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The validity of the impulse approximation for the scattering of 50-120 Mev photons from deuterons 
is investigated by the use of forward scattering dispersion relations. The only significant deviation from 
the impulse approximation found is in the spin-independent amplitude. Most of this deviation is shown 
to be the result of the exchange part of the neutron-proton potential. The exchange force is known to 
increase the electric dipole photodisintegration cross section; it is shown that the exchange force also 
increases the electric dipole elastic scattering cross section by about 10-20%. 

A R E C E N T experiment at the Massachusetts 
Institute of Technology1 on photon scattering 

from deuterons has indicated that the total differential 
cross section at 90° is from 30% to 70% larger than is 
given by the impulse approximation2 for energies in the 
range 50-120 Mev. Since photodisintegration occurs at 
these energies some "cooperation" between the neutron 
and proton in absorbing the photon must be taking 
place and might be expected to lead to corrections to 
the impulse approximation for Compton scattering. 
This paper represents an attempt to estimate these 
effects and as such is an extension of Sec. I I I . B of an 
earlier paper by one of the authors.2 

The amplitude for the elastic forward scattering of 
a photon from a system of spin 1 may be written in the 
form 

Tdik^Adikde-e'+BdikdiJ-eXe' 
+Cd(kl)e-e'(3J*-2)+Dd(kl) 

X { J - e J - e , + J - e , J - e + e - e , ( / , 2 - 2 ) } , (1) 

where e and e' are the polarization vectors of the 
incident and outgoing photons, J is the spin operator 
of the scatterer, and A, J3, C, and D are functions only 
of photon lab energy fikic. The differential elastic cross 
section in the forward direction for an unpolarized beam 
is given by da/dtt=l(3\A \2+2|£|2+6|C|2+4|Z)|2). 

In the impulse approximation, A, B, C, and D are 
assumed to be given by the superposition of the ampli­
tudes for scattering from each of the particles making 
up the system. For the deuteron, the impulse approxi­
mation leads to the result C—D—0, and Ad=Ap+An, 
Bd=Bp+Bn, where the subscripts d, p, and n refer to 
the deuteron, proton, and neutron, respectively, and the 
scattering amplitude for a particle of spin \ has been 
written in the form 

T(ki)=A(kl)e'e'+B(kl)i<r-eXe'. (2) 
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I. THE SPIN-INDEPENDENT AMPLITUDE 

The spin-independent amplitude may be written in 
the form Ad=Ap+An+A, so that A is the correction 
to the impulse approximation. Each of the amplitudes 
Ad, Apy and An satisfies the dispersion relation 

Re A(h)-A{0) 
2kj> / •* Im A (k/)dkif 

(k/*-m • 
(3) 

and the unitarity condition 

Im A (ki) = (V47r)o-totai(&*). (4) 

The total cross section for unpolarized incident photons, 
o-totai(&0> is predominately the pion photoproduction 
cross section <rv and, in the case of the deuteron, the 
photodisintegration cross section aaia- We will consider 
only the lowest order terms in e^/ftc so that the photon 
scattering cross section itself can be neglected in deter­
mining Im^4 from Eq. (4). The constant ^4(0) which 
appears in Eq. (3) is the Thomson amplitude and 
depends only on the mass and charge of the particle. 
Thus, if M and e are the mass and charge of the proton, 
we have 

Ad(0) = -e*/2Mc% Ap(0) = -e2/Mc% An(0) = 0. (5) 

Combining Eqs. (3), (4), and (5), we get for the cor­
rection to the impulse approximation, 

ReA = r * 0"dis+0Vd--cr7rp-—A",, 
-dh', (6) 

2Mc2 2TT2^0 k/2-ki2 

Im A = (ki/4n)(ordis+<TTd—o-irp—o-xn). (7) 

The quantity <rTd—&irV—v™ is, of course, zero below 
the meson threshold but is not known for higher ener­
gies because aTn is not known. For TT+ photoproduction 
the deuteron to proton experimental ratio is given 
roughly by ov+<*—().%> v 3 Hence we take the total pion 
production cross section from deuterons to be given 
by the relation, (TTd—0.9 (a Tp+a m)- We further assume 
crTn~<rTP> Then, using the experimental cross sections 

3 K. M. Crowe, R. M. Friedman, and D. C. Hagerman, Phys. 
Rev. 100, 1799 (A) (1956). 
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FIG. 1. Total (elastic plus inelastic) differential cross section in 
the lab system for forward scattering as given by the impulse 
approximation with (curve b) and without (curve a) the correction 
A to the spin-independent parts. 

for o-dis4 and aTp,
5 we obtain the results of Table I. 

(Note that with our assumption about the meson 
cross sections the photodisintegration contribution has 
the same sign as the meson contribution only because 
we are evaluating Re A at energies between the peaks 
in these two cross sections. Above the meson production 
peak the two effects would tend to cancel under this 
assumption.) The effect of the correction A on the 
total forward scattering is plotted in Fig. 1; the dipole 
model of reference 2 is used to evaluate the impulse 
approximation amplitudes. 

Unfortunately, experiments cannot be done for 
forward scattering, so that some further information 
about the angular dependence of A is necessary in order 
to extend the 0° predictions to finite angles. In the 
impulse approximation, the electric dipole is the largest 
amplitude. Furthermore, there is no interference 
between electric and magnetic amplitudes at 90° where 
the experiment of Hyman et al.1 was done, so that large 
effects at 90° are expected to be the result of the cor­
rections to the electric dipole amplitude. Gauge in-
variance allows us to write the electric dipole amplitude 
(in the long wavelength limit) in terms of the wave 
function of the neutron-proton system.6 This property 
allows us to estimate the effects of the neutron-proton 
potential. As shown in reference 6, if the vector poten­
tial A can be written as the gradient of a scalar, i.e., 
A = v G , then the Hamiltonian, to second order in e, 
may be written as 

H=H,+ (ie/tic)[_Gfi,-]- ( ^ V ) [ G , [ G , # o ] L (8) 

TABLE I. Real and imaginary parts of the correction A to the 
spin-independent forward scattering amplitude in units ofe2/(Mc2). 
The bottom line gives the amount of the correction that is due 
to the estimated difference between the meson photoproduction 
cross sections. 
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(1956); E. A. Whalin, B. D. Schriever, and A. O. Hanson, Phys. 
Rev. 101, 377 (1956); G. R. Bishop, C. H. Collie, H. Halban, A. 
Hedgran, K. Siegbahn, S. Du Toit, and R. Wilson, Phys. Rev. 80, 
211 (1950); J. A. Phillips, J. S. Lawson, and P. G. Kruger, Phys. 
Rev. 80, 326 (1950). 

5 K. M. Watson, J. C. Keck, A. V. Tollestrup, and R. L. Walker, 
Phys. Rev. 101, 1159 (1956). 

6 R . G. Sachs and N. Austern, Phys. Rev. 81, 705 (1951). 

hkic (Mev) 0 30 60 90 120 

ImA 0 0.253 0.182 0.19 0.19 
Re A 0.50 -0.025 -0.055 -0 .10 -0.205 

Meson part of Re A 0 -0.004 -0.015 -0.030 -0.057 

where Ho is the zero order Hamiltonian. In the long 
wavelength approximation A = e , so that G=erp, 
where rp is the position of the proton. The zero order 
Hamiltonian is written in terms of the position of the 
center of mass R=^(rp-\-tn) and the distance between 
the proton and neutron t=xp— rn, i.e., 

H0= -(¥vR
2/4M)-(¥vr

2/M)+(l-x)V1+xV2(P, (9) 

where (P is the exchange operator ((Prp=rw; (Prn=rp) 
and the potential has been divided into its exchange 
part xV2(? and its nonexchange part (1 — x)V\. The non-
exchange part may contain central, spin-orbit, and 
tensor forces. 

We now use the above Hamiltonian [Eqs. (8) and 
(9)] to calculate the electric dipole scattering amplitude. 
Since the initial energy E is the sum of the photon 
energy fikic and the deuteron binding energy (—£#), 
we get 

r / = ( . 2 / ^ 2 ) ( ^ | [ e - r p , [ C ' T „ HolUh) 

1 

£ 
Wc2 m 

(<**![>'• rp, #o]|iAm>-
E—Em 

X^mlCe- r^ f foDI^+^c i lCeT^HoDl^m) 

x < * « | [ e ' - r p > i I o ] | * A (10) 
E-{Em+2Uic) J 

If we consider only the spin-independent part of T& 
only the component of e' along e will contribute to the 
sum over m. Then the second term can be rewritten in 
terms of the electric dipole photodisintegration cross 
section, which is given by 

(2TT)2 e2 dm 

ki fi2c2 dE 

Using Eqs. (9) and (11), Eq. (10) becomes 

7 V = -e-e'(e2/Mc2)+(e2/Wc2) 

Xtyd\xV2(r)e-re'-t\xPd) 

e-e ' r - o - d i s E I V W e e r~ 

2TT2 J 0 h,2-h2 (12) 
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If use is made of the electric dipole sum rule,7 

2ir*J0 

<rdi8
EIW=-

2Mc2 
-—(*i|*F,(eT)*|fc>, (13) 

Eq. (12) may also be written in a form very similar 
to the forward scattering dispersion relation, Eq. (3), 
i.e., 

Td'=e-e'( — + — I 1. (14) 
V 2Mc2

 2TT2JO k/2-ki2 / 

This equation, however, is not restricted to the forward 
direction. Furthermore, the photodisintegration cross 
section up to 150 Mev is almost all electric dipole 8'9 

so that A is also mainly electric dipole. 
In evaluating 7Y for energies in the range 50-120 

Mev, it is convenient to use Eq. (12), since the factor 
k/2/(k/2—ki2) in the integrand is small wherever the 
cross section is large so that the value of the integral 
is quite small. The exchange force term may be esti­
mated by using a Hulthen potential for V2(r) and taking 
x, the fraction of the potential which has exchange 
character, to be J. The result is about —0.09 e2/(Mc2). 
This term is not included in the impulse approximation 
and leads to an increase of about 20% over the impulse 
approximation result for the electric dipole scattering 
cross section at all angles. For energies below 50 Mev 
the integral in Eq. (12) will not be small but provides 
the transition to the zero energy value, which, as seen 
from Eq. (14), is the Thomson cross section. 

Corrections to the long wavelength approximation 
used above are not determined by gauge invariance but 
depend on the details of the electromagnetic interactions 
of the deuteron. These corrections are not expected to 
be large in this energy region because an extra factor 
of (kir)2 occurs in the matrix elements and, although 
kiR (where R is the "radius of the deuteron") is of 
order unity, this factor of (kir)2 usually occurs multi­
plied by the potential F2, which has a shorter range 
than the deuteron. Furthermore, those terms which do 
not involve the potential [e.g., (\pd\ (e-r) 2(krr) 2 |^)] 
are generally terms included in the impulse approxi­
mation so that the long wavelength approximation is 
expected to be fairly good for estimating corrections to 
the impulse approximation. For the same reason, the 
inelastic cross section is apparently not much changed 
by the cooperative effects. In the impulse approxi­
mation, the inelastic cross section at 90° is only about 
20% of the total cross section for 60-Mev photons and 
about 40% at 120 Mev, so that only a large change in 
the inelastic scattering could be seen in the total cross 
section. In the experiment of Hyman et al.1 only the 
outgoing photon was observed, so that the incident 

7 J. S. Levinger and H. A. Bethe, Phys. Rev. 78, 115 (1950). 
8 J. J. DeSwart and R. E. Marshak, Phys. Rev. I l l , 272 (1958). 
9 W. Zernik, M. L. Rustgi, and G. Breit, Phys. Rev. 114, 1358 

(1959). 

photon energy is higher for inelastic events than for 
elastic events with the same outgoing photon energy. 
This complicates the determination of cross sections 
from the data. 

II. THE SPIN-DEPENDENT TERMS 

The major contributions to the spin-dependent scat­
tering amplitude are magnetic and thus not specified 
by gauge invariance. For the forward direction we can 
write dispersion relations for the functions B(ki),C(ki), 
and D(ki) of Eq. (l);e.g., * 

dB 2k? r»Im B(kt')dki' 
Re5(fe)-*r—(0)= I . (15) 

dki 7T J0 kPikp-k?) 

The dispersion relations for C and D are similar to that 
for A, Eq. (3). If only dipoles interact, the unitarity 
conditions are 

Im B= (*«/4ir)(f<r2-io-i-jtro), 

Im C= (V4TT)[(1/20)<7 2 - i e n + K L 

Im D= (V47r)[ (3 /20> 2 - - f <r!+i *o l 

(16) 

where aj is the total cross section for states of total 
angular momentum / from unpolarized incident 
photons. Spin-independent cross sections will not con­
tribute to Eqs. (16). 

Since the integral in Eq. (15) emphasizes the low-
energy values of Im B, the major contribution is from 
the magnetic dipole photodisintegration to the singlet 
S state. However, this is large only at the very lowest 
energies, and for scattering at energies above 30 Mev 
the integral combines with the zero energy term to 
give approximately the impulse approximation result. 
This can be seen from a perturbation calculation with 
the same interaction as is used to calculate the low-
energy magnetic dipole photodisintegration,10 i.e., 

# ' = / V 7 P - V X A + / M J V V X A 

+ (MP-Mn)i(orp-crn)-VXA, (17) 

where JJL and o* are the magnetic moment and spin 
operator for the proton (subscript p) and neutron 
(subscript n). If the Z)-wave part of the deuteron wave 
function is neglected, the angular momentum J of the 
deuteron is equal to Jfap+^n). Then, in the long 
wavelength approximation, the first term in Eq. (17) 
leads to scattering only through deuteron intermediate 
states. On the other hand, the second term leads to 
transitions through the singlet S states, \ps, and can be 
related [in the same way as in Eqs. (10), (11) and (12)] 
to the magnetic dipole photodisintegration cross section 

10 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley & Sons, New York, 1952), p. 608. 
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TABLE II. The electric dipole photodisintegration cross sections 
in microbarns for total angular momentum 2, 1, and 0 as calcu­
lated from the matrix elements given by DeSwart and Marshak.a 

The bottom line is related to Im B by Eq. (16). 

fikic (Mev) 

troG-tb) 
o-i (fib) 
or2(/*b) 

f(<72—<ri — 2cr0) 

22.4 

0 
51 
37 

-10 .5 

53.5 

1 
82 
64 

- 1 5 

80 

16 
216 
238 
- 7 . 5 

a See reference 8. 

ffdisMD which is given by 

1 (2x)2 

<7disMD=- E 0 * - i O 2 

6 spins, hi 
pol. 

X | ( ^ | i ( ^ - ^ ) - k z X e | ^ ) | 2 — . (18) 
dE 

The quantity dm/dE denotes the density of final states. 
Then, if n is a unit vector in the k jXe direction, the 
spin-dependent scattering amplitude is 

V tic 4TT2 JO ki'(ki»-kt)/ 

XfJ -n 'Xn . (19) 

Since o-diS
MD is large only near the resonance in the 

singlet state, we can put k/2—ki2 equal to — k? when­
ever the photon energy is much above the resonance 
energy. The resulting integral can be evaluated by 
using the following sum rule, derived from Eq. (18), 

f (<rdi.MWW=KG*p-iOV**. (20) 

We then get for the scattering amplitude 

r d " = [ - ( M p + M « ) W * * ) 

~ (pp-itnriki/fyyj-n'Xn (21) 

= 2 0*p2+A*n
2) (ki/hc)i J • nXn ' , 

which is the impulse approximation result for the 
magnetic dipole contribution to B. 

Thus the largest part of the photodisintegration cross 
section contribution to Eq. (15) gives the impulse ap­
proximation result. However, in the 10-150 Mev region, 
although the cross section is much smaller than at 
lower energies, the spin dependence is more com­
plicated8'9 and the simple theory of Eqs. (17)—(21) 
above is incomplete. To use Eqs. (15) and (16) we 
need the values of 0*2, 0*1, and ac, which are not 
simply related to any experimental quantities. DeSwart 
and Marshak8 have been able to explain the isotropic 
and sin20 parts of the disintegration cross section at 3 
energies in this region using spin-orbit forces and the 
electric dipole approximation. We can calculate the 
electric dipole cross sections cr2

ED, o"iED, and croED using 

the matrix elements given in Table I of their paper.8 

The particular combination fcr2
ED—foiED—§0-0ED, which 

appears in Eq. (16), does not vary greatly with energy 
as shown in Table I I . The total magnetic dipole disin­
tegration cross section as calculated by Zernik et at.9 

with forces similar to those used by DeSwart and 
Marshak is about 6-10 microbarns in this region. No 
matter how this cross section is distributed among <ro, 
cri, and <72 we can say that (&z/47r)(— lOjub) will be a 
fair estimate for the total photodisintegration contri­
bution to Im B for energies in the range 10-150 Mev. 
Using Eq. (15), and assuming the low-energy part of 
the integral to be given by Eq. (21), the forward am­
plitude should then be increased over the impulse 
approximation by about 

—(10/*b) I . (22) 
27T2 JlOMev (kt-h*)h' 

For a photon energy of 60 Mev, this increase amounts 
to about 0.019 e2/(Mc2) compared with the impulse 
approximation spin-dependent amplitude of 0.309 
e2/(Mc2). This crude estimation thus indicates that the 
corrections to the impulse approximation for the 
forward spin-dependent amplitude B are small. Similar 
results hold for C and D. Hence it is probable that the 
corrections to the spin-dependent amplitudes at other 
angles are not very large. 

III. SUMMARY 

From these considerations we conclude that part of 
the discrepancy between the experimental results of 
Hyman et at.1 and the predictions of the impulse ap­
proximation is due to the exchange forces between the 
neutron and proton. The exchange force increases the 
electric dipole spin-independent elastic scattering cross 
section by approximately 10-20% over the impulse 
approximation for energies between 30 and 120 Mev. 
From an approximate evaluation of forward scattering 
dispersion relations, we find no evidence for any major 
modifications of the spin-dependent scattering. Thus 
our results indicate that the difference between the 
impulse approximation and the actual cross section 
should have approximately the angular dependence 
i(l+cos20)-F2(J<z), where q is the momentum transfered 
to the deuteron and F2(^q) is the "sticking factor" of 
the deuteron (see reference 2) given by F(k) = J*eik'T 

X\*pd\2dsr. In the energy region of 100-150 Mev, the 
spin-independent amplitude is smaller because of the 
destructive interference between the Thomson ampli­
tude and meson effects. Hence, we expect the effect on 
the total cross section of the spin-independent cor­
rection term estimated here also to be smaller. The 
results of Hyman et at.1 show qualitative agreement 
with this energy dependence. 
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