PHYSICAL REVIEW VOLUME

121,

NUMBER 2 JANUARY 15, 1961

Inelastic Scattering of Electrons from He*}

GEORGE R. BURLEsoN*
Department of Physics and High-Energy Physics Laboratory, Stanford University, Stanford, California

(Received September 6, 1960)

The inelastic scattering of electrons from He* which corresponds to a disintegration of the nucleus has been
studied for incident electron energies of 400 and 500 Mev at laboratory angles from 45° to 135°. The energy
spectra of the scattered electrons were measured, and absolute cross sections were found by comparison with
elastic scattering from hydrogen. The curves were corrected for electron radiation. Within the validity of
adapting to He? one of the results of the Goldberg theory of deuteron electrodisintegration, the cross sections
at the maxima of the curves give a value of M(1/p), of (7.541.5), where M is a nucleon mass and {1/p) is -
the expectation value of the reciprocal of the momentum of a nucleon bound in He?. With a single exception,
the energy-integrated cross sections do./dQagree within experimental error with do./dQ=2(do,/dQ+do»/dQ),
where dop/dQ is the free-proton cross section and do,/dQ is the neutron cross section found from inelastic

scattering from deuterium.

I. INTRODUCTION

HE inelastic scattering of electrons from light
nuclei which corresponds to a disintegration of
the nucleus has been the subject of several recent in-
vestigations. Results have been given of experimental
measurements of this process, in which only the recoil
electrons were detected, for deuterium,' for Li® and
Li"5 and for Be® and C'2.% Preliminary measurements
with He* have also been reported.”

For deuterium, this process has been interpreted as
representing quasi-elastic scattering from the proton
and the neutron which form the deutron. By subtracting
the scattering due to the proton, which is taken from
measurements of free-proton elastic cross sections, the
scattering due to the neutron was found. Several theor-
etical studies* ! have been made which have given
methods of making such an analysis. In the absence
of a target of free neutrons from which to scatter elec-
trons, these experiments have provided a measurement
of the electromagnetic structure of the neutron.

For nuclei with Z greater than one, no theory of this
interaction has been formulated in terms of proton and
neutron cross sections, and the experimental results
with these nuclei cannot provide any definite informa-
tion about the neutron. A comparison of these results
with those for the deuteron, however, serves as a meas-
urement of the corrections necessary to a simple theory
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and may give some insight into the nature of the pro-
cess. For He!, a theory has been constructed? which
contains parameters relating to the electromagnetic
structure of He* and the residual nuclei He® and H®.

It is the purpose of this paper to report on an experi-
mental measurement of the inelastic scattering of elec-
trons from He* Incident energies of 400 and 500 Mev
were used, and absolute cross sections were found. They
are interpreted by using some of the results of the
theories of deuteron breakup that have been adapted
to Het.

II. THEORY

The experimental measurements of Yearian and Hof-
stadter'™ and Sobottka! on inelastic scattering from
deuterium suggest two methods of interpreting the
results of inelastic scattering from He?. One method is
simply to measure the area under the inelastic contin-
uum to find the differential cross section do,/d2. This
cross section can be related to the proton elastic cross
section do,/dQ and the neutron cross section do,/dQ
by the following equation:

doo/dQ=2(dop/dQ+do,/dR) (14 Ay). ¢))

The mathematical forms of the proton and neutron
cross sections, which are based on work done originally
by Rosenbluth,®® have been given previously.! For A,=0,
this equation represents scattering from the nucleons in
He* without interference. A discussion of the effects con-
tained in this correction term and an estimate of its mag-
nitude for the case of the deuteron have been given by
Blankenbecler.? The method to be used with the He!
data is to take do,/dQ in this equation from the measure-
ments on the free proton® and do,/dQ from the deuteron
results,”* so that the experiment would serve as a
measurement of the magnitude of A..

This is essentially the method that was used by

( 12 ’;‘ Muto and T. Sebe, Progr. Theoret. Phys. (Kyoto) 18, 621
1957).
13 M. N. Rosenbluth, Phys. Rev. 79, 615 (1950).
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Meyer-Berkhout® in interpreting the results of inelastic
scattering from Li® and Li” and by Ehrenberg and Hof-
stadter® in interpreting those for Be® and C2. Within
experimental error, their results were found to be consis-
tent with a zero value for the correction term. Some pos-
sible explanations of this were discussed by Meyer-
Berkhout.®

The other method of interpreting the He* results in-
volves simply a measurement of the cross section
&*c/dQdE’ at the peak of the continuum. This method
was originally used in an attempt to reduce uncertainties
resulting from the final-state interaction, which had been
found to add counts to the high-energy sides of the
curves,® and from the detection of electrons that have
produced pions, which adds counts to the low-energy
sides. This cross section can also be simply related to
the proton and neutron cross sections by adapting to
He* one of the results of the Goldberg impulse-approxi-
mation theory of deuteron electrodisintegration.’® The
equation to be used is the following:

( o ) <> da,, dan @)
dQAE' ] nax a qE’ a© dﬂ

where E and E’ are the initial and final energies of the
scattered electron, ¢ is the four-momentum transfer,
M is a nucleon mass, and (1/p), is the expectation
value of the reciprocal of the momentum of a nucleon
bound in He* (The system of units with Z=c¢=1 is
used.) The experiment would provide a measurement
of the constant multiplicative factor (1/p).. The pro-
cedure to be used is to fit the experimental angular
distribution to angular distribution curves of this equa-
tion. It should be pointed out that the validity of this
procedure is somewhat doubtful, since the approxima-
tions used in deriving this equation'® should not hold as
well for He? as for deuterium. If the results should agree
with Eq. (1) for A,=0, however, this might lend support
to the validity of Eq. (2).

The He* results can also be compared to a theory of
Muto and Sebe.?? This theory includes two final states
of the nuclear system, a proton plus H? and a neutron
plus H3, so that it contains parameters associated with
these nuclei. Muto and Sebe pointed out that two types
of transition matrix elements are involved: one repre-
senting a “direct” process, in which a nucleon is ejected
through direct interaction with the electromagnetic
field of the electron; and one representing an “indirect”
process, in which a nucleon is ejected through a nuclear
interaction with another nucleon which interacts with
the electromagnetic field of the electron. One simple
result of this calculation is that if the “indirect” pro-
cess is small, the energy of the peak of the continuum

4T. Muto, T. Sebe, and K. Izumo, Progr. Theoret. Phys.
(Kyoto) 22, 304 (1959).
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is given by
Enax'= (E—AM)[14+2(E/M)sin2(6/2) T,  (3)

where AM is the mass difference between the alpha
particle and a residual nucleus plus a nucleon.

Muto, Sebe, and Izumo'* have already made compari-
sons between cross sections calculated from this theory
and preliminary forms of some of the data of this experi-
ment, using only the experimental shapes of the curves.
Unfortunately, they used a form of the data that had
not been corrected for radiative effects. This correction
is discussed below ; one of the effects it has is to modify
the shapes of the curves, which means that the numerical
results of this comparison may not be valid.

III. EXPERIMENTAL PROCEDURE

The analyzing and detecting apparatus was essentially
the same as that used in the previous experiments.'—®
Compressed helium gas, cooled with liquid nitrogen,
was used as the target material. The pressure vessel
has been described previously.!®* During data-taking,
the target pressure was maintained at 2000 psi, and
the temperature was monitored by means of thermo-
couples placed at each end of the target.

The target was placed in the momentum-analyzed
beam of the Stanford Mark III linear accelerator. The
scattered electrons were analyzed by the 36-in. spec-
trometer”® and detected with a Cerenkov counter.
Either a secondary emission monitor!” or a large Faraday
cup was used to supply a signal to the beam integrator,
which was a vibrating reed electrometer with an external
capacitor.

Inelastic continua were measured at 400 and 500 Mev
at angles between 45° and 135°. Absolute cross sections
were found for each continuum by comparison with a
hydrogen elastic scattering curve measured at the same
angle with the same incident electron energy. This peak
was always measured on the same run as the He!
continuum. Hydrogen gas contained in the same pres-
sure vessel was used as the target material. Because
of the low counting rates, the statistical accuracy at-
tained was not very great. The points at the peaks of
the He* continua generally contained about 100 counts
and those at the peaks of the hydrogen curves 150 to
250 counts.

To minimize error resulting from a background of
negative pions being detected in the counter, two pre-
cautions were taken. First, the pulse-height discrimi-
nator was set at a fairly high level. (The same setting
was used for both the He? continuum and its comparison
proton peak.) Then, for each continuum, the direction

( 15 G. R. Burleson and H. W. Kendall, Nuclear Phys. 19, 68

1960).

( 18 E, E. Chambers and R. Hofstadter, Phys. Rev. 103, 1454
1956).

(11"5% W. Tautfest and H. R. Fechter, Rev. Sci. Instr. 26, 229
9
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F1c. 1. Experimental data found for scattering
from He! at 400 Mev, 75°.

of spectrometer current was reversed, and the spectrum
of positively charged particles was measured. This pion
contamination could then be corrected for by making a
subtraction of this spectrum from the continuum.

With the small-angle continua, an elastic scattering
peak also appeared in the electron spectrum. Absolute
cross sections for these were found by a comparison
with the hydrogen peak. The statistical accuracy of
some of these peaks was not very good, however, since
they were not of primary interest.

The raw He* data found at 400 Mev, 75°, are shown
in Fig. 1. The elastic scattering peak appears at the high-
energy end of the spectrum (larger values of spectro-
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F1c. 2. The hydrogen elastic scattering curve
found at 400 Mev, 90°.
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meter current), and the increase in the number of counts
on the low-energy side is due to an overlap with the
peak representing pion production. Counts of positively
charged particles are also shown. The proton peak found
at 400 Mev, 90° which is fairly typical, is shown in
Fig. 2.

IV. DATA ANALYSIS

The following corrections were applied to each He*
inelastic spectrum to reduce it to the form of the differ-
ential cross section d%/dQdE’ as a function of the recoil
energy E':

(a) A correction for the loss of counts resulting from
the detecting apparatus not being able to accept more
than one count per machine pulse (60 pulses per second)
was applied. This was necessary for the small-angle
data only, and it was never greater than three orfour
percent.
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TFic. 3. The corrected inelastic curve found at 400 Mev, 75°.

(b) The background of 7~ mesons was corrected for
by subtracting the spectrum of positively charged parti-
cles from the continuum. The error introduced in these
results by the uncertainty in the measurements of the
7/t photoproduction ratio in'® He? is less than two
percent ; this ratio was found to be of order unity.

(c) If a He! elastic peak was found, its low-energy tail
was extrapolated into the continuum and subtracted
from it.

(d) The scale of potentiometer current, the abscissa
of the spectrum in Fig. 1, was converted to an energy
scale.

(e) The spectrometer dispersion correction was ap-
plied. This compensates for the width of the vertical
exit slits of the spectrometer remaining constant, which
corresponds to a constant momentum resolution, and
it amounts to multiplying each point by a factor of 1/E'.

18 M. J. Jakobson, A. G. Schulz and R. S. White, Phys. Rev.
91, 695 (1953).
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The continuum of Fig. 1 as corrected in this manner
is shown in Fig. 3 by the curve drawn with a solid line.

Finally, a correction for electron radiation before,
during, and after the scattering process was applied to
the data. A discussion of the nature of this process and
a derivation of a form the correction can take is given
by Sobottka.* A numerical procedure equivalent to
solving Eq. (AS) of reference 4 was constructed,”” and
with the aid of an electronic computer this correction
was applied to each continuum. The continuum of Fig.
1 so corrected is shown in Fig. 3 by a dashed line. Its
behavior with respect to the curve uncorrected for
radiative effects is typical. The ratio of the corrected
peak height to the uncorrected height is greater than
unity and decreases fairly uniformly for increasing angle;
its value at 400 Mev, 45° is 1.33 and at 400 Mev,
135° is 1.15.

Corrections equivalent to these were also applied to
the hydrogen and helium elastic peaks.

The relative densities of helium and hydrogen gas
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F1c. 4. The corrected inelastic curves found at 400 Mev.

at 2000 psi at the temperatures used were taken into
account in calculating absolute cross sections. These
densities were calculated as described in reference 15.

In order to find the differential inelastic cross section
do./dSQ, integrals of the continua were taken over the
recoil electron energy E'. This amounted to measuring
the areas under the curves. This measurement is diffi-
cult, since the low-energy tails of the continua partly
overlap-with the high-energy tails of the pion produc-
tion peak. There is at present no theory which gives
an expression for the shape of the pion-production peak
which is accurate enough to use to make a subtraction,
and there is no experimental means of distinguishing the
two processes if the recoil electron only is detected.
Therefore, to measure the areas, the thresholds for this
process were calculated and the tail of each curve was
drawn, using what was judged to be a reasonable extra-

19 An account of the procedure used is given in a thesis submitted
to Stanford University in partial fulfillment of the requirements
for the Ph.D. degree in Physics.
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F16. 5. The corrected inelastic curves found at 500 Mev.

polation. The error introduced by this procedure was
estimated by drawing in other tails to give limits and
measuring the difference in the areas.

V. RESULTS AND DISCUSSION

The experimental He? curves, with all corrections
applied, are shown in Figs. 4 and 5. The vertical scales
of the curves have been adjusted to give the same height,
and the thresholds of the pion peaks are indicated. The
extrapolated tails are not shown, and no experimental
points are shown, but for most of the curves the sta- .
tistical accuracy is about the same as in Fig. 3. The peaks
of the curves lie between 10 and 18 Mev below the free-
proton peaks, and in general the agreement with Eq. (3)
is good, except for small angles, where the peaks are
found at a slightly higher energy. The width of the 400
Mev, 45°, curve is about 60 Mev; of the 400 Mev, 60°,
and 500 Mev, 45°, curves about 70 Mev; and of the
other curves (904-10) Mev.

A previous measurement? of the curve at 400 Mev,
60°, indicated the possibility of some form of structure
on the high-energy side. This structure was reproduced
by Muto and Sebe' in numerical fit of their theoretical
expression to thecurve, in which it was attributed to the
contribution from the “indirect” process. In the experi-
mental measurements of this curve, particular attention

TasLE I. Experimental inelastic peak cross sections found at
400 Mev. The errors shown are the statistical standard deviations.

d% /dQdE" at peak
Angle (cm2?/sr-Mev)

45° (1.8040.13) X 1032
45° (1.8740.10) X 1032
60° (5.824-0.58) x 1038
60° (5.88+0.48) X 10—
75° (1.9340.19) X 1038
90° - (1.1140.11) X 1038
105° (6.054-0.58) X 10—
115° (4.2240.39) X 10—
125° (3.772£0.33) X 103
135° (2.8740.25) X 103

20 See Fig. 13 of reference 7.
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F1c. 6. Experimental inelastic peak cross sections. The errors
shown are the statistical standard deviations. The curves are
predictions of the Goldberg theory, as adapted for He¢, for values
of a, for the neutron of 0.6, 0.8, and 1.0 f and for a value of
M{1/p)a of 7.5.

was paid to the high-energy side, but no definite evidence
of structure was found. Moreover, no structure was ob-
served in any of the other continua. It is possible, how-
ever, that some form of structure would be found if
greater statistical accuracy and an improved energy
resolution could be used.

The absolute cross sections at the maxima of these
continua are shown in Fig. 6, together with curves of
Eq. (2) for neutron cross sections corresponding to
values of a, of 0.6, 0.8, and 1.0 f, where a, is the size
parameter in the neutron magnetic moment form factor
for an exponential model,*? which has the form

Fo(g)= (14¢*a:2/12)2 @

[The measurements of Yearian and Hofstadter'—3 found
a value of @, of (0.8040.15) {.] The quantity M(1/p)e
in this equation has been set equal to 7.5. This value
was chosen simply by sliding the family of curves of
L(1/g) (E/E") (dop/dQ2+-do,/d2)] until a fit was found.

TasLE II. Experimental inelastic peak cross sections found at
500 Mev. The errors shown are the statistical standard deviations.

&% /dQAE’ at peak

Angle (cm?/sr-Mev)
45° (1.03+0.05) X 10—
60° (3.10£0.29) X 103
75° (1.174£0.11) X 10738
90° (4.360.43) X 1073

105° (2.6140.24) X 10—
120° (2.474-0.25) X 103

BURLESON

It was judged that this method gave a value of M(1/p),
of (7.5%1.5), taking all errors into account. The errors
shown are the statistical standard deviations only. The
numerical values of these cross sections are given in
Tables I and II. It should be pointed out that the
angular distributions of curves given by Eq. (2) do
not differ greatly from those given by curves of
(dop/dQ+do,/dQ) alone, and the experimental points
for the cross sections at the maxima of the continua
fit either equally well. The fit with the angular distribu-
tion of do,/dQ is, however, rather poor.

The cross sections do,/dQ are shown in Fig. 7, to-
gether with curves of 2(do,/dQ+do,/dQ) for values of
a, of 0.6, 0.8, and 1.0 f. The errors shown include both
the statistical standard deviations and the errors intro-
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F16. 7. Experimental inelastic cross sections. The errors shown
represent uncertainties due to counting statistics and to the
measurement of the areas of the curves below the pion-production
threshold. The curves shown are 2(do,/dQ+de,/dQ) for values of
@, for the neutron of 0.6, 0.8, and 1.0 1.

duced by the extrapolation of the low-energy tail. The
extrapolation error varied from 69, at 400 Mev, 45°,
to 209% at 500 Mev, 120°, where the overlap with the
pion-production peak was greatest. The numerical
values of these cross sections are given in Tables IIT
and IV.

The cross sections for the two curves at 400 Mev,
45°, are surprisingly low. The peak cross sections for
these curves also seem to be low with respect to the other
points, as is seen in Fig. 6. One possible explanation of
this is the mixing of nucleon ejections with deuteron
ejection, which, according to Muto, Sebe, and Izumo,
tends to increase in the forward direction. To give an
idea of the amount of mixing necessary to account for
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the reduced cross section, the following equation may
be used:

oo/ A= (1—38) (2d0,/dQ+2do,/dD)+6(2doa?/dQ), (5)

where dos?/dQ is the deuteron elastic scattering cross
section. Using the measurement of McIntyre and Burle-
son® for the deuteron elastic scattering cross section at
400 Mev, 45°, the value of § necessary to satisfy this
equation is 0.4. Further theoretical and experimental
investigation, including more small-angle measurements,
would be necessary to establish this result.

The rest of the points in Fig. 7 are consistent, within
error, with Eq. (1), with Ae=0. For a nucleus in which
the nucleons are so tightly bound, this may seem fairly
surprising, but it is consistent with the results for Li¢,
Li’) Be®, and C?, as well as with those for deuterium.
It is possible, of course, that more careful measurements
might reveal discrepancies among these various results.
Because of the theoretical and experimental uncertain-

TasLE III. Experimental inelastic cross sections found at 400
Mev. The errors shown represent uncertainties due to statistics
and to the measurement of the area of the curve below the pion-
production threshold.

do/dQ
Angle (cm?/sr)

45° (1.2240.12) X 10~%
45° (1.134-0.09) X 10~%
60° (4.7540.62) X 1031
° (5.0040.55) X 10-3t
75° (1.86+0.24) X 1073
90° (1.09+0.15) X 103
105° (5.69+4-0.85) X 1022
115° (4.124-0.62) X 1022
125° (3.25+0.52) X 102
135° (2.584:0.44) X 10~

ties involved in this analysis, a value of a, extracted
from these data is not very significant, but it can be
noted that the experimental points in Fig. 7 tend to
favor one slightly smaller than 0.8 {.

The He* elastic scattering cross sections are shown
in Fig. 8. They are plotted in the form of (do/dQ)/
(doa/dQ) as a function of ¢, where do/dS2 is the Mott
cross section.!® In the absence of anomalous electron
interactions,’® this quantity equals the nuclear form
factor F(g) for He!. A previous measurement of this
quantity,'® more accurate than the present one, which
was made with a multichannel detector, found F(g) to
correspond to the Fourier transform of a Gaussian
charge distribution with an rms radius of (1.6840.04) {.
The points found in the previous measurement, together
with the curve of this form factor for an rms radius of
1.68 {, are also shown in Fig. 8. The agreement between
the two sets of data is satisfactory, and it serves as a
check of the consistency of the two experimental
methods.

2 J. A. McIntyre and G. R. Burleson, Phys. Rev. 112, 2077
(1958).
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TasrLe IV. Experimental inelastic cross sections found at 500
Mev. The errors shown represent uncertainties due to statistics
and to the measurement of the area of the curve below the pion-
production threshold.

do/dQ2
Angle (cm?/sr)
45° (8.65+0.78) X 103

60° (3.21£0.45) X103

75° (1.302£0.20) X 10~
90° (4.612£0.83) X 1032
105° (3.112£0.59) X 1032
120° (1.912£0.44) X 10-%

There are several other sources of error in these re-
sults. The error in the radiative corrections to the in-
elastic continua is estimated to be two to three percent
at the peaks and four to six percent in the tails. Errors
due to an uncertainty in the density of the gas in the
target, to small fluctuations in the spectrometer current,
and in the incident beam energy are estimated to be
the order of two or three percent. The uncertainty in
the absolute value of the proton cross section, which is
about eight percent at the largest energies and angles,?
introduces error into the absolute value of the He? cross
sections. This error does not affect the interpretation of
the results as given in Figs. 6 and 7, however, since a
change in the proton cross sections would affect the
theoretical curves and the experimental points in these
figures equally.

1.0 T
- 4
\ HE ] l l
\\ELASTIC CROSS SECTIONS
\
0.1
A
T GAUSSIAN MODEL—
|~ a=1,68
| 0.0l
=
b
e MULTICHANNEL RUNS
A SINGLE CHANNEL RUNS
0.00!1 \

o] 0.4 0.8 1.2 1.6 2.0 24

a x 102 (N M)
Fic. 8. Experimental values of (do/dQ)/(doa/dQ) plotted as a
function of the four-momentum transfer ¢. The errors shown are

the statistical standard deviations. Also shown are data found in
an earlier measurement with a multichannel detector.

2 F, Bumiller (private communication).
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Because of the low counting rates, fairly large spec-
trometer entrance slits were used. This probably re-
sulted in a variation in the transmission of the spectrom-
eter with electron recoil energy. Such a variation would
affect the energy-integrated cross sections do./dQ2 but
not the peak cross sections, since the recoil energies of
the electrons in the normalizing proton peaks were the
same as those of the maxima of the continua. The error
introduced by this effect in the tails of the continua is
estimated to be the order of the statistical error in the
experimental points defining the tails.

The additional uncertainty in these results due to the
other sources of error is estimated to be about five per-
cent in the peak cross sections and 10 or 129, in the
energy-integrated cross sections.

GEORGE R.
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Photodisintegration of the Deuteron from 500 to 900 Mev*
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The reaction y+d — p-+n has been studied for photon energies between 500 and 900 Mev. Bremsstrahlung
from the California Institute of Technology electron synchrotron was incident on a liquid deuterium target.
Measurements of the energy and angle of the protons arising in.the interactions were sufficient to establish
that photodisintegration without pion emission occurred and also to determine the energy of the photon
which gave rise to the detected proton. An excitation curve was obtained at 90° in the laboratory and
angular distributions were measured for photon energies of 500 and 700 Mev. The total cross section de-
creased smoothly from 7 ub at 500 Mev to 1 ub at 900 Mev.

I. INTRODUCTION

HE photodisintegration of the deuteron has been
studied extensively from 2.23 Mev to 455 Mev.1—*
Up to energies of about 10 Mev these experiments
provided a¥complement to low-energy #-p scattering
and radiative capture experiments.; Between 10 and
200 Mev>™ the increasing role played by mesons is

observed in a region where such particles exist only in

virtual states. Above meson threshold*~* photodisinte-
gration experiments are useful as checks on the internal
consistency of meson theories.® The present experiment

* This work was supported in part by the U. S. Atomic Energy
Commission.

t Now at the Cambridge Electron Accelerator, Cambridge,
Massachusetts.
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extends the cross-section measurements to 900 Mev.
An excitation curve was measured at 90° in the labora-
tory and angular distributions were obtained for photon
energies of 500 and 700 Mev. The results show that
the total cross section decreases smoothly from 7.0
=+1.0 ub at 508 Mev to 1.04-1.0 ub at 913 Mev.

II. EXPERIMENTAL PROCEDURE
General Considerations

The experiment was performed by measuring the
energy and angle of protons arising from the reaction

v+d— p+n. 1)

Photons of the bremsstrahlung beam produced by the
Caltech electron synchrotron were incident on a liquid
deuterium target. Figure 1 is a plan view of the experi-
mental arrangement and Fig. 2 shows details of the
telescope.

The angle and energy of the proton determine the
kinematics of reaction (1). Since protons arise from
reactions other than (1), it is necessary to insure that
the observed protons did not come from other processes



