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Photodisintegration of the deuteron was studied with the 265 Mev synchroton of the Physical
Institute of the Academy of Sciences, using D,O and H,0 targets. Protons were counted with
a telescope of two proportional counters. The differential cross section was measured at
angles of 22.5, 45, 67.5, 90, 112,5, 135 and 157.5° for y-ray energies of 54, 70, 88, 110, 129
and 148 Mev in the laboratory system. The approximate angular distribution obtained is
compared with results of the calculations of Marshall and Guth.

INTRODUCTION

THE reaction of photodisintegration of the deuteron by high-energy y-rays has been studied in a series
of experiments. The first work!™® already showed that the behavior of the total cross section diverged
quantitatively from the results of theoretical calculations®? for energies higher than ~ 50 Mev. In later
work,3"1 published in the period during which the present investigation was carried out, much more pre-
cise information has been obtained about the behavior with energy of the total cross section and angular
distributions for the process, in the energy range from 20 to 450 Mev.

The results of the present work, which was carried out using proportional counters, are compared with
theoretical calculations and with the results of Ref. 11, obtained by means of photo emulsions, in an anal-
ogous energy range and a somewhat narrower angular range.

1. EXPERIMENTAL ARRANGEMENT

The reaction of photodisintegration of the deuteron

{+d—ptn &

was studied for y-ray energies from 50 to 150 Mev on the 265 Mev synchrotron of the Physics Institute of
the Academy of Sciences with targets of heavy and ordinary water by counting the protons. Measurements
of the energies of protons emerging at a given angle made it possible to determine the energies of the
y-rays producing the photodisintegration. The upper limit of the y-ray spectrum in the main measure-
ments was 264 Mev. Measurements at 22.5, 45, and 67.5° for y-ray energies below 80 Mev were carried
out for an upper limit of 170 Mev. The manner of measurement indicated separated the protons arising
in the reaction (1) and the recoil protons arising in photo-production of mesons.

The separation of protons from other particles and measurement of their energies was carried out by
a telescope of two proportional counters. In front of the counters there was an aluminum filter, the thick-
ness of which was varied from 0.4 to 8.0 g/cm?, depending on the energy of the protons being counted.
The filter placed between the counters had a thickness of 0.13 g/cm?. The angular resolution of the tele-
scope was better than +3°.

Pulses from the counters were transmitted after amplification to a threshold counter and then to a co-
incidence scheme with a resolving time ~ 1 usec.

The track lengths of the counted protons were determined from the value of the threshold of the second
counter and the total amount of material before it. The width of the track lengths constituted 0.2 g/cm?
of aluminum, constituting an energy width of 4.0 to 1.0 Mev, depending on the mean energy of the regis-
tered protons. Protons were separated from mesons by the magnitude of specific ionization in the first
counter. Deuterons could, in principle, be counted by the telescope; however, the energy of the recoil
deuterons arising in production of neutral mesons, was insufficient for them to reach the second counter.
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Cylindrical proportional counters were filled to a pressure of 200 mm Hg with argon containing an ad-
mixture of 1% CO,. For absolute calibration, a collimated source of a-particles Po*'’ was inserted. In
the process of measurement, the apparatus was periodically switched over to count a-particles; this per-
mitted control of the stability of the counting interval.

The targets were in the form of flat thin-walled containers, filled with ordinary and heavy water. The
target thicknesses were determined with a given energy resolution and constituted 0.2 to 0.9 cm in differ-
ent measurements. Measurement of the proton yield at a given energy was carried out in the form of suc-
cessive counts from DyO and H,O targets, placed in turn in the y-ray beam; this made it possible to di-
minish the effect of instability in the working of the measuring apparatus and synchroton. All measure-
ments were carried out with alternating filling of each of the containers with heavy and ordinary water.

Relative measurements of the y-ray beam were carried out with a thin-walled monitoring ionization
chamber placed in the beam. Absolute calibration of the thin-walled chamber was carried out using a
thick-walled graphite chamber.

2. PROCESSING OF RESULTS

The differential cross section for photodisintegration of the deuteron was calculated from the experi-

mental results by the formula
(o} —
z;qQ— (W’) = 'Tﬂn;;mnmsnnuc . (2)

The number of protons ny, arising as a result of photodisintegration of deuterium nuclei, was deter-
mined by the difference in yields from the D,0O and H,O targets. The contribution from the Compton
effect on water was negligible. The standard statistical error in the number of protons constituted, on
the average, 10%.

The effective solid angle for counting, Qg¢r, was calculated for the extended target taking into account
edge effects in the counters. The accuracy of calculation was ~ 5%. Besides this, the error in measure-
ment of the edge effects in the counters can lead to a systematic error of about 5%. The number of deu-
terium nuclei in one cm? of target, npyc» Was determined to an accuracy of 3%.

The number of y-rays n, incident on the whole area of the target and leading to the n, protons, was
calculated from the formula

We
=k F(W)7 (W)aw,

The factor k is connected with the absolute calibration of the monitoring ionization chamber which was
carried out to an accuracy of ~ 10%. The distribution of y-rays with energy f(W) was calculated from
the Bethe-Heitler formula with correction for the thickness of the target and it was averaged over the
energies of the electrons incident on the synchrotron target. The energy resolution was determined by
the ionization slowing of the protons in the target and the finite width of the telescope interval. The reso-
lution function 7 (W) was approximately an isoceles trapezium. The width at the base (W, — W) was
~ 20 Mev and the width at half-maximum, approximately 15 Mev. The error in the determination of the
value of , which was not connected with the systematic error in the quantity k, did not exceed 3%.
The value of the differential cross section calculated by Eq. (2) was related to the mean y-ray energy by
W =Y (W + W),

Corrections taking into account multiple scattering and nuclear interaction of the protons in the filters
of the telescope enter into Eq. (2). In the calculation of corrections for multiple scattering np 4, the
actual extended target was replaced by a point one. Results given in Refs. 13 and 14 were used in the
calculation. The size of the correction grew with increasing energy of the protons counted and usually
lay in the interval from 1 to 1.2, The restrictions introduced in the calculation cannot lead to an error in
the value of nyg exceeding 5%.

In calculating the influence of nuclear interactions, account was taken only of inelastic proton interac-
tions, the cross section for which was taken equal to half the total cross section measured for neutrons
of the corresponding energies. The value of this correction never exceeded 1.15. The error in evaluating
Nnuc connected with the neglect of elastic interactions was less than 5%. An estimate of the number of
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secondary protons created by the neutrons in the telescope filters showed that this effect could be neglected.
The error in the differential cross section, Eq. (2), was determined by the statistical error in the num-

ber of protons and the total random error from other quantities entering into Eq. (2), which did not exceed

10%. In addition, there was a systematic inaccuracy of about 15% connected with the absolute calibration

of the monitor of the ionization chamber. In the future, only statistical errors will be taken into account.

3. RESULTS OF THE EXPERIMENT AND DISCUSSION

As a result of the experiment, values of the differential cross section were obtained for angles of 22.5,
45, 67.5, 90, 112.5, 135 and 157.5° in the laboratory system (l.s.). This data was split into six groups
corresponding to mean y-ray energies of 54, 70, 88, 110, 129 and 148 Mev. laboratory system. The
spread of energy inside each group was substantially less than the width of the energy resolution, consti-
tuting, on the average, about +7.5 Mev. Values of the differential cross section obtained by averaging
within each group and converted to the c.m.s. are given in Fig. 1. Thetotal cross section is given in Fig. 2.

For comparison of our data with the results of Ref. 11, which were

TABLE I. Values of the obtained for the same energy range and somewhat smaller angular
parameters obtained in approx- range by photo emulsions, we approximated the angular distribution
imating the angular distribu- in the form
tions by do/dQ = (A + B sin%9) do i .
(1= 28 cost). G (A BSint6) (1 + 2pcost), ®
WygeMe| 25 | apbam | o ubam connected with the choice of three parameters. The values of the

24
o
-
1Y

3| Psterad. parameters A, B, g (see Table I) and the value of the total cross
section obtained by us agree, within the limits of error, with the

o 5.2 3.9 8.9 results of Ref, 11.
88 0.36 47 4 Theoretical calculations of photodisintegration of the deuteron
§$3 8:28 i g:é g:g for energies of 20 to 150 Mev have been carried out by Schiff®
148 0.36 | 5.0 0.7 and Marshall and Guth.! The total cross section and angular dis-
tribution were calculated under the assumption
of a half-exchange, central force, acting be-
P ). e S Wigp =S M | B s, ';b:: Wap = 7Mex tween proton and neutron, for several potentials.
“ { M ! The main term in the total cross section, according
” iR \ ” to Refs. 6 and 7, comes from electric dipole tran-
p /i \ w0 Y ?-{\\ sitions. Corresponding to this, the angular distri-
4 / ! # / \\ bution has a sin®§ character, with some asymmetry
sl \, 6 11‘ N - relative to 90°, caused by the interference of dipole
4 : 4 / X\ (E1) and quadrupole (E2) electric transitions.
2 / \ 2 \E\‘ The contribution of the magnetic quadrupole tran-
4 i Bems sitions (M2) calculated in Ref. 7 is small. In
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’ these articles the magnetic dipole transitions in

/zf %) Wap “00¥e | N (33)., Wiap=ll0Mey the 1So— state leading to an isotropic yield of photo
- B protons from deuterium are not calculated. Results
J P Z] Ao of the calculations of Nagahara and Fujimural!®
s /S ; J RN for E1, E2 and M2 transitions differ little from
. : i 4/ TNy Refs. 6 and 7; however, in Ref. 15 the M1 transi-
, i o tion connected with the interaction with the exchange
| Gems Aems.
ot 60" 90° s20° 10° 10° 00 0° 60° 0° 720° W80° n0° FIG. 1. Differential cross section vs. angle of
the emitted proton in the c.m.s. for y-rays of vari-
10l hns B | Wi | G g e Wiap e ous energies (Wigp = 54, 70, 88, 1107,, 129 and 148
s— 8 Mev, respectively). The solid curve corresponds
. i 6 = ~ to the approximate form do/dQ = (do/dQ)y g, +
¢ o] 4 Syt P + Q cos §. Energy values have a definition of ap-
2 1 ¢ Pr proximately 7.5 Mev. Errors of the experimental

Y T e L TCRTT LR points are standard statistical errors.
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magnetic moments, which are introduced phenomenologically, is also calculated.

In Fig. 2 we show our experimental points for the total cross section and curves of the total cross sec-
tion calculated by Wilson!® and Marshall and Guth.! Divergences from the results of Ref. 7 begin to be-
come noticeable, apparently, at energies ~ 40 Mev, and at an energy of 150 Mev the experimental cross
section exceeds that of Ref. 7 by a factor of about 5. The experimental angular distributions in this ener-
gy range also show differences, which increase with y-ray energy,
from the distributions of Ref. 7. They are characterized by a large
TABLE II. Values of the param- isotropic component and a substantial asymmetry about 90°.
eters, obtained in approximating In view of the indicated difference between the experimental data
the angular distributions by and the results of Marshall and Guth, we approximated our angular

do/dQ = (do-/dQ)M.G. +P+Qcos 6. distributions in the form

The uncertainty in the parameters ds [ dQ = (do | dQ)M.C+ P + Q cosb, (4)
correspond to the standard sta-
tistical error in the proton yield. Croal’ HDam
]
W i Mevip pbam |, | _MI A 150 FIG. 2. Total cross section
lab I = Q +AQ
’sterad. | j steradol .
‘ : ‘ as a function of y-ray energy W
| | | : : . s
54 130 0.4 —0.76 I o.55 ik in the :l.s. The sc?hd curv.e is "
70 97 1095 [ 0.92 . 0.41 from the calculation of Wilson;
88 350 10.371 o081 | 0.56 the dotted one, from the calg{u—
110 3,80 l 0.28 111 | 0.43 50k lation of Marshall and Guth.
129 3.27 ‘ 0.29 f 0.42 | 0.43 The errors in the experimental
148 4.27 [ 0.32] 1.00 | 0.48 0 ) . ) points are standard statistical
: ‘ 7 50 100 160W, o Mev ones.

where (do/dQ) M.G. is the differential cross section of Marshall and Guth and P and Q are param-
eters of the approximation. Curves of the form Eq. (4), obtained by the method of least squares, are given
in Fig. 1, and the values of the parameters with their errors, in Table II. The total cross section, calcu-
lated as ot = (0) M.q, + 47P, is shown on Fig. 2.

The angular distribution Eq. (4) describes well the experimental data in the energy region studied. We
note that the approximation with the expression not containing the term with cos § is obviously unsatis-
factory.

The result, Eq. (4), can be seen to be quite natural, if account is taken of the fact that, in addition to the
processes calculated in Ref. 7 (E1, E2 and M2) for the energies considered, magnetic dipole M1 tran-
sitions not calculated there can be added. These transitions, beginning from the S-state, give an isotropic
term in the angular distribution and their interference with M2 transitions gives a term proportional to
cos . As noted in Ref, 6, there is no interference between magnetic and electric transitions. The total
cross section for magnetic dipole transitions, equal to 47P, obtained in this interpretation, is compared
in Fig. 3 with the theoretical calculations of Nagahara and Fujimura. 15 The experimental values are sev-
eral times larger than the calculated result. This indicates that the particular interpretation in which
magnetic dipole transitions are added to those calculated by Marshall and Guth, is, evidently, unsatisfactory.

Another possible explanation of the large isotropic component in the distribution, Eq. (4), is the suppo-
sition that, in the energy range considered, there is also the process of absorption of a dipole electric
v-ray, for which the transition into the 3Po—stai:e is large compared with

transitions into 3P;— and 3P,-states. This process should give an iso-
l tropic yield of protons from deuterium.!’ In order to explain the forward
peaking in this case, it is necessary to assume the existence of magnetic

Gtotal, wbarn

St

4wt dipole transitions in the triplet state of the proton-neutron system, i.e.,
Jr FIG. 3. Magnitude of 47P as a function of y-ray energy in the l.s.

i The experimental points are given with standard statistical errors. The
@y solid curve comes from the results of Wilson’s calculations®® for photo-

disintegration by way of re-absorption of mesons. The dotted curve was

calculated by Nagahara and Fujimura for magnetic dipole transitions

T caused by interaction of the y-ray with the phenomenological exchange
Mg w9 150 Wy 4 Mev magnetic moment.
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in the 3S;—state. The interference of these transitions with transitions into the 3p)—state gives a term
proportional to cos 6.

A possible model for transitions into the 3P0—state is photodisintegration of the deuteron connected with
photo production of virtual mesons in an S—state on one of the nucleons of the deuteron and their succes-
sive absorption by the same deuteron. On Fig. 3 the total cross section for such processes calculated by
Wilson®:® is compared with experimental data for the isotropic part of the cross section. The experi-
mental points lie closer to this calculation than to the results of Ref. 15; however, the agreement is not
complete.

As noted above, the model of re-absorption should be supplemented by magnetic dipole transitions into
the %S;—state, which leads by itself to an isotropic distribution. Evaluation of the total cross section for
magnetic dipole transitions, carried out with the experimental data using the cross section of Wilson,
showed that the cross section of such transitions does not exceed 5 pbarn. We note that M1 transitions
can also lead to the !Sy—state; in this case they lead to an isotropic distribution, but do not interfere with
the transitions into the ®P,—state.

Thus, in the energy region considered, the total cross section and angular distributions for the process
of photodisintegration of the deuteron can be satisfactorily described if, to the transitions calculated by
Marshall and Guth, and by Wilson, magnetic dipole transitions are added, with a cross section lying within
the limits of the theoretical estimates of Refs. 15 and 17.

The authors express their gratitude to V. I. Ritus for participation in the discussion of the results of
the work, and also to the crew of the 265 Mev synchroton of the Physics Institute of the Academy of Sciences.
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