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The differential cross section for the reaction p(n, d)y has been measured for center-of-mass angles
between 0 and 65' at a neutron kinetic energy T„=185MeV. Assuming time-reversal invariance,
our result is in essential agreement with the deuteron photodisintegration measurement at Op 0
performed by Hughes et al. at Mainz. In addition to this confirmation of the absolute magnitude,
our results, for the first time, provide information on the shape of the cross section distribution near

0, i.e., the region where existing theories show the largest differences. This paper contains a de-

tailed account of the experiment and a comparison with relevant experimental information. A dis-

cussion of some theoretical implications is also included. The best agreement with our data is ob-

tained from these theories where relativistic corrections to the charge density are taken into account.

I. INTRGDUCTION

Photodisintegration of the deuteron was first observed
by Chadwick and Goldhaber' fifty years ago. Soon there-
after Bethe and Peierls investigated the theoretical as-
pects of electromagnetic transitions in the n+ p system.
Breit and Condon pointed out the importance of deute-
ron photodisintegration as a source of information on the
nucleon-nucleon (NN) force. Early theoretical efforts
thus focused on various aspects of the NN potential. The
first three decades of refining the theory of NN radiative
transitions culminated in Partovi s well-known, nonrela-
tivistic impulse approximation calculation of deuteron
photodisintegration observables at photon energies from
10 to 140 MeV.

Partovi's calculation was in general agreement with the
experimental data available at that time (cf. references
listed in Ref. 4). However, these early experiments were
beset by systematic errors such that some of the results at
overlapping angles and energies are clearly inconsistent
with each other. A significant improvement in the quali-
ty of photodisintegration data was achieved by
Weissmann and Schultz who published H(y, p)n cross
sections for E& from 27 to 55 MeV. These measurements
were the first to show quantitative disagreement with
Partovi s results. The existence of serious difficulties be-
came clear following a careful measurement at the Mainz
linac of the 8=0 cross section for deuteron photodisin-
tegration over the energy range 20 MeV ~E& ~ 120 MeV.
An excellent review of the field of neutron-proton radia-
tive transitions prior to 1979 was given by Firk. "

Discrepancies between theory and experiment in a pro-
cess as basic as the radiative transition in the NN system
are disturbing, and a number of attempts to reconcile the

theory with the data were initiated as a consequence. In
parallel, it became clearly necessary to verify the experi-
mental findings: At the lower end of the energy range
covered by the Mainz group their photodisintegration re-
sults were confirmed by a cross section measurement at
8=0' of the radiative capture process 'H(n, d)y for
T„=72 MeV. The two cross sections are related by de-
tailed balance if time reversal invariance is assumed.

In this paper we present a measurement of the absolute
cross section for the neutron-proton radiative capture re-
action 'H(n, d)y at a neutron bombarding energy of
T„=185 MeV+5 MeV. The results have been obtained
with an experimental geometry which not only covered
the angular region around 0=0 but also extended con-
tinuously to 0=65' in the center-of-mass system, provid-
ing new information on the shape of the differential cross
section as well as the absolute magnitude. Neutron-
proton elastic scattering was observed simultaneously and
was used to normalize the measurements. This greatly
reduces many of the possible systematic uncertainties. A
preliminary account of this experiment has recently ap-
peared in print.

In Sec. II we describe the experimental procedure. A
discussion of our results and a comparison with other ex-
periments is contained in Sec. III. The consequences of
this measurement with respect to various theoretical ap-
proaches are outlined in Sec. IV followed by conclusions
in Sec. V.

II. EXPERIMENTAL PROCEDURE

A. Measurement

A view of the experimental apparatus is shown in Fig.
1; in the following, curly braces refer to labels mentioned
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FICJ. 1. Schematic view of the experimental apparatus. The
labels are referred to in the text.

in this figure. The experiment has been carried out at the
Indiana University Cyclotron Facility in the so-called
beam swinger area which, after some modification, served
as an intense neutron source. Neutrons were produced by
means of the Li(p, n) reaction to the ground state and first
excited state of Be. The production target I 2 I consisted
of 2.1 g/cm natural lithium covered with a 1 mg/cm
protective layer of nickel. The incident proton beam I 1I
of 191.1 MeV kinetic energy was limited in intensity to
about 40 nA by the onset of count rate instability in some
of the detectors. After passage through the Li target the
proton beam was deflected I3I and its current was in-
tegrated in a Faraday cup I4I.

The resulting neutron beam, now in air, passed through
a 10X10 cm lead collimator I5I and a 5 cm thick lead
absorber (6I designed to stop remaining charged particles.
At a distance of 260 cm from the production target a typ-
ical neutron flux of 3&10 s ' cm was obtained.

The proton target I7I consisted of liquid hydrogen in a
thin-walled, cylindrical stainless steel container 11.2 cm in
diameter and 6.4 cm thick. The flat end caps exposed to
the neutron beam were made of 20 mg/cm stainless steel.
This container could be filled with liquid hydrogen by us-
ing a commercial expansion refrigerator attached to a
helium compressor to condense hydrogen gas from a
storage volume into the target vessel. In the filling pro-
cess all condensible impurities were removed from the gas.
After use, the target material was checked for impurities
by mass spectroscopic analysis. The method of tempera-
ture stabilization, performance characteristics, and safety
precautions taken when operating the liquid hydrogen tar-
get are described elsewhere. '

A scintillator ISOI, 3.4X 152 X 152 mm, vetoed charged
particles that were generated by the neutron beam in the
Pb absorber before they entered the target. Protons and
deuterons produced in the target were detected by an ar-
ray of plastic scintillator detectors. The first, IS, I, with
four separate elements of 1.3&19.7)&19.7 mm each, pro-
vided the reference time and part of the angle definition
for the outgoing particles. The purpose of I S2 I,
l. 8 X 152 X 203 mm, and fSz I, 1.7 X 229 X 343 mm, was
to reduce, by imposing additional coincidence require-
ments, the fraction of accidental events, which otherwise
would be a problem in the presence of high singles count

rates, mused by reactions in the scintillators induced by
the passing neutron beam. Directional information was
provided by a scintillator hodoscope IHI, consisting of
15)&23 cells of 20&20 mm each, in conjunction with the
segmented detector ISI ]; the distances between detectors
are given in Fig. 1. The geometrical angular resolution
limit set by the hodoscope cell size was 0.3'. The kinet-
ic energies of the observed charged particles were mea-
sured by a thick plastic scintillator IEI, 51X326X505
mm, immediately following the hodoscope. The thickness
of the H2 target and of IS& J, I S2 I, and I Sq I was chosen
to limit angular broadening by multiple scattering to less
than the geometrical angular resolution. In order to rnini-
mize dependence of the signal on event position, light
guides with photomultipliers were attached to both the
top and bottom of the IS&I, ISq I, and IEI detectors. A
special base circuit was developed to stabilize the voltage
at the last three dynodes of the photomultipliers in order
to ensure constant amplitude response in the presence of
rates up to 0.5 MHz.

The hodoscope employed a double layer of partly over-
lapping strips of 3.2 mm thick scintillator in both the
vertical and horizontal directions. Thus, the coincidence
level of the event was part of the position information and
the matrix of 15&23 cells could be covered by 20 pho-
tomultiplier signals. A comparison of events in cells with
one or two layers of scintillator showed that a correction
for accidental events in the hodoscope was negligible.

The active target volume was defined longitudinally by
the detectors ISOI and ISI I and laterally by the overlap
cone of ISI I and IEI. It contained material other than
hydrogen that could give rise to deuterons that could not
be distinguished from those from the p(n, d)y reaction.
Most of these background events stemmed from the
' C(n, d)"B reaction in the downstream and upstream
layers of [SoI and IS~ I, respectively (the effective thick-
ness of these layers was determined by the discriminator
thresholds). In order to alleviate this problem, two wire
chambers I WI I and I W2 I were used to better define the
target zone. These chambers featured a time resolution of
better than 10 ns and presented only little mass to the
beam, thus effectively reducing the background. Each of
the two chambers consisted of a 10X10 cm wire plane
halfway between graphite-coated Mylar cathode planes,
12.8 mm apart. Gold-plated tungsten wires with a diame-
ter of 20 pm and 2.0 mm spacing were used. The
chambers were housed in gas-tight enclosures forming
part of the liquid hydrogen Dewar. A mixture of argon,
isobutane, and bromotrifluoromethane, saturated with
dimethoxymethane at 273 K, constituted the chamber gas.
Thus, the only material in the target zone, other than hy-
drogen, was four layers of 20 mg/cm stainless steel, two
for the target cell and two for the vacuum enclosure. The
material for the cell windows was chosen after a compara-
tive study of the (n,d) production cross section for deute-
rons comparable in energy with those from the p(n, d)y
process. For foils of equal tensile strength this cross sec-
tion was found, for example, to be six times smaller for
steel than for Mylar.

For diagnostic purposes, two rectangular lead glass
Cerenkov detectors ICJ, 15X15X30 cm, were mounted
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such that gamma rays from the p(n, d)y reaction, if detect-
ed in coincidence, corresponded kinematically to deute-
rons in specific regions of the hodoscope IH j. A sample
of such well-defined, background-free capture events pro-
vided useful diagnostic information in checking important
aspects of the data analysis. However, in view of uncer-
tainties in effective aperture and gamma detection effi-
ciency of the Cerenkov detectors, no use was made of the
capture photons in determining the final cross section
values.

A relative measurement of the neutron flux was derived
from the counting rate in a 25 mm thick scintillator
placed downstream of IEj (not shown in Fig. 1) which
was operated in anticoincidence with IE j.

Whenever the condition IS& j.ISi j.IS& j ISs j IE j was
true, pulse heights and flight times with respect to IS, j
for all detectors were stored on magnetic tape. An excep-
tion to this event definition was the class of events where
the flight time from ISi j to IE j was consistent with that
of an elastically scattered p(n, p)n proton. Of these fre-
quent events only a random sample of 4.6% was admitted
in order to compensate for the large cross section differ-
ence between the p(n, d)y and p(n, p)n processes. This sam-
pling fraction was carefully monitored at all times during
the experiment. In addition, about 10% of the stored
events were generated by a randomly triggered pulser.
These pulser events were used to measure the dead time of
the apparatus and to investigate the probability with
which a random coincidence could lead to an unwanted
event. Also continuously monitored during the experi-
ment was the efficiency of both wire chambers by scaling
appropriate coincidences between the wire chambers and
several of the scintillators in the detector stack. The rate

at which events were written to tape was about 35 s
with about 500 bits recorded per event.

Events arising from either of the two processes p(n, d)y
or p(n, p)n were selected off line. Those events that either
fire I 8'i j, or that do not fire t 8'2j, or that are incon-
sistent with the velocity of a prompt incident neutron, .

were eliminated. The neutron velocity was defined by ex-
ploiting the subnanosecond IUCF beam burst structure
and measuring the elapsed time between the last cyclotron
r.f. cycle and the ISi j timing signal. The final result was
demonstrated to be insensitive to varying, within reason,
the off-line sorting condition imposed on the neutron
velocity.

The mass of the reaction products (mainly protons and
deuterons) was determined from the time of flight from
ISi j to IE j and from the energy deposited in the kE j
detector. Figure 2 displays a sample of prompt neutron
events sorted according to these two parameters. The en-
ergy region occupied by the elastically scattered protons
from p(n, p)n can be readily identified in the left part of
the figure. The right-hand side shows the proton locus
populated by bremsstrahlung events and by (n,p) reactions
in the steel windows together with the less prominent
locus containing the deuterons of interest. An additional
improvement of the separation between protons and
deuterons was achieved by making use of time and energy
information from the IS2j and tSi j detectors. The selec-
tion condition imposed on deuterons had to encompass all
events of interest but still had to be restrictive in order to
discriminate against background deuterons as much as
possible. Again, the procedure followed has been verified
by checking the sensitivity of the final result to variations
of the deuteron window condition.

TOF (S, to E)

FIG. 2. Time of flight versus energy deposited in IEj for a sample of events induced by prompt neutrons. Visible are the peak
from elastically scattered protons, the proton locus due to bremsstrahlung events, and the less prominent deuteron locus containing
the events of interest. The scale chosen, together with the sampling fraction for elastic events, results in a suppression of' a factor of
200 of the left part of the figure. The target-empty background has not been subtracted in this figure.
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In order to correct for the presence of background
deuterons from (n,d) reactions in the target windows, mea-
surements were made with and without liquid hydrogen in
the target cell. The relative normalization between such
runs was obtained from the integrated charge of the pri-
mary proton beam. Except for a few runs with known de-
ficiencies, using the integrated neutron flux led to the
same result. The relative normalizations of runs also con-
tained a contribution from the dead time of the data ac-
quisition system (typically between 2% and 6%) and from
the efficiencies of the two wire chambers (typically be-
tween 91% and 98%). Strictly, the target-empty measure-
ment yielded a biased measurement of the deuteron back-
ground since deuterons originating upstream from the tar-
get are degraded in energy when passing through hydro-
gen. A correction for this effect depends on the energy
spectrum of the background deuterons, which in turn was
determined from the events collected with the target emp-

ty, and was found to agree with a measured spectrum"
for Fe(p, d) Fe at T~ = 185 MeV. The size of this effect
turned out to be small and merely led to an additional er-
ror of +2%.

The data presented here were collected in 95 separate
runs. During an actual data taking time of 85 h a total of
10 (sampled) protons from p(n, p)n and 3 && 10 deuterons
from p(n, d)y were accumulated. The data accumulation
time was divided in the ratio of 5:4 between target fu11

and empty, respectively. After all sorting conditions were
applied the ratio of deuterons of interest to background
deuterons, averaged over angle, was about 2:1.

B. Data analysis

The reaction angle of every valid event was determined
from the response pattern in detector IS~ I (4 elements)
and the hodoscope I H j (345 elements). The finite
geometry of the setup and the angular variation of the
neutron flux incident on the target were taken into ac-
count in a computer simulation to determine the mean re-
action angles that correspond to any IS& I-[H] element
combination. The same computer code was also used to

predict the population by elastically scattered protons for
any given pair of elements. From a comparison of this
prediction with the actually accumulated proton data the
effective 0=0 axis of the apparatus was determined.
Such a procedure is necessary since the physical axis de-
pends on the direction and distribution of the incident
neutron beam.

For each IS& J-IHI element combination the ratio of
laboratory cross sections

Rd~ ——o.[p(n, d)y]/o [p(n, p)n]

was determined from the corresponding background-
corrected numbers of deuterons and protons. Combining
these ratios Rdz, taking into account the respective reac-
tion angles, finally yielded the actual result of this experi-
ment, namely the cross section ratio Rd~(0~, &) between
n + p radiative capture and n + p elastic scattering. The
angular binning chosen (58=+0.35') reflects the experi-
mental angular resolution. These results are listed in the
first two columns of Table I and displayed in Fig. 3(a).

The errors shown are mainly' statistical, but also contain
estimated contributions from the background subtraction
( 2%) and relative uncertainties in detector efficiencies
(+3%). An additional error has also been included for
the two largest measured angles to account for the possi-
ble loss of deuterons which fall close to the deuteron ener-

gy acceptance limit of our experimental arrangement.
The result of the present experiment has been subjected

to a number of tests. These include the sensitivity checks
on the cuts applied during the off-line sorting, as
described earlier. In addition, results from the individual
95 temporal segments of the measurement and from dif-
ferent parts of the hodoscope and the detector {S~I were
tested for consistency. Using the randomly triggered
pulser events, the contribution of accidental coincidences
was assessed and found negligible. By the nature of this
experiment, possible systematic effects are only those
which affect the outgoing protons and deuterons in a dif-
ferent way. Uncertainties, for example, in the neutron
flux, the hydrogen target thickness, and geometrical ac-
ceptances, cancel in the determination of Rd~(g~, q). Possi-

TABLE I. Measured cross section ratio Rd~ vs laboratory angle Ol, b and quantities derived as described in the text.

lab

(deg)

0.35
1.05
1.75
2.45
3.15
3.85
4.55
5.25
5.95
6.65
7.35

Rgp
(10 )

0.75+0.07
0.80+0.05
0.86+0.05
0.92+0.04
1.00+0.04
1 ~ 16+0.05
1.19+0.05
1.41+0.06
1.74+0.08
2.07+0.13
2.37+0.23

a
~lab

'H(n, p)n
(mb/sr)

49.8
49.1

48.1

46.9
45.5
43.9
42. 1

40.3
38.4
36.4
34.5

lab

p(n, d)y
(pb/sr)

37.4+3.7
39.4+2.5
41.4+2.2
43.1+2.0
45.4+2.0
50.7+2.0
50.2+2.1

56.7+2.4
67.0+3.0
75.3+4.6
81.5+7.8

0,
(deg)

2.7
8.0

13.4
18.8
24.4
30.1

36.0
42.2
48.9
56.2
64.4

p(n, d)y
(nb/sr)

649+64
680+44
709+37
729+34
752+33
818+33
782+33
842+ 35
933+42
957+59
924+90

d(y, p)n
(pb/ )

4.59+0.45
4.81+0.31
5.02+0.26
5.16+0.24
5.32+0.23
5.79+0.23
5.53+0.23
5.96+0.25
6.60+0.30
6.77+0.42
6.54+0.64

'Same as the solid curve in Fig. 3.
This value was normalized to published elastic scattering data (see the text).
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FIG. 3. (a) The cross section ratio o[p(n, d)y]/o[p(n, p)n]
which represents the actual result of this experiment. (b) p(n, p}n
elastic laboratory cross section near T„=180—200 MeV. The
origin of the data is as follows: triangles from Ref. 13, squares
from Ref. 12, open and full circles from Ref. 14. The dashed
curve is calculated for T„=190MeV from solution SM84 of a
phase shift analysis (Ref. 15), and the dash-dot curve follows
from the Paris potential (Ref. 16). The solid curve marks the
p(n, p)n cross section assumed for the purpose of normalizing the
data of this experiment.

ble systematic effects arising from the difference between
protons and deuterons, such as the measurement of the
wire chamber efficiencies, the multiple scattering of the
outgoing particles, and reaction losses in the scintillators
and the air between them, have been estimated and found

to be small compared to the experimental errors quoted
previously.

III. RESULTS

A. The cross section for p(n, d)y or d(y, p)n

The results of this experiment consist of the measured
ratio s &d, (0&,b) between the cross sections of p(n, d)y and
p(n, p)n as displayed in Fig. 3(a). In order to arrive at the
cross section value for p(n, d)y at any 0~,b the ratio
Rd~(0~, b) has to be multiplied by the appropriate elastic
scattering cross section. The presently available measure-
ments' ' of the "charge exchange" elastic nucleon-
nucleon cross section around 200 MeV over the range of
relevant angles are shown in Fig. 3(b) together with solu-
tion SM84 of a global phase shift analysis' and a calcula-
tion' derived from the Paris potential. From Fig. 3(b)
it is obvious that in this kinematical region commonly ac-
cepted parametrizations of the nucleon-nucleon interac-
tion are in substantial disagreement with the data, and
that the data themselves are not internally consistent. In
view of the fact that our knowledge of this elementary
process is clearly inadequate for our purpose, we have de-
fined, for the time being, a "most likely" value for
o~»(pn), which is shown as a solid curve in Fig. 3(b) and
listed in the third column of Table I. This solid curve has
been constructed arbitrarily to be similar in shape to the
result of the phase shift analysis but in agreement with
the data at the most forward angles. Note the zero offset
in Fig. 3(b). If we chose the phase shift result (dashed
line) as a normalization, the p(n, d)y cross section would
have shifted upwards by about one standard deviation.

The resulting laboratory cross sections for p(n, d)y are
listed in the fourth column of Table I. The rest of Table I
contains the data transformed to the center-of-mass sys-
tem and, by the use of detailed balance, to the frame of
the time-reversed deuteron photodisintegration process.
In this frame, the photon energy corresponding to
T„=185MeV is E& ——95 MeV. The results of this exper-
iment are shown as solid circles in Figs. 5—7, and as a
shaded area in Fig. 4.

The d(y, p)n center-of-mass cross section at 0=0' result-
ing from this experiment has been obtained by fitting to
our data a third-order polynomial in cosO yielding

o, [0=0', d(y, p)n] =4.83+0.45 pb/sr .

It needs to be emphasized that in this experiment a
cross section ratio was measured and that the quoted cross
sections for the capture process depend on the choice of
normalization of the elastic scattering process. Unfor-
tunately, this choice is not unambiguous. One may argue,

'

for instance, that the result of a NN phase shift analysis is
superior as a reference since it is based on a large number
of data points. We felt, however, that we should not rely
on theoretical arguments, even if they are fairly model in-
dependent, if measurements exist in the kinematical re-
gion in question. To resolve this dilemma absolute cross
section measurements of p(n, p)p near 200 MeV are need-
ed. This paper contains sufficient information to calcu-
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FIG. 4. Comparison. of available deuteron photodisintegra-
tion cross sections near Ez ——95 MeV. The data (in chronologi-
cal order) are from the following laboratories: V, Urbana (Ref.
17); ~, Caltech (Ref. 18);, Lebedev Institute (Ref. 19); o,
Bonn (Ref. 20); 4, Mainz (Ref. 6); 6, Lund (Ref. 21); and f,
Frascati (Ref. 22). Also displayed are the radiative capture re-
sults from this experiment {shaded region) and from SIN (Ref.
25) (crosses).

late the effect on p(n, d)y of a change in the elastic scatter-
ing normalization.

B. Comparison with other experiments

In the past, a number of photodisintegration measure-
ments have been carried out near E&——95 MeV which can
be compared to the present experiment. The situation is
summarized in Fig. 4, where the results of this experiment
are shown as a shaded area. Three early measurements
were reported from Illinois' (solid triangle, point down),
from Caltech' (solid squares), and from the Lebedev In-
stitute' (open squares). The detection techniques used in-
clude, e.g., nuclear emulsions' and often seemed crude by
today's standards. In a similar experiment from Bonn
(open circles) the outgoing neutron and proton were
detected in coincidence. The Bonn results disagree by up
to a factor of 2 with more recent data from Lund ' (open
triangles). It is clear that there are serious normalization
problems with at least one of these experiments. The
most recent deuteron photodisintegration data at this en-
ergy were obtained at Frascati (solid diamonds) and at
MIT (Ref. 23) (preliminary, unpublished).

The only data so far obtained by neutron-proton radia-
tive capture at T„around 200 MeV are from this experi-
ment (shaded region in Fig. 3), from TRIUMF (Ref. 24)
(preliminary, unpublished), and from SIN (Ref. 25)
(crosses). The SIN measurement has been carried out
with rather large, 100 MeV wide bins for the incident neu-
tron energy.

FIG. 5. Center-of-mass differential photodisintegration cross
s'ections at 0=0'. The solid triangles are the photodisintegration
data from Mainz (Ref. 6). Radiative capture results are from
Louvain (Ref. 8) (open triangle) and from this experiment (solid
circle). The shaded band is from Ref. 31 and results from non-
relativistic impulse-approximation calculations using eight dif-
ferent NN potentials. If relativistic corrections to the E1 opera-
tor are included (Ref. 31), the stippled band is obtained. The
dashed curve is from Ref. 43.

One finds from Fig. 4 that among those experiments
which overlap in angle with our measurement the data
from the Lebedev Institute, ' Bonn, and Lund ' are not
consistent with the results reported here. These data sets
also differ the most from an average of all available data.

Also shown in Fig. 4 is the interpolated result of the
original Mainz experiment (solid triangle, point up). The
current experimental situation at 0=0' is reviewed in Fig.
5, where the results from Mainz (solid triangles) are com-
pared with the capture result from Louvain (open trian-
gle) and with the extrapolated cross section at 8=0' from
this experiment (solid circle). The three experiments are,
within errors, in agreement with each other.

IV. THEORETICAL IMPLICATIONS

It has been suggested by Barshay that the processes
d + y~n + p could represent a case where the invariance
under time reversal is violated. The large effect predicted
in the 6 resonance region was contradicted by subsequent
experiments. Since at present any indication of a viola-
tion of time reversal invariance in strong and electromag-
netic interactions is lacking, we have made use of detailed
balance to convert data and calculations to the framework
of the d(y, p)n reaction in order to facilitate comparison.
In the following we concentrate on those aspects of the
theory that are connected with the findings of this experi-
ment and that concern the angular distribution at E& ——95
MeV and the 8=0 excitation function of the cross section
for d(y, p)n.

It has been suggested for a long time that deuteron
photodisintegration is a source of information on the NN
interaction. It was thus natural to try to explain the
discrepancy at 0=0' by shortcomings of the Hamada-
Johnston NN interaction used by Partovi as phenomeno-
logical input. Since the cross section at 0=0 is especially
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sensitive to the D state of the deuteron, it was indeed
found that a change in the D-state probability, PD, of the
deuteron can be used to lower the theoretical prediction at
will. It was soon realized, ' however, that the re-
quired change could not be reconciled with observable
properties of the deuteron such as the asymptotic D to S
state ratio and the quadrupole moment. In addition, the
0=0' cross section is not very sensitive to reasonable vari-
ations of the NN force, as is illustrated in Fig. 5, where
the shaded band contains -analogous, nonrelativistic im-
pulse approximation calculations ' for eight different NN
potentials. An example of the sensitivity of the d(y, p)n
cross section to the underlying NN interaction is given in
Fig. 6 where Partovi's result (solid line), which is based
on the Hamada-Johnston potential (PD ——7%), is com-
pared with a calculation . (dotted line) with the same code
but with the Lomon-Feshbach NN interaction
(PD —4.6%)—. The latter calculation has been carried out
for Er ——95 MeV and, to our knowledge, is the best repre-
sentation of our data in a classical framework. The sensi-
tivity of radiative neutron-proton capture to the NN po-
tential at short and intermediate range also has been dis-
cussed on general grounds (using unitary phase-equivalent
transformations) by Greben and Woloshyn.

It is now considered unlikely that the findings in
d(y, p)n force us to modify current NN potentials, and
speculations concerning the influence of the six-quark na-
ture of the deuteron at small separation distances seem,
at least, premature. However, it seems clear that, as our
understanding of the d(y, p)n process improves, eventually

the role of the NN interaction has to be critically evaluat-
ed.

The importance of contributions from the exchange of
mesons and the presence of intermediate isobars was
demonstrated for n+ p capture at thermal energies. At
higher energies, such exchange currents were studied by
Miller and Arenhovel and a number of theoretical
groups thereafter (see Refs. 37 and 38 and references
therein).

Meson exchange currents are important; they are also
contained implicitly in most calculations carried out so
far, since the commonly used Siegert operator generates
some contribution of two-body currents even if the two-
body charge density is neglected. In Fig. 7, the dash-dot
curve shows a classical impulse approximation calcula-
tion where the Siegert operator is the only source of
two-body effects. This curve is identical with Partovi s re-
sult. If additional explicit exchange effects are taken into
account, the dashed line is obtained. The Siegert opera-
tor accounts for most of the exchange contributions, as is
seen from an impulse approximation calculation without
it (dotted curve).

Recently, the roles of relativity and corresponding
higher-order corrections to the charge density have been
studied. '" ' ' The effect on the two-body charge density
is small, but sizable contributions arise from relativistic
corrections of the one-body charge density through the
so-called Darwin-Foldy and spin-orbit terms. ' Calcula-
tions depend sensitively on the mNN coupling scheme: At
present pseudovector coupling seems to lead to better
agreement with the data. The effect of such corrections is
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FICx. 6. The results of this experiment, converted to the
d(y, p)n framework, are shown as solid circles. The triangle has
been obtained from the Main data (Ref. 6) by interpolation. The
diamonds are the most recent data from photodisintegration
(Ref. 22). The solid curve shows Partovi's calculation (Ref. 4)
based on the Hamada- Johnston potential. If the Lornon-
Feshbach NN interaction with Pd ——4.6% is used instead, the
dotted curve is obtained (Ref. 32). Hwang's elementary particle
treatment yields the dashed curve (Ref. 43). The dotted curve is
calculated with E~ =95 MeV, the other two curves with

E~ =100 MeV.

I i I I I I I S I I « I

0 - 50 60 90 l 20 l50 I80

P, Q. fTI.

FICx. 7. The data are the same as in Fig. 6. Three calcula-
tions from Ref. 37 illustrate meson exchange contributions
(MEC's): the dash-dot curve contains MEC's implicitly through
the use of Siegert's operator [same as Partovi's result (Ref. 4),
solid curve Fig. 6]; in the dotted curve all MEC's are excluded,
and the dashed curve contains additional, explicit MEC s. The
solid curve illustrates the effect of one- and two-body relativistic
corrections (Refs. 40 and 41) in pseudovector coupling; it has
been obtained from Ref. 22.
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illustrated in Fig. 5, where the difference between shaded
and stippled regions is caused by the inclusion of relativis-
tic effects in the Zl transition operator. ' A similar result
was obtained by the Florence group. " ' ' An angular dis-
tribution of the cross section where relativistic contribu-
tions to the one- and two-body density in pseudovector
coupling were taken into account ' ' is shown as a solid
curve in Fig. 7. As can be seen, this theoretical approach
is consistent with the data over essentially the whole an-
gular region, and thus removes the longstanding
discrepancy. Although the agreement with the data is
suggestive, it is important to realize that these "relativis-
tic" calculations only discuss corrections to the transition
operator but neglect relativity in the wave functions, and
thus are internally inconsistent.

An independent approach towards understanding deute-
ron photodisintegration was presented by Hwang" et al.
in their so-called elementary particle treatment. This
model differs from Partovi's model in the method by
which gauge invariance is enforced, in a different choice
of reference frame, and in the inclusion of higher mul-
tipole terms. The calculated cross sections (dashed curves
in Figs. 5 and 6) are, however, in serious disagreement
with the data.

An expansion of the reaction amplitude into leading di-
agrams has been used by Laget. Recently, the continu-
um state interaction, which was previously limited to s
waves, was expanded to include p waves which resulted in
a large effect (20% at forward angles) on the Er ——100
MeV cross section.

The principal difficulty one faces in trying to compare
the various theoretical treatments is in attempting to as-
sess how the calculations differ from each other in their
physical content, rather than in their calculational ap-
proach.

V. CONCLUSIONS

We have presented measurements of the differential
cross section for the p(n, d)y reaction at center-of-mass an-
gles between 0' and 65 at a neutron kinetic energy of
T„=185 MeV. In this experiment the ratio between the

capture cross section and the cross section for neutron-
proton elastic scattering was determined, a method which
makes our result insensitive to many systematic uncertain-
ties. Our p(n, d)y cross section depends directly on the
values adopted for the p(n, p)n cross section. Because ex-
isting data and phase shift parametrizations of neutron-
proton scattering at 200 MeV show inconsistencies at the
level of +8%, as outlined in Sec. IIIA, the data in this
paper are presented in such a way that a reevaluation in
light of better values for the p+ n elastic cross section is
easily possible.

At 0=0' our measurement agrees, within errors, with
the photodisintegration data from Mainz. Comparison
with other data sets is made in Sec. III B.

Among the various theoretical treatments of radiative
transitions in the NN system, those involving relativistic
corrections are at present the most consistent with our
measurements. This supports the mounting suspicion that
the disparity between theory and experiment cannot be
resolved by either manipulating the underlying NN in-
teraction, or by explicitly including meson exchange con-
tributions, but that there is need for a careful study of the
relativistic aspects of this process. This will have to be
done with as much internal consistency as possible.

It has become clear that measurements at 0=0' may
not play an exclusive role in evaluating competing theoret-
ical efforts, but that reliable cross section information at
all angles up to 180 is of crucial importance. We have
also neglected to mention polarization observables, al-
though it is obvious that medium-energy radiative capture
experiments with polarized beam and/or target are
becoming feasible and will be needed for a better under-
standing of this fundamental process of nuclear physics.
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