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The He?(v,n)2p cross section has been measured in 1-MeV steps from threshold to 30 MeV using the
National Bureau of Standards betatron and a He! cryostat to produce a 40-cm? liquid-He? target. The
measured cross section shows a broad peak between 14 and 20 MeV with a maximum cross section at about
0.90 mb. The cross section and bremsstrahlung-weighted cross section integrated up to 28 MeV give 12.1
+10% MeV mb and 0.684-10% mb, respectively. Theoretical calculations of the three-body photodisinte-
gration cross section overestimate the experimental cross section by factors of 3 to 10.

I. INTRODUCTION

HE photodisintegration reactions provide a valu-
able source of data in the study of the three-
nucleon problem. Since the electromagnetic-interaction
operator is relatively well known, photodisintegration
and electron-scattering reactions provide good tests of
bound-state and continuum wave functions. The three-
nucleon wave functions used so far in calculations of
electromagnetic-reaction matrix elements have been
simple analytical functions which are not related to the
relatively complete phenomenological description of the
two-nucleon interaction. Besides the static properties,
the binding energies and rms radii of H® and He® and
Coulomb energy of He?, a successful three-nucleon
bound-state wave function must account for a growing
body of information on elastic and inelastic electron-
scattering and photodisintegration data on the total
and differential reaction cross sections. The results of
the present experiment indicate that a simple three-
nucleon wave function, which is relatively successful in
predicting one reaction cross section, may fail for a
similar reaction. In this paper we describe a measure-
ment of the He?(v,7)2p total cross section from thresh-
old to 30 MeV. The experiment was done by measuring
the bremsstrahlung-produced neutron yield curve,
which was analyzed by the Penfold-Leiss and least-
structure methods to give the cross section.
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F1c. 1. A general view of the experimental arrangement. A
collimated photon beam struck the liquid-He? target located in
the center of the evacuated tube. Neutrons from the target were
then moderated by the mineral oil before being detected by the
eleven BF; counters.
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Section II of this paper describes the apparatus and
calibration procedures used in the experiment. In
Sec. III the reduction of the yield curve to a cross
section is described and the integrated and energy-
weighted integrated cross sections to 28 MeV are given.
In Sec. IV the results are compared with another
cross-section measurement and with various theoretical
calculations.

II. EXPERIMENTAL ARRANGEMENT

A schematic general view of the experimental arrange-
ment is shown in Fig. 1. A collimated bremsstrahlung
beam passed through a transmission monitor ion
chamber before entering an evacuated beam tube which
passed through the neutron detection system.

A He* cryostat was located above the beam tube and
only the lower tail of the cryostat Dewar containing
the He?® target space extended into the beam tube. The
evacuated beam tube was an integral part of the cryo-
stat, i.e., the Dewar vacuum extended outside of the
neutron detector to the 7-mil Mylar end windows on the
evacuated tube. A massive neutron shield of borax with
a minimum thickness of 12 in. completely covered both
the neutron detector and the cryostat. The complete
apparatus rested on a large steel plate which could be
moved in any direction by means of jacks and screws
and thus facilitated alignment of the He?® target space
with the collimated bremsstrahlung beam.

The neutron detection system was a modified
“Halpern-type detector’ consisting of BF; counters
immersed in a mineral-oil moderator. Eleven counters,
each having a diameter of 2 in. and an active length of
15.7 in., were placed parallel and around the central
6.75-in. beam tube. The mineral-oil moderator thickness
between the counter wall and central beam tube was
4.0 in. The BF; counters were connected into five
groups, four of which had three counters per group and
one of which had one counter. Each group had its own
counting system consisting of a separate preamplifier,
amplifier, discriminator, gate, and scalar. Care was
taken to determine that the discriminator for each
counter group was such that no pile-up pulses, produced
by the x-ray Compton scattering in the target, were

!J. Halpern, A. K. Mann, and R. Nathans, Rev. Sci. Instr.
23, 678 (1952).

834



144

registered accidentally as neutron counts. During the
experiment, the gate was opened to 10 usec before the
yield pulse and closed about 700 usec later. Under these
circumstances, the gate eliminated only about 29 of
the pulses produced by neutrons from the target.

Figure 2 shows a schematic drawing of the cryostat
with its various pumping systems. The cryostat, ob-
tained commercially,? was essentially a modified Het
Dewar having a central sphere with a liquid-He!
capacity of 18 liter and an outer jacket with a liquid-N,
capacity of 53 liter. The tail of the cryostat contained
primarily the target surrounded by two t%-in. thick
copper heat shields; the inner shield was in thermal
contact with the He bath space and the outer shield
was in contact with the N, bath space. In order to keep
the neutron counting background at a tolerable level,
holes were cut in the heat shields to allow for passage
of the bremsstrahlung beam. These holes were then
covered with %-mil aluminized Mylar in such a way as
to leave a narrow viewing slot through which the He?
target face could be observed. The target was in thermal
contact with the bottom plate of the He* bath space and
consisted of a copper cylinder having a wall thickness
of 0.125 in., an inside diameter of 1.75 in., and a width
of 0.875 in. The target windows, through which the
1.0-in. diameter bremsstrahlung beam passed, were of
7-mil Mylar? Filling of the target with He? gas took
place through a long stainless steel tube which passed
out through the top of the cryostat. The level of the
condensed He? liquid was determined visually by ob-
serving, through the viewing slots, the meniscus on the
transparent Mylar target windows.

The typical experimental run with the cryostat
began by transferring about 15 liter of liquid helium
into the He* bath space; the bath space was then
pumped down from atmospheric pressure to about 110
Torr. The 30 liter (STP) of He® gas in the storage
tank were then slowly pumped into the target space
where condensation of He® liquid was visually observed
at a pressure of about 525 Torr. The target continued
to fill until the He? gas in the storage tank was depleted.
The He* pump speed was then adjusted with a throttle
valve to keep the He* bath space pressure as constant
as possible. Typical operating pressures and tempera-
tures for the He? bath space and He? target space were
110 Torr and 2.69°K, 450 Torr and 2.70°K, respectively,
with a temperature difference between bath space and
target space always less than 0.1°K. The temperature
of the He® and He* was determined by measuring their
respective vapor pressures and using tables*5 which
gave the relationship between pressure and tempera-
ture. Corrections for thermomolecular pressure dif-

2 Superior Air Products Company, Newark, New Jersey.

3T. H. Moss, C. F. Kellers, and A. J. Bearden, Rev. Sci. Instr.
34, 1267 (1963).

4R. H. Sherman, S. G. Sydoriak, and T. R. Roberts, Los
Alamos Report No. LAMS-2701, 1962 (unpublished).

5 H. van Dijk, M. Durieux, J. R. Clement, and J. K. Logan,
Natl. Bur. Std. (U. S.), Monograph 10.
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ferences® were unnecessary for the range of pressures
and temperatures used in this experiment.

The target was considered usable until a meniscus
appeared at the Mylar window of the target; this would
occur anywhere from 1 to 5 h after filling the target
space. The cause as well as the time difference of the
occurrences was not completely understood. The target
was visually checked at least every 10 min for signs of a
meniscus and, once found, a usable target was remade
by simply recycling the He® back to the storage tanks
and then allowing it to recondense in the target space.
This process could be repeated any number of times as
long as liquid He? was still present in the cryostat.

In order to obtain an absolute cross section from the
He? yield points, it was necessary to determine the
peak betatron energy at which the points were taken,
the total beam energy in the bremsstrahlung spectra at
these points, and the absolute neutron detection effi-
ciency of the detector. The peak photon energy of the
betatron was controlled by a system” based on the
determination of the average magnetic field in the
vicinity of the electron orbit at the instant of x-ray
production. The field was sampled by means of a small
search coil whose signal was proportional to the time
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F16. 2. Schematic of the cryostat. The He?® gas was contained
in a closed system and could be pumped from the storage tank
into the target or from the target into the storage tank. The He!
pump reduced the vapor pressure of the bath space and cooled
the He? target space to about 2.74°K. Visual observation of the
liquid-He? level in the target space was made through the viewing
slots and observing the meniscus on the Mylar windows of the
target space.

6 T. R. Roberts and S. G. Sydoriak, Phys. Rev. 102, 304 (1956).
7 A. S. Penfold and E. L. Garwin, Rev. Sci. Instr. 31, 155 (1960).
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rate of change of field. This signal was integrated and
the integrator output was a voltage analog of the field,
i.e., proportional to the electron’s momentum. A dc
offset voltage was applied to the integrator, by means
of a potentiometer, such that a discriminator would fire
when the sum of the off-set voltage and the integrator
output voltage was zero. The ejection pulse to the
expander coils of the betatron was timed such that the
betatron pulse and discriminator pulse from the inte-
grator were coincident in time: this condition ensured
that x-ray production occurred at the predetermined
magnetic field value.

The energy control was calibrated in terms of the
(y,7) thresholds for H? at 2.22 MeV, Cu® at 9.91 MeV,
and the well-known break in the O (y,») yield curve at
22.2 MeV. These three points were then used to
establish a straight line relating the potentiometer
setting to the peak energy of the bremsstrahlung
spectra. From the reproducibility of the counting rates
it has been estimated that the betatron energy can be
reset and maintained to within 60 keV at 20 MeV.

The total beam energy in the bremsstrahlung spectra
was determined by measuring the ionization charge
collected from the transmission monitor and comparing
it with the ionization charge collected from a standard
NBS chamber. The standard chamber was calibrated®
so that a measurement of the ionization charge collected
during an x-ray exposure determined the total beam
energy incident on the front face of the chamber.

The detector efficiency for counting neutrons was
determined with a calibrated RaDBe(a,%) source as
well as with a comparison of the actual and calculated
yield for the photodisintegration of deuterium. The
results, which were consistent with previous measure-
ment made in this laboratory on similar detectors,?:1
gave a detector efficiency of 0.0534-0.003 for the system
of eleven BF; counters. Detectors of this type, when
used with photonuclear sources, have been shown® to
have an efficiency independent of neutron energy to
within 4=59%,.

During the course of the experiment, a number of
checks were made of the stability of the neutron de-
tection system and the transmission monitor ion
chamber. The neutrons for the RaDBe(e,n) source were
counted at least once a day in order to determine the
stability of the neutron detection system. The daily
counting rates were found to reproduce to better than
0.39,. The sensitivity of the transmission-monitor ion
chamber was checked by placing a Co® source near the
chamber in a standard position and measuring the time
required for a charge, produced in the chamber by the
source, to reach a given value. This charge was measured
by means of a vibrating-reed electrometer. Daily
changes in the sensitivity of the chamber were found to

8 7. S. Pruitt and S. R. Domen, Natl. Bur. Std. (U. S.) Mono-
graph 4B.

9 H. M. Gerstenberg, Bull. Am. Phys. Soc. 9, 421 (1964).

10 H, M. Gerstenberg and E. G. Fuller (to be published).
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be less than the 0.59, uncertainty in the measurement
itself.

III. DATA REDUCTION AND RESULTS

The reaction yield Y is defined as the number of
neutrons detected per unit of charge registered in the
standard ion chamber. The yield as a function of
betatron end-point energy FE, is called the activation
curve YV (Eo). This function was measured in approxi-
mately 1-MeV intervals from 8 to 30 MeV. Each yield
point was measured an average of 11 times over a
period of 5 weeks. The statistical accuracy of the final
activation curve varied over the range 0.39, at 28
MeV, 1.19, at 16 MeV, and 3.39, at 12 MeV. The
statistical accuracy was limited by the cost of the
liquid-He* refrigerant and by the available accelerator
time. The empty target background yield data were
taken interspersed with the He?® yield data. The fore-
ground to background counting rate ratio varied from
10.0 near threshold to 2.7 at 28 MeV. The data were
analyzed in the following manner: At each energy Eo
the cosmic ray background was subtracted from both
the total and background yield points; this was neces-
sary because the runs were for different lengths of time.
The average background yield at each energy was sub-
tracted from each corresponding total yield point to
produce the foreground yield. A density correction for
each 10-min run was then applied. This correction,
which was always less than 59, took into account the
fact that liquid-He? density slowly varied during the
course of the experiment. The density was known from
the relationship between vapor pressure and density.!
The average density of the liquid He® was 0.070 g/cm?
with a corresponding vapor pressure of 423 Torr and
temperature of 2.68°K. The foreground yields were
then averaged at each energy. The foreground activa-
tion curve was analyzed in two ways; the standard
Penfold-Leiss'? method and by the least-structure anal-
ysis of Cook.® The first method consisted of calculating
and smoothing the running integral of the reduced cross
section Q(E,)=nfo(E,)/E., where n is the number of
target nuclei, f is the attenuation due to photon absorp-
tion by the target (a constant for this experiment),
and E, is the photon energy. The cross section ¢ was
obtained by taking first differences. The running integral
JoFY Q(E,) dE, and the derived cross section are shown
in Fig. 3(a). Figure 3(b) shows the resulting cross
section when the activation curve was analyzed by the
least-structure method. In this method the cross section
was smoothed over an energy interval determined by
errors in the yield curve. This smoothing reduced the
error in the resulting cross section at the expense of the

1 E, C. Kerr, Phys. Rev. 96, 551 (1954).

2 A, S, Penfold and J. E. Leiss, Physics Research Laboratory,
University of Illinois, Champaign, Illinois, 1958 (unpublished
report).

BB, C. Cook, Nucl. Instr. Methods 24, 256 (1963).



144

THREE-BODY PHOTODISINTEGRATION OF He?

837

Curve a Ey
fﬂ (EY) d Ey (Relative Units) I
1.0~ ° .
0.5— -
Fi16. 3. Total cross section of the
reaction He?(vy,7)2p as obtained by —_
an analysis ot the neutron yield "E‘ o L
curve. Figure 3(a) was obtained =
by smoothing the running integral b
of the reduced cross section and
taking first differences to obtain
the cross section. Figure 3(b) was Curve b
obtained using the “least-structure
analysis” of Cook. The horizontal —
error bars indicate the energy 10
interval over which the data are S ]
smoothed.
0.51— ]
0 ! 1 ] 1 ! ! | ! 1 1
10 12 14 16 18 20 22 24 26 28
Ey(MeV)

energy resolution. The width (full width at half-
maximum, of the resolution function is indicated by
the energy error bars in Fig. 3(b). The results using the
two methods of analysis seem to differ only in their
high-energy behavior. The rapid falloff of the cross sec-
tion beyond 28 MeV is considered doubtful; it is pos-
sible, although there is no direct evidence, that the
energy control of the betatron may not have been linear
over the last few MeV of the yield curve.

The values obtained for the cross section and the
bremsstrahlung-weighted cross section integrated to
28 MeV were:

28 MeV

f ¢ dE,=12.1 MeV mb=:10%,
0

28 MeV T
] — dE,=0.68 mb==10%,

0 ¥

where the quoted errors include estimates of systematic
errors and random statistical errors.

IV. DISCUSSION

Our three-body breakup cross section can be com-
pared with a previous measurement by Gorbunov and
Varfolomeev.!* In Fig. 4 our cross section is seen to be
consistently lower than that of Gorbunov and Varfolo-
meev whose integrated cross section to 28 MeV is 309,
larger than the present experimental results.

A number of theoretical calculations'®*® have been
made for the H3(v,p)2n and He?(v,7)2p cross sections,
which apart from a small Coulomb correction, are
assumed to be equal in the electric-dipole approximation.
These cross sections are shown in Fig. 4. It is seen that
these calculations overestimate the experimental cross

4 A, N. Gorbunov and A. T. Varfolomeev, Phys. Letters 11,
137 (1964).

15 M. Verde, Helv. Phys. Acta 23, 453 (1950).

16 J, C. Gunn and J. Irving, Phil. Mag. 42, 1353 (1951).

171, M. Delves, Nucl. Phys. 29, 268 (1962).

18V, N. Fetisov, A. N. Gorbunov, and A. T. Varfolomeev,
Nucl. Phys. 71, 305 (1965).

1 G. Gyorgyi and P. Hrasko, Acta Phys. Hung. 17, 253 (1964).
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Fi1c. 4. Total cross section of the reaction He3(y,7)2p compared
to another measurement (Ref. 14) and to four theoretical calcula-
tions (Refs. 16-20). Note that two of the cross sections are reduced
by a factor of 4 for presentation. The number following the names
of the theoretical papers identify a particular parameter of the
theory.

section by factors of 3 to 10. We will discuss two of
these calculations.

The Gunn and Irving!® calculation uses a ground-state
wave function of the form exp[—uR]/R, where
R= (3 i<j7:»)'2, and 7;; is the internucleon coordinate
with u as radius parameter. The electric-dipole operator
is taken as the dominant interaction, and the final
state is taken as the s- and p-wave parts of plane waves
for the final nucleons. Gunn and Irving have also cal-
culated the two-body breakup He?(v,d)p using the same
assumptions except the bound deuteron wave function
is used in the final state. The two-body cross section is
found to give reasonable agreement with experiment.?
This ground-state wave function also gives a good fit
to the elastic-electron-scattering form-factor data®

2 J, R. Stewart, R. C. Morrison, and J. S. O’Connell, Phys.
Rev. 138, B372 (1965).
21 L. 1. Schiff, Phys. Rev. 133, B802 (1964)
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(for a slightly different radius parameter u). The failure
of the Gunn and Irving three-body breakup cross-
calculation to fit the data might be due to the neglect
of the s-state final-state interaction which is present in
the three-body breakup case, but not in the two-body
breakup case. However, since the nucleon-nucleon
s-state interaction is attractive, a cross-section enhance-
ment might be expected.

The s-wave final-state interaction has been taken into
account in a calculation by Fetisov, Gorbunov, and
Varfalomeev.!® These authors used as a ground-state
wave function a sum of two terms of the form
exp[ —uK?], i.e., Gaussians in the interparticle coordi-
nates. This wave function has been used previously by
Eichmann? in a calculation of the two-body breakup
cross section and was found to give good agreement
with experiment.?® Fetisov ef al. used a square-well
potential as the interaction between the two nucleons
in the final relative s state. This interaction had the
effect of shifting the energy of the peak of the cross
section, but not reducing its magnitude as is needed to
obtain agreement with experiment. The final-state
interaction did give a good prediction of the energy
distribution of the final nucleons.

Thus, the problem of an accurate calculation of the
cross section for the reaction He?(y,#)2p remains open.
It is pointed out in Ref. 20 that all the photodisintegra-
tion theories of H? and He® give integrated cross sections
which exceed the electric-dipole sum rules by large
factors and thus have an inconsistency.
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