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Photodisintegration of deuterium deternlined from the electrodisintegration process*
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The equivalent photon cross sections were extracted from deuteron electrodisintegration measurements
over an energy range of 17 to 28 MeV. Proton angular distributions were measured at 12 photon
energies and the total cross section determined with an experimental uncertainty of approximately
S6%. The differential cross section at 90 c.m. was also measured. Satisfactory agreement is found

between deuteron photodisintegration theory and our measurements. A comparison with other recent

(y, p) cross section measurements is made.

NUCLEAR REACTIONS H(e, p)e'n, measured a(E&, 0), extracted H(y, p)n.

I. INTRODUCTION

The photodisintegration of the deuteron until
recently was considered to be a reaction in which
theory and experiment were in reasonable accord.
For energies below 100 MeV, the comprehensive
theory of Partovi' has superseded earlier calcula-
tions largely on the basis of including terms up
to the dipole-octupole interference and the use of
a realistic potential to describe the deuteron.
Meson exchange and nuclear-structure effects
which were neglected in the above calculations
are not expected to be significant in the energy
region considered (E &30 MeV} where El transi-

7
tions dominate. Indeed, a recent calculation' con-
sidering admixtures of baryon resonances gave
essentially the same total cross section predicted
by Partovi.

The experimental total cross-section data prior
to ]9/3 for 14 &g (35 Mev are shown in Fig. 1.
~lie the uncertainty (only statistical errors are
shown) especially at lower photon energies is
fairly large, with the exception of the results of
Weissman and Schultz, the data are in fair agree-
ment with the theory of Partovi which is given by
the solid line. However, Tietze, Reich, and
Trier, 4 who have measured the 90 differential
cross section, and Baglin et al. ,

' in the most
recent total-cross-section experiment, report
measurements that are approximately 20% lower
than theory near E =20 MeV.

In contrast the results of Skopik et al. ,
' in which

the electrodisintegration cross sections were mea-
sured, are in good agreement with theory based
on a simple model which reduces to the effective
range theory. Although it was pointed out by Shin'
that the theoretical cross section could be lowered
by a slight readjustment in the P-wave phase
shifts, it would nevertheless still be difficult to
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FIG. 1. Total-cross-section measurements of the
H(y,p) n reaction prior to 1973. The solid line is the

calculation by Partovi.

reconcile the discrepancy between the electrodis-
integration and photodisintegration processes.
Thus the disagreement between theory and experi-
ment is not readily explainable and necessitates
further investigation.

Moreover, from purely experimental viewpoints,
the resolution of this discrepancy is of consider-
able importance since a large number of photo-
disintegration experiments have been normalized
to Partovi's calculation.

In this paper measurements of the energy and
angular dependence of protons resulting from the
electrodisintegration of deuterium between 17 and
28 MeV are presented. Because of the experi-
mental difficulties of using real photons, we have
performed the experiment using electrons and
have extracted the equivalent photon cross sections
from the electrodisintegration data.
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II. EXPERIMENTAL ARRANGEMENT
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FIG. 2. u source measurements for detector 3: (a)
momentum distribution of Am n particles and (b)
lateral efficiency measurement for 8,~, =90 determined
by moving the a source along the beam line.

The experimental apparatus consists of the
University of Saskatchewan linear accelerator
and spectrometer systems which have been de-
scribed previously. " The spectrometer used in
this experiment consists of five surface-barrier
silicon detectors mounted in the focal plane of
a 12V' double-focusing magnet. The energy cali-
bration for each detector was accomplished by
varying the magnetic field and measuring the
momentum distribution of u particles emitted
from an "'Am source located at the center of
the scattering chamber. The midpoint of the mo-
mentum distribution determined the energy cali-
bration. At higher energies the 'H(e, 'H')e' reac-
tion in which the recoil protons were detected
provided additional energy calibration points. The

momentum calibration was found to be linear over
the range of energies studied.

To perform absolute experiments the product of
spectrometer parameters which must be known is

() n, (90)
sine~ (2)

TABLE I. Sources of error,

Uncertainties

Solid angle of the spectrometer
Incident electrbn flux
Momentum acceptance
Number of target nuclei
Real photon contamination

Total

2.0
2.0
2.0
3.0

&0.5

+4.6

where aQ„bE„and g, are the effective solid
angle, energy bite, and relative efficiency of the
ith detector (note that q, does not refer to the
absolute counting efficiency which is 100%) and

n, (e) is the effective target thickness in g/cm'.
The term in braces was determined for the

middle detector in the focal-plane array and the
other detectors normalized to it. The energy bite
~,-2~, was found from the momentum distribu-
tion mentioned previously and is shown in Fig. 2(a).
The solid angle was determined by the defining
aperture of the magnet and thus could be ascer-
tained purely by geometry for the middle detector
since all other detectors were normalized to it.
To verify this, the collimator size was varied and
the count rate of '4'Am a particles was found to be
proportional to collimator size over a range of
sizes which included the collimator used in the
experiment. The efficiencies g, were found rela-
tive to q, by measuring at the same energy the
protons from a BeO target. As a cross check the
elastic recoil-proton spectrum for a fixed incident
electron energy was measured with each detector
and the resulting efficiencies were in agreement
with those obtained from the BeO measurement. -

In order to determine the effective target thick-
ness seen by the spectrometer, the same a source
was mo'@ed along the beam line with the magnetic
field set at a constant value, corresponding to the
calibration field of detector 3. The detected counts
as a function of the position of the source was
measured with the spectrometer at 90 with re-
spect to the beam line. The resulting lateral ef-
ficiency of the spectrometer is shown in Fig. 2(b).

Because the target used in this experiment is
an extended target, the effective target thickness
is expected to vary with the spectrometer angle by
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since the effective path length of the spectrometer
was appreciably smaller than the diameter of the
gas cell.

In order to confirm the angular dependence of
n, (8) and the accuracy of the product of parameters
given by Eq. (1), recoil protons from the elastic
scattering of hydrogen using an identical target
cell were measured at three angles. The results
were then compared with the proton elastic cross
sections. To within the known uncertainties in the
elastic proton data no deviations from Eq. (2) or
in the absolute cross sections [which were found

by using Eq. (1)] were observed.
The recoil protons were also used to obtain the

multiple-scattering effects of protons from the
disintegration of deuterons due to the gas and
target wall. Although the multiple-scattering ef-
fects cannot be separated experimentally from the
angular dependence of n, (8), it was found that
measured elastic cross sections never exceeded
the result of Drickey and Hand. " Hence the upper
limit of the determination of the effective target
thickness and multiple-scattering effects is that
of the known elastic cross section.

In Table I we give the results and associated
errors of the various measurements on the spec-
trometer.

The signals from the silicon detectors were
amplified and fed into five analog-to-digital con-
verters (ADC) associated with an XDS 920 com-
puter. The ADC's were gated on for 4 p, sec by
the master accelerator trigger pulse corresponding
to the arrival of each beam burst. A typical pulse-
height spectrum is shown in Fig. 3.

A deuterium gas was contained in a right circular

cylinder of 2.54-cm radius and 3.5-cm height. The
walls were 0.00064-cm Havar" foil. Since the
vertical beam size was typically 1 mm, the verti-
cal height of the gas cell imposed no background
problems. The ta'get cell was designed to be
filled to a pressure of 2.0 atm and permanently
sealed during the course of the experiment. A
check for target leakage was periodically per-
formed by measuring the recoil deuterons from
elastic scattering. No leakage was discernible.
Measurement of the elastic electron spectrum
from the gas cell used in the experiment revealed
target impurities of less than 0.2%.

The spectrometer entrance was masked so that
the spectrometer would not accept protons pro-
duced in the target wall. The absence of tritons,
deuterons, and a particles from the pulse-height
spectra, even at extreme spectrometer angles, is
evidence that all the proton yields are indeed free
of wall contamination. Furthermore, when an
evacuated target was placed in the beam, no pro-
tons could be detected at the extreme angles.

As a check for photon contamination in the
electron beam a stacked-foil experiment was
performed. No discernible photon contamination
was observed in the primary electron beam. The
estimate of photon contamination in Table I was
made considering the target wall and gas as the
source for real photons.

The beam current was monitored by a noninter-
cepting SLAG-type ferrite monitor. " The response
of this monitor was checked periodically with a
Faraday cup and was found to be reproducible and
linear throughout the experiment.

IH. DATA ANALYSIS AND RESULTS
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FIG. 3. A typical proton spectrum.

TABLE II. Angular-distribution coefficients ( pb/sr)
of the formda/dQ =A +B& sin 8+ C& sin 8 cos8+D
sin. 8 cos 8 at E =20.0+0.25 MeV.

Ay By c„ Dy tot

(pb)

Partovi
Solution of

Eqs. (7)
Using Eqs. (8)

for the virtual
photon spectrum

Baglin et al. a

5.4 61.3 18 4.2 588

4.8 + 2.1 63 +2 26+ 1 7.8 + 1.2 604

4.0+2.2 64+2 30+1 10 +2

2.8 + 0.9 55 + 2 20+ 4 (4.2)

605

502

'Reference 5.
Assumed Partovi's value.

For a given spectrometer angle and proton ener-
gy the measured cross section is given by

d o Cp(8, E~)
dA~dE~ EE~AQ p, (8) '

where C (8, E~) is the number of protons per inci-



dent electron and ~~ and ~Q~ are the energy ac-
ceptance and solid angle of the spectrometer, and

n, (e} is the number of target nuclei per cm' as
defined previously.

The energy tx ansfer was computed under the
assumption that the final electron scattered at
zero degrees. At )ow incident electron energies
this is a reasonable approximation since the cross
section, because it is predominantly transverse,
is weighted by 1/q„' where q„ is the four-momen-
tum transferred. This 1/q„' dependence favors
forward scattering of the electrons. One identifies
the energy transfer as the equivalent photon energy
and writes the photon cross section as

do C~(e, E~) (4)
dil ~fin, (e)ff(E„E„)dE„/E„,

where E„ is the equivalent photon energy and

N(EO, E )dE&/E„ is the virtual photon spectrum
associated with ~„.N(E„E~) depends on the
multipolarity of the transition involved, but the
usual procedure in extracting photodisintegration
cross sections from electrodisintegration experi-
ments is to consider only the dominant multipole.
For the deuteron the error introduced by using
only the El virtual photon spectrum is expected
to be quite small since the xeaction is predomi-

nantly El. However, rather than neglect the
dependence of the photon spectrum upon the multi-
polarity involved, we have considered in the data
analysis aQ multipoles up to and including E2 and
M1. For 8-state nuclei one finds" that if the
photon cross section is written as

=A„+8 sin'8+C„sin'8cos8+D sin'8eos'8
y

then,

dg
=A, +B,sin~8+C, sirP8eos8+D, sin'8cos~8,

do Cp(e, Ep)
dA . ~fin, (e)dE„/E„

A, = —(A~[(1+Ra')X 2Rs]+-B„R~'

+D~R~ (s -gRs + gRs )j,

B,= —[8~[(1+Rs'}X-2Rs -gR ]s

E = le.0 10.25 MeV

Eo =29.7l0,25 MeV

o E, =20.8%0.20 MV

C, = +C,[(1+R,')~+R,(-1+-,'R, +~v~R 2)y,

(&) [(1+Ra')~+R,'(1+gRs -~25R ')P,

a=in 2EO(EO -E~ )

8
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FIG. 4. Angular distribution of protons at E& =18.0
+ 0.25 MeV for bvo incident electron energies.
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Thus by fitting the electrodisintegx'ation cross
section to the form given by Eq. (6), the corres-
ponding photon coefficients can be obtained by
solving the set of Eqs. (7).

As pointed out by Gibson and %i))iams" and
Kundu, Shin, and Wait" the presence of the EO
multipole in electrodisintegration which is absent
when real photons are used, can intx'oduce some
model dependence in the extraction of the equiva-
lent photon cross sections. Since the ratio of the
E1/EO virtual photon spectra varies approximately
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as

2Ea(En —Ey )ln
m,E, L4(Ea —E ) /E a]

80-

Ey = 20.0X0.25 MeV

Par tovi

This Experiment

a test of possible model dependence in the extrac-
tion of an equivalent photon cross section was
performed by measuring an angular distribution
at E, = 20.8 MeV and comparing to the angular
distribution measured at 29.7 MeV, which was
the incident energy employed during the experi-
ment. This kinematically reduces the EO photon
spectrum by 90%. The result of the measurement
shown in Fig. 4 yielded a ratio

g„,(Ea = 29.V MeV)

o„,(Ea = 20.8 MeV)

indicating a lack of model dependence in the ex-
traction of the equivalent photon cross section.
Since the EO-E1 interference results in a cosg
dependence in the angular distribution, the data
were also fitted to the form given by FAI. (6) in-
cluding a cosg term. The value of this coefficient
was found to be consistent with zero over the
entire energy range. However, since the cos6
term can arise from Coulomb effects, it was not
considered to be significant in the photon angular-
distribution coefficients. Also, since the virtual

photon spectrum used is only valid for the long-
wave approximation, we have estimated using a
simple model for the E1 nuclear matrix element,
that the maximum error in using the long-wave
approximation is less than 2%. This error was
not used in computing the total error given in
Table I.

Angular-distribution data were taken at 12 photon
energies. In addition since Partovi tabulates the
angular-distribution coefficients at 20.0 MeV, an
angular distribution covering 19 angles was mea-
sured for E =20.0+0.25 MeV with particular
emphasis on the extreme angles. The angular
distribution at 20.0 MeV is shown in Fig. 5. Par-
tovi's calculation in approximation I is given by
the solid curve, which agrees quite well with this
experiment. Table II gives the coefficients of
the angular distribution at 20 MeV as determined
from this experiment, Partovi's coefficients, and
those measured by Baglin. Also given are the
coefficients obtained when the virtual photon spec-
trum in Eq. (4} is taken as

o. (Rs'+ [(1 +Re')A. —2Rs —sRs'] sin' e)
w si.n' 9

(8)

Since the cross section is predominantly E1, the
use of the E1 virtual photon spectrum is a rea-
sonable approximation and yields essentially the
same coefficients as obtained by solving the set
of Fqs. ('l). The experimental results are in good
agreement with Partovi.

Figure 6 gives the total-cross-section results
determined from least-squares fits to each of the

This Experiment

P///f/ Baglin etal
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FIG. 5. Angular distribution of protons at E =20.0
+ 0.25 MeV. The solid line is the prediction oi partovi.
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FIG. 6. Total cross section for the 2H(p, P) n reaction
showing our results, those of Baglin et al. (Ref. 5), and
Partovi's calculation. The total error is shown for both
experiments.
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TABLE III. Total-cross-section results determined
from the angular-distribution data combined in 1.0-MeV
intervals. Error assigned to each point is the total error
determined by adding the percentage statistical and sys-
tematic errors in quadrature.

ISO-

ec.m. =&+ i'
—Par tovi

This Experiment

Ey
(MeV)

17.0
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0
26.0
27.0
28.0

0 +b,o
(pb)

730+42
640 +31
637 +31
604 + 29
554+26
496 + 24
460~23
465+23
445 +22
430 + 21
377+20
400+29

&e, ,

444~~
4+&-

l5

E (MeV)

I

25

IV. CONCLUSION

FIG. 7. Differential cross section at a c.m. angle of
90+ 1'. The errors shown are statistical only.

angular-distribution data combined in 1 0 MeV. -
intervals. The results of Baglin et al. are also
presented. The errors shown are the total errors
for both sets of data. Our results are also tabu-
lated in Table III.

As a further comparison a 90' differential cross
section was obtained from Partovi's results by
fitting the tabulated coefficients to a power series
of the form 1/ '.@The cross section is given by
the solid line in Fig. 7 with, our measured value
of the differential cross section. The experimental
results are in good agreement with Partovi.

Over the energy range covered, reasonable
agreement exists between this experiment and the
total-cross-section calculation of Partovi. In
particular, the experimental determination of the
El coefficient (which is the main source of dis-
agreement with the experiment of Baglin et al. }
is in accord with that predicted by Partovi.
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