
P H Y S I C A L R E V I E W V O L U M E 1 1 9 , N U M B E R 5 S E P T E M B E R 1 , 1 9 6 0 

Deuteron Photodisintegration in the Medium Energy Range* 
GUSTAV KRAMER AND CARL WERNTZ 

Institut fiir Theoretische Physik der Universitat, Heidelberg, Germany, and 
School of Physics, University of Minnesota, Minneapolis, Minnesota 

(Received April 5, 1960) 

The photodisintegration of the deuteron is calculated for the two 7-ray energies in the laboratory of 
52.3 Mev and 77.3 Mev corresponding to nucleon-nucleon scattering in the laboratory of 100 Mev and 
150 Mev. For the ground state the Hulthen wave function with 4% 22-state probability is used. The final 
state is described by the Signell-Marshak phase shifts. The coupling of the scattered waves is taken into 
account, as well as the retardation effects and all dipole and quadrupole transitions are included. For un-
polarized y rays the total cross section and the angular distribution are calculated. A comparison with the 
experiments is made. 

1. INTRODUCTION 

TH E investigation of deuteron photodisintegration 
can, in principle, give information about the 

deuteron, the continuum states of the n-p system and 
the radiative interaction. In the low- and medium-
energy range (7-ray energy less than 100 Mev) we can 
assume that the interaction mechanism is given on the 
basis of the gauge invariance of the nonrelativistic 
Hamiltonian for the two-nucleon system. Neglecting 
the retardation of the 7-ray momentum we can apply 
the Siegert theorem for the electric transitions. Then 
we obtain the usual static electric dipole or quadrupole 
interaction. On the basis of this interaction several 
authors have calculated the angular distribution in the 
disintegration by medium energy photons and have 
reached more or less satisfactory agreement with the 
experimental data. To explain these data it is necessary 
to take into account the transitions from the D state of 
the deuteron and to describe the final state by phase 
shifts which correspond to a repulsive long range tensor 
potential in the triplet odd states.1-11 In particular de 
Swart and Marshak2 got large values, compared to 
experiment, for the isotropic term of the angular dis­
tribution when using for the ground state the Garten-
haus wave function which contains a large percentage of 
D state (6.7%). The same result has been obtained in 
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references 5, 7, 9, and 11. On the other hand, if a 
Hulthen wave function with 4 % D state is used for the 
deuteron, the parameters of the angular distribution are 
considerably different ( ~ 20-30%) from the results for 
ground states with much higher Z)-state probability.2,3'6 

Therefore, as soon as accurate experimental values 
for these parameters are available, one can hope to 
determine the Z>-state probability of the deuteron 
very closely. In the former calculations3,6 which are 
based on the 4 % D-state admixture, only the electric 
and magnetic dipole transitions have been taken fully 
into account and the coupling has been neglected in the 
final states. The contributions of the electric and mag­
netic quadrupole transitions have been considered only 
in so far as they affect the forward asymmetry in the 
differential cross section. Furthermore, the static inter­
action has been used. 

In order to determine the D-state probability from 
photodisintegration experiments, it is desirable to know 
the influence of all of the neglected terms on the cross 
section. In this paper we present the results of calcula­
tions of the angular distribution parameters for two 
7-ray energies in the medium-energy range in which the 
coupling of the final state, all of the dipole and quad­
rupole transitions, and the 7-ray retardation have been 
taken into account. Retardation effects have first been 
considered by Brennan and Sachs12 and later by 
Nicholson and Brown4 and by Hsieh.7 The phase shifts 
and coupling parameters have been taken from the 
work of Signell and Marshak.13 Since the behavior of the 
radial wave functions of the final scattering state are 
not very well defined inside the range of the nuclear 
forces, we have investigated the influence of different 
assumptions about their behavior for the transitions 
which give the main contributions. 

In Sec. 2 we list the contributing transitions, give the 
modification of the amplitudes by the retardation and 
discuss some approximations which have been applied 
to the quadrupole transitions. Section 3 contains the 
results, the influence of the various effects being given 

12 T. G. Brennan and R. G. Sachs, Phys. Rev. 88, 824 (1952). 
13 P. S. Signell and R. E. Marshak, Phys. Rev. 109, 1229 (1958). 
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separately. In Sec. 4 we discuss the comparison with 
experimental results. 

2. ELECTRIC AND MAGNETIC MULTIPOLE 
TRANSITIONS 

A. Electric Transitions 

The electric dipole transitions 

3 S i + 3 £ i ^ 3 P o , 3 i V i V P ^ 2 

are the most important transitions for the photodis-
integration at medium energies and lead to an angular 
distribution (in the cm. system) 

(da/dQl)E1 = saEi+zbEi sin20. 

The electric quadrupole transitions, 

(1) 

are most important through their interference with the 
electric dipole transitions which causes a forward 
asymmetry in the angular distribution. However, they 
also contribute to the isotropic term and to the term 
proportional sin20. Their whole contribution is given by: 

(da/dti)E2=aE2+bE2 sin20+c#2 cosd+dE2 cos0 sin20 
+eE2 sin20 cos20. (2) 

Neglecting the retardation, the formulas for aE\ and bm 
are given in reference 10 where the coupling of the 3P2 

and ZF2 waves is included. If the retardation is taken 
into account, the amplitudes L\3- for the 3Po,i,2+3^2 
states must be modified in the following way: 

£10= I av10(kr)ls1(qr)—S2(qr)—\ 

x(u(r)-y/2w(r)\dr, 

£11= I avn(kr)(Si(qr)-S2(qr)--\ 

X[u(r)-\ w(r) )dr, 

\ v2 / 

Ll2=COS€ 2 j J av12^kr)(s1(qr)-S2(qr)-\ 

/ v2 \ 
X I u(r) w(r) )dr 

V 10 / 

v3 
+—sin€ 2 fv5 

v5 ir av^ikr) 
(3) 

xfoiM-Stiqry-^wir)^, 

L 3 2=cose 2 tv2 f avM*(kr) (JC 
Xls^-S^qr) 

j)W{r)dr\ 
V2 

"vis J J ^12
3(^)^!(^)-52(^)-) 

X | u(r) w(r) )dr\ 
\ 1 0 / 1 

The L\j are amplitudes of the outgoing waves with 
quantum number X (\ = j — 1, j , i + 1 ) and total angular 
momentum j . M is the nucleon mass, 2ftq the momen­
tum of the photon, k the relative wave number of the 
outgoing nucleons and 1/a the radius of the deuteron. 
The normalization of the radial wave functions u(r) and 
w(r) of the ground state are chosen as usual. The two 
retardation functions are as following: 

( fiq \ 3 d 
1 j rji(qr), 

2Mc/2qdr 

S2(qr)=(3fi/2Mc)j1(qr)7 

(4) 

where j \ is the spherical Bessel function. In these expres­
sions for the L\j the contribution of the interaction 
currents which are present because of the exchange 
character of the nuclear forces is neglected. Applying 
the Siegert theorem the exchange currents only con­
tribute to those terms in (3) which contain the function 
S2(qr) having an extra factor q. Furthermore, because 
the currents contain a factor rW(r) where V(r) is the 
w-^-exchange potential, we suppose that their effect is 
negligible in the considered energy range.14 

If all contributions which are of the order q2 compared 
with the contribution of the usual dipole transitions are 
to be considered, the spinrlip electric dipole transition, 

must be considered also. The contribution to the cross 
section of this transition is 

(da/dQ)Ei=}aEi+1bEism2d with bm=— %a,Ei> (5) 

Because of its minor importance we have neglected 
the retardation and the coupling for the E2-transitions. 
In this approximation the £2-amplitudes have been 
given in an earlier paper, in which the parameters cE2 

and dE2 have been calculated.6 With the reported 
amplitudes of reference 6 we have determined the 
parameters aE2, bE2, and eE2. 

B. Magnetic Transitions 

The magnetic dipole spin-flip transitions 

14 The rjo(qr) part of the function S\(qr) has been considered by 
Nicholson and Brown.4 
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TABLE 1.3aEi and 3&EI in ph. 

Retardation Coupling Final state wave function 

I 
I I 

I I I 
IV 
V 

VI 
VII 

VIII 

neglected 
neglected 
neglected 
taken into ace. 
neglected 
neglected 
taken into ace. 
taken into ace. 

neglected 
neglected 
neglected 
neglected 
taken into ace 
taken into ace 
taken into ace 
taken into ace 

square well potential with hard core 
square well potential without hard core 
approximation (7) 
square well potential with hard core 
square well potential with hard core 
approximation (7) 
approximation (7) 
square well potential with hard core 

Ey (Mev) a 
II I I I IV VI VII VIII 

a b 

52.3 
77.3 

3.52 
2.62 

11.6 
4.81 

3.50 
2.87 

11.8 
4.91 

4.07 
3.35 

11.1 
4.42 

3.38 
2.45 

11.5 
4.71 

4.11 
3.20 

11.4 
4.79 

4.91 
4.24 

10.9 
4.28 

4.75 
4.05 

10.8 
4.15 

4.05 
3.11 

11.4 
4.68 

which lead to the cross section 

( ^ / ^ ) M I = 1 « M I + % I sin20 (6) 

have been considered in reference 3. I t was found that 
this transition also gives a considerable contribution to 
the parameter b for the higher energies. We have re­
calculated the parameter la,Mi and ^MI, using for the 
x5o amplitude the values published in reference 9, 
instead of the values calculated for square well poten­
tials as the final state interaction in reference 3 which 
we suppose to be less accurate in the case of higher 
energies. The magnetic dipole singlet transition can 
interfere with the electric dipole singlet transition. This 
interference contributes to the parameter c only. The 
magnetic dipole triplet transition 

8Si+«ZV->*Si+»Z>i, *D2 

was found to give a negligible contribution in the con­
sidered energy range. 

The magnetic quadrupole singlet transitions 

interfere with the magnetic dipole transitions, and this 
contribution has been calculated in reference 6. This 
interference contributes to the parameters c and d. The 
effect on parameters a, b, and e was found to be 
negligible. 

The magnetic quadrupole triplet transitions 

contribute to the parameters a, b, and e. Furthermore, 
an interference is possible between these transitions 
and the electric dipole transitions which lead to the same 
final states. This interference only contributes however, 
to the parameters a and b (3aEi,M2, Z1>EI,MZ)* The 
parameter 36#i,M2 is given by the relation: 3bEi,M2 
~—\dE\M^ s o this interference does not change the 
total cross section. 

Ignoring coupling, the radial wave functions v\jK{kr) 
of the final P states have been calculated from square 
well potentials with a radius R— 1.55X10*-13 cm. Their 
depths have been determined by the Signell-Marshak 

phase shifts and the central part consists of a hard core 
with radius rc= 1/ 10a=0.4316X10"13 cm. This ap­
proximation of the triplet odd state potential was dis­
cussed earlier.3 To see the influence of the central hard 
core we have also calculated the vijK(kr) for square well 
potentials with the same radius but without any hard 
core. 

De Swart and Marshak have proposed the following 
approximation for the radial wave functions in the 
P state2: 

Vijx(kr) = kr 
cos>8\jji (kr) — sm.8\jtii (kr) for r ̂  R 

cosd^ji(kr) for r<R 
, ( 7 ) 

where ji and m are, respectively, the spherical Bessel 
and Neumann functions. These authors got nearly the 
same results for the amplitudes L\j with this approxima­
tion as in the exact treatment under the condition that 
the radius R be chosen to be P = 1.41 X10~13 cm2. 

We have chosen this approximation with the radius 
P=1.55X10^"13 cm and have found that this small 
change of R affects the amplitudes very little. Therefore 
we can consider the results with this approximation as 
characteristic of the model of Signell and Marshak. 
Because these potentials have long tails we consider 
them to be more realistic than the square well potentials. 
In particular, all coupling effects are calculated applying 
this approximation. 

For the ground-state wave functions Hulthen wave 

Ey (Mev) 

52.3 
77.3 

Ey 

52.3 
77.3 

TABLE II. ^ E I , 

^ E l 

0.08 
0.12 

TABLE III. laM\ 

ldM\ 

0.03 
0.08 

#E2, h 

#E2 

0.03 
0.03 

^ M I , 

E2, and eE2 in ixh. 

&E2 

0.07 
0.07 

and ^EI , MI in ^b 

lbMi 

0.61 
0.41 

0E2 

0.67 
0.39 

^ E l , Ml 

-0 .19 
-0 .29 
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T A B L E I V . 3aEi,Mh 3CLM2, 3&M2, 

3 # E 1 , Ml 

Ey(Mev) (1) (2) *aM% 

52.3 0.44 0.55 0.05 
77.3 0.50 0.66 0.03 

TABLE V. a, b, c, d, anc 

(1) (2) 
Ey (Mev) a b a b 

52.3 4.68 11.4 5.49 10.6 
77.3 3.87 4.34 4.97 3.57 

and 3eM2 in yub. 

3bM2 

-0 .02 
-0 .01 

e in fxb. 

c 

0.37 
0.28 

d 

6.20 
2.92 

3eM2 

-0 .04 
-0 .03 

e 

0.64 
0.35 

functions with 4 % Z)-state admixture and a hard core 
radius r c = 1/lCta are used.15 

3. RESULTS 

The calculations have been performed for 7-ray 
energies Ey of 52.3 Mev and 77.3 Mev, corresponding 
to n-p scattering at 100 Mev and 150 Mev in the 
laboratory system. In calculating these 7-ray energies 
the relativistic formulas of reference 8 have been applied. 
All P-state amplitudes have been calculated by nu­
merical methods. In order to see the influence of the 
retardation, of the coupling in the final state and of the 
two different descriptions of the radial wave functions 
we give in Table I the results for the parameter 'saEi and 

* ALLEN 
x WHALIN et a\. 
° ALEKSANDROV etol. 

V WHETSTONE etol . 

+ CALCULATED POINTS 

(2) 
(I) 

5 
100 

80 

FIG. 1. Total cross section as function of 7-ray 
energy in the lab system. 

3bEi under the specified assumptions concerning re­
tardation, coupling and final state wave functions. 

From Table I it can be seen that the effect of the 
retardation is very small. The reason is that the correc­
tion of the unretarded amplitudes in the form of the 
function Si(qr) is of opposite sign from the correction 
given by the integrals which contain the function S2(qr). 
The coupling of the final states is important and raises 
the value of the isotropic term and lowers the value of 
the sin20 term. This effect was also found in references 
5, 8, and 9. These terms are changed even more strongly 
in the same direction by the use of approximation (7) 
for the final state wave functions over and against the 
square well approximation. As mentioned before, the 
use of the wave functions (7) seems to be more realistic. 

0.1 

• ALLEN 
x WHALIN et a I. 

° ALEKSANDROV etol. 

• WHETSTONE etol. 

A BEHRINGER et at. 

+ CALCULATED POINTS 

<2> 

(I) 

100 

E r (MEV) 

16 L. Hulthen and M. Sugawara, Handbuch der Physik, edited by 
S. Flugge (Springer-Verlag, Berlin, 1957), Vol. 39, p. 110 ff. 

FIG. 2. Ratio a/b as function of 7-ray energy in the lab system. 

In Table I I we give the results for 1CLE\ and for the 
contribution of the quadrupole transitions. 

Table I I I contains the results for the recalculated 
magnetic dipole singlet transition and the contribution 
of the Ml-El interference to c. The contribution of the 
E1-M2 interference depends only on the amplitudes of 
the 3P state and the 3F2 state. We have calculated 
3#i?i,M2 for the two kinds of radial wave functions, (1) 
calculated from square well potentials and (2) cal­
culated from Eq. (7). In both calculations the coupling 
of the final states has been included, the retardation, 
however, being neglected. The values are presented in 
Table IV, together with the results for 'saM2, 3#M2, and 
3eM2. From the last table it can be seen, that only the 
E1-M2 interference gives an appreciable contribution to 
a and b. 

In Table V we give the sum of all contributions 
including the results for c and d obtained earlier in 
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reference 6. a and b are given for two cases: (1) the 
final-state radial wave functions are calculated from 
square well potentials with hard core; (2) they are 
calculated using the approximation by Eq. (7). For the 
contributions of the electric dipole transitions these two 
cases correspond to (VIII) and (VII), respectively, of 
Table I. 

4. DISCUSSION 

First we compare the total cross section at, 

cr ,=4r [a+1H-(2 /15)e ] , (8) 

calculated from the values of Table V, with the meas­
ured total cross sections for various energies16-20 (Fig. 
1). The results for Ey=22.2 Mev of references 3 and 6 
are included. Inside the large experimental errors the 
agreement is satisfactory. From the various parameters 
of the angular distribution only the ratio a/b is known 
experimentally. The comparison with the data of other 

0 20 40 60 80 100 120 140 160 180 

"0<°> 
FIG. 3. Angular distribution for £ 7 = 52.3 Mev. 

authors16-21 is made in Fig. 2. In contrast to our earlier 
calculations with a deuteron wave containing a 4 % 
Z)-state admixture the agreement can be considered to 

16 L. Allen, Jr., Phys. Rev. 98, 705 (1955). 
17 E. A. Whalin, B. D. Schriever, and A. O. Hanson, Phys. Rev. 

101, 377 (1956). 
18 U. A. Aleksandrov, N. B. Delone, L. I. Slovokhotov, G. A. 

Sokol, and L. N. Shtarkov, J. Exptl. Theoret. Phys. U.S.S.R. 33, 
614 (1958) [translation: Soviet Phys.—JETP 6(33), 472 (1958). 

19 A. L. Whetstone and J. Halpern, Phys. Rev. 109, 2072 (1958). 
20 The values for the total cross section published by Allen have 

been increased by 10% according to a private communication by 
A. O. Hanson. 

21 K. Behringer and H. Waffler (private communication). 
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FIG. 4. Angular distribution for Ey = 77.2> Mev. 

be satisfactory. The inclusion of the E1-M2 interference 
and coupling in the final states is chiefly responsible for 
this improvement. Both effects increase a and decrease 
b by nearly the same amount. Of course, to determine 
the Z>-state probability definitely much better experi­
mental data are needed. But we like to point out that 
such a low D-state probability as 4 % seems to be large 
enough to explain the experimental data of the angular 
distribution. This means that the tensor potential of 
the triplet even state should be weaker than obtained 
from meson theoretical calculations.22-24 On this basis 
the magnetic moment of the deuteron can be explained 
without the inclusion of large mesonic and relativistic 
corrections.26 To see the influence of the calculated 
forward asymmetry parameters c and d, we have 
plotted the angular distributions for the two 7-ray 
energies, Ey = 52.3 Mev and Ey=77.3 Mev and com­
pared with the experimental data of reference 17 and 
16, respectively in Fig. 3 and Fig. 4.26 No conclusion can 
be drawn about c and d from this comparison. 
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