

T3/2 

the pionic 

The ratio 

R is defined in Eqo (17)0 The curves refer to an incident 

photon energy in the laboratory system of 150 Mev o 

Figure 4g Calc:ulated photon'-proton differential cross sections in the 

laboratory system, 

Figure 5g Comparison of the structure-independent part of ~he calculated 
I 

photon-proton differential cross section to the cross section 

calculated from the Klein-Nishina formula modified by the 

inclusion of a Pauli anomalous~moment term, The Klein-Nishina 

cross section d<=>KN is taken from Reference 140 The'cross 

section dOS'I results from setting e. and iYt equal to 

zero in the present modelo The quantities are measured in the 

laboratory system~ at an incident'photon energy of 150 Mev o 
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FIGURE CAPTIONS (Conto) 

Figure 6g Calculated photon-deuteron differential elastic cross sections 

in the laboratory system. 

Figure 7 g Calculated photon-,deuteron differential cross sections in the 

laboratory systemo These eurves represent the "Sums of the 

elastic and inelastic scattering cross sections, 

.... 



• 

, 
-w 

II 

Ii 

2.4 

W 1.6 
Cl 
=>-
I- ,.,..E 
....J (1.1 ..... 
a.,Q) 
~'-'" 
<l: 

0.8 

-43-

/ 
/ 

-/ 
I ./ 

I ,,"" 
0.01-------"-'~-----------'-~___1 

/10 140 200 260 320 

LAB PHOTON ENERGY Mev 
MU- 12472 

Fig. 1 

UCRL-3572 



-44- UCRL-3572 

I~ 

4 

.150 Mev 

2 

, 

N -OE 
"" 

"'C ~ l.-....,~~~---

90° 
e,M. SCATTERING ANGLE 

HU-12473 

Fig. 2 

\ 



-45- UCRL-3572 

2 

90° 
C.M. SCATTERING ANGLE 

Iv1U-12474 

Fig. 3 



3 

2 
N 

co -
.~ E 
.J .. '" '" L...Q. Q) 

U -I 
"'0 

-46- UCRL-3572 

185 Mev 

150 Mev 

120 Mev 

90° 
LAB SCATTERING ANGLE 

MU- 12475 

Fig. 4 . 



/,25 

.75 

-
, .... .25 

-47-

900 

l:-ABSCATTERING ANGLE 

Fig. 5 

UCRL-3572 

t·'iU- ! 24 7G 



-48- UCRL-3572 

2,0 

150 Mev 

120 Mev 

90 0 

LAB SCATTERING ANGLE 
~!U- 12477 

Fig. 6 



-49- UCRL-3572 

5 

185 Mev 

150 Mev 

120 Mev 
/ 

90° 
LAB SCATTERING ANGLE 

HU'-12478 

Fig. 7 

. , 


