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The photoneutron cross sections for H and 'He have been measured from threshold to
-25 MeV with monoenergetic photons from the annihilation in flight of fast positrons.
These reactions include the two-body breakup of H and the three-body breakup of both
H and He; these measurements for H are the first to span the energy region across the

peaks of the cross sections. An eAicient BF3-tube-and-paraffin neutron detector and

high-pressure gaseous samples were employed in these measurements. The results, when

compared with each other and with results for the two-body breakup cross $ection for 'He
from the literature, show that: (a) the two-body breakup cross sections for 'H and 'He

have nearly the same shape, but the one for He lies lower in magnitude; (b) the three-

body breakup cross section for . He lies higher in magnitude, broader in the peak region,
and also rises less sharply from threshold than that for 'H; and (c) these differences

between the cross sections for the breakup modes largely compensate in their sum, so that
the total photon absorption cross sections for H and 'He are nearly the same in both size
and shape at energies near and above their peaks. Theoretical results from the literature

disagree with the experimental results to a certain extent over the entire photon-energy re-

gion for which the photoneutron cross sections were measured. Sum rule predictions also
fail to reproduce the experimental results. These discrepancies constitute a challenge to
the principle of charge symmetry of the nuclear force, but more complete theoretical cal-
culations are needed to ascertain whether these discrepancies can be ascribed entirely to
electromagnetic effects.

NUCLEAR REACTIONS H(y, n), H(y, 2n), He(y, n); measured

a(E&), threshold to —25 MeV; monoenergetic photons, high-pressure

gas samples; two-body breakup, three-body breakup, charge asymmetry.

I. INTRODUCTION

This paper reports a measurement of three of the
four possible photodisintegration cross sections for
the two T = —, three-body nuclei, H and He,
from threshold to & 30 MeV. For H the reactions
measured were H(y, n) H (Q = —6.257 MeV) and

H(y, 2n)'H (Q = —8.482 MeV), while for 3He the
reaction He(y, n}2p (Q = —7.718 MeV) was mea-

sured. The photodisintegration channel not mea-
sured in this investigation is He(y, d)'H (Q
= —5.493 MeV}.

A general discussion of the structures of H and
He can be found in the review article of Levinger. '

Although they are mirror nuclei, H and He differ
in several ways, including the static Coulomb repul-
sion between the two protons in He (which contri-

butes about 0.640 MeV to the total 0.764-MeV
reduction of its binding energy), ' the instability of
H (which P decays to He with a half-life of 12.26

yr), and their charge radii [1.70 + 0.05 fm for H
(Ref. 4) and 1.935 + 0.03 fm for He (Ref. 5)].
Since the ground state of the trinucleon system is
dominated by the totally symmetric S term
(although nine different terms are permitted), 67 the
continuum resulting from a dipole photon interact-

ing with a stable trinucleon is dominated by a single
partial wave (l = 1). Further discussion of elec-
tromagnetic interactions involving H and He can
be found in the review articles of Gorbunov,
Weiss, and Ciofi degli Atti. '

Similarity of the two trinucleons, except for elec-
tromagnetic (Coulomb) effects, would be a conse-
quence of the principle of the charge symmetry of
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the nuclear (strong) force, which says that the strong
interaction between two protons is identical to that
between two neutrons. Therefore, any experimental
difFerence of He from H which cannot be obtained
as a consequence of the electromagnetic interaction
is a measure of charge-symmetry breaking in the
nucleon-nucleon force. The present measurement of
the photoneutron cross sections for both H and
He allows two new comparisons between mirror

reactions. The comparisons between the three-body
breakup reactions of He and H is the stronger be-

cause it is obtained entirely from the results of these
measurements, thus reducing the chance for sys-
tematic errors.

A. Previous experimental work

The two-body photodisintegration cross section
for He has been measured in many experiments.
Several used incident photon beams produced either
by electron bremsstrahlung" ' or by proton cap-
ture on CaF2. ' In other measurements the cross
section for the He(y, d) reaction was deduced from
electrodisintegration data. ' The He two-body
cross section also has been determined using de-
tailed balance either with a proton capturing a deu-
teron or vice versa.

Only three previous measurements of the three-
body breakup cross section of He have been report-
ed in the literature: Gorbunov et al. ' used
bremsstrahlung and He gas in a cloud chamber to
measure He(y, 2p)n from threshold to 170 MeV;
Gerstenberg and O' Connell used bremsstrahlung
and a liquid sample to measure He(y, n)2p from
threshold to 30 MeV; and Berman eI. al. ' used
monoenergetic photons and a liquid sample to make
a second measurement of He(y, n)2p from threshold
to 30.2 MeV.

Three previous measurements of the photodisin-
tegration of tritium have been reported in the litera-
ture. None, however, has yielded the two-body
breakup cross section at its peak. Bosch et al.
used a nuclear reactor to produce an intense source
of neutron-capture y rays (10 cm sec ') and a
15-Ci H-gas sample (at 10 atm). Pfeiffer and colla-
boratorsi used bremsstrahlung photons (endpoint
energy 32.5 MeV) and a gaseous H sample (200 Ci
at 0.55 atm). There also was an early measurement
of the capture cross section for 14.4-MeV neutrons
on H reported by Cerineo et a/. A single datum
for the H(y, 2n) cross section at 10.8 MeV also is
reported in Ref. 33; and the proton spectrum from

the three-body photodisintegration of tritium (but no
three-body breakup cross section) is reported in Ref.
34. No other measurement of the three-body pho-
todisintegration cross section for H has been report-
ed.

B. Previous theoretical work

Early theoretical treatments of the photodisin-
tegration of the trinucleons include that of: (a)

Verde, who confirmed that the matrix element of
an M1 transition from the ground state to the
two-body continuum vanishes and who calculated
the 90' differential cross sections for the two-body
photodisintegration of H and He using a Gauss-
ian ground-state wave function and a final-state
wave function composed of a plane-wave nucleon
and a deuteron bound by the Yukawa potential; (b)
Gunn and Irving, who calculated both the two-
and three-body total photodisintegration cross sec-
tions using an exponential form for the ground-
state wave function, which had a more realistic
asymptotic behavior than that used by Verde, but
not including final-state interactions; (c) Eich-
mann, who calculated the two-body breakup us-
ing a Gunn-Irving ground state modified by an ad-
mixture of the mixed-symmetry S' term (which ar-
ises from the nucleon-nucleon tensor force) and
both electric dipole and quadrupole excitations, but
no final-state interactions; and (d) Rahman et al., 9

who calculated the H(y, n) cross section using a'
modified Gunn-irving initial state (whose parame-
ters are fixed by a simple variational procedure)
and a final-state wave function which reproduces
the I = 1 n-d phase-shift data, but no coupling to
the three-body channel.

In order to delineate more fully the efFects of the
final-state ineractions, e.g., the enhancement of the
two-body cross section over the plane-wave result
even though the l = 1 n-d phase shift is very small,
a more exact theoretical treatment is required. Such
a calculational method is that of Faddeev, and the
model potential usually employed is, as first pro-
posed by Mitra, ' a separable potential of the
Yamaguchi type. Model calculations using these
techniques also can account consistently (within the
model) for the three-body bound-state wave function
(as well as for the multiple rescattering effects in the
final state). Several such calculations of the photo-
disintegration cross sections for the trinucleons have
been performed.

In addition to the Faddeev-type calculations,
which. are exact within the model assumed for the
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nucleon-nucleon interaction, several more approxi-
mate theoretical calculations using the method of
hyperspherical harmonics have been per-
formed. This method employs a transforma-
tion from the conventional Jacobian variables (see
Ref. 35) to a set of new variables which reduces the
calculational problem to two one-dimensional
second-order differential equations for both the
ground state and the contiriuum.

II. EXPERIMENTAL METHODS
AND PROCEDURES

The general features, as well as many specific de-

tails, of the apparatus and procedures used for
measuring photoneutron cross sections at the
Lawrence Livermore Laboratory Electron-Positron
Linear Accelerator (LINAC) have appeared else-

where in the recent literature. ' The cross section
o. at a given photon energy is calculated from an ex-
pression of the form

o = (n /q)""(q/a)(saf)g ( I/e),

where q/a is the number of photon-flux monitor
units per annihilation photon; saf (the solid-angle
factor) is the constant (for a given nuclear sample)
which contains (i) the ratio of the solid angles sub-

tended at the annihilation target by the NaI(Tl)
spectrometer used to calibrate the photon-flux moni-
tor and by the collimator which defines the beam
which strikes the sample and (ii) the effective

number of sample atoms per unit area that are irra-

diated; g = pt(1 —e "'), where p is the photon
linear-attenuation coefficient for the sample and t is

the sample .thickness; and e is the effective neutron
detector efficiency. The net neutron yield per
photon-flux monitor unit (n /q)"" is obtained from

(n/q)"" = [(n/q)+ —k(n/q), ]

—m [(n/q), b
—k(n/q), b],

where the superscripts + indicate e- beams', k is

the normalization constant which accounts for the
different responses of the ionization chamber to the
distinct photon spectra produced by the e +—beams,
and m is the constant which normalizes the separate
measurement of the sample-blank (sb) yield rate to
the actual yield rate of the sample container holding
the sample(s).

A. The annihilation-photon beam,

A detailed diagram of the experimental apparatus
following the annihilation target is shown in Fig. 1.
The collimator and NaI(Tl) crystal which are indi-

cated with dashed lines in Fig. 1 were in place only
for the runs in which the ionization chamber was

being calibrated (see below). A discussion of the en-

ergy, angular spread, and the resolution of the
quasimonoenergetic photon beam is- given in Ref.
S5.

In order to produce beams of annihilation pho-
tons, a high-current, -130-MeV electron beam (200
pA time averaged, having a pulse rate of 300 Hz
and a pulse width of 3 @sec) from the LINAC is

focused onto a tungsten-rhenium converter target.
The positrons from the converter target, which is

2.5 radiation lengths thick, are passed through. a
series of bending and focusing magnets and an

energy-analyzing slit which resolves the momentum
of the beam to +1%. After being analyzed, typical
average positron currents are 1 nA at 24 MeV and
0.5 nA at 12 MeV. The positrons then are focused
onto a beryllium disk (12.7 mm in diameter and

0.76 mm in thickness) in which a small fraction an-

nihilates with the atomic electrons. That (large)
fraction of the positrons which passes through the
beryllium target without annihilating is swept mag-

Scales:
1m

Removab
tuni

col limat

earn
ipe

Annihilation
target

I
n

Dump
, i magnet~

—Positron
(or electro

beam
I

To dump
hole Photon

Nal(T l) crystal

5cm
Collimator

( , r;
L W I

llew

I

I
I

!
!,I

Windows l l

l( I

L J
I

~--1 l l

l I [

Sample
container ~

I I
I l

I
l 1

ll

l LJ

Col I imato rs
Neutron
detector

1 $ N

- ionization
chamber

Beam-
tuning
monitor

Secondary-
containment
vessel

FIG. 1. Schematic diagram of the experimental layout
for the present measurements with gas samples. Note the
different horizontal and vertical scales. The NaI(Tl) crys-
tal and its collimator (drawn with dashed lines) are in-
stalled only when the ionization chamber is being cali-
brated. Shielding has been omitted for clarity.
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netically, by 90', out of the photon beam line and
into a 5-m-deep well.

The energy calibration of the annihilation-photon
beam was verified to 0.25% by the observed loca-
tion of several photoneutron thresholds. The resolu-
tion (FWHM) of the beam ranged from approxi-
mately 220 keV at E& ——5 MeV to 505 keV at E&
= 30 MeV. The method by which this energy cali-
bration and the resolution were determined also is
discussed in Ref. 55.

In addition to annihilation photons, the positron
beam interacting in the beryllium target also pro-
duces a continuous spectrum of bremsstrahlung
photons. The bremsstrahlung-induced component
of the photoneutron yield is measured independently

by repeating runs at a given energy with electrons
rather than with positrons. For these electron runs
the field of the magnets are reversed, and beam
currents comparable to those obtained with posi-
trons are used.

The photon beam was collimated by a series of
three 9.53-mm diam nickel collimators (having a to-
tal thickness of 34.3 cm), which were aligned opti-

cally. The collimation employed in these measure-
ments differs from that of previous photoneutron
measurements at Livermore; the more restricted col-
limation described here was made necessary by the

long and narrow construction of the gas sample
holders. This narrow collimation was very helpful,
however, since it resulted in much tighter control of
the beam tuning and hence less systematic uncer-

tainty from this cause.
A new cylindrical, thin-walled, xenon-filled

transmission ionization chamber was used to moni-
tor the photon-beam flux. During the course of the
experiment, the stability and relative response of this
ionization chamber were checked periodically by
placing a Co y-ray source into a nearby standard
position. The background from cosmic rays and
electronic noise was determined in separate mea-
surements done at nearly the same time as the sta-

bility and response checks. The- ion chamber exhi-

bited no rapid drifts or erratic behavior of any kind
during the course of this experiment.

The calibration of the response of the flux moni-
tor to annihilation photons produced at the target
q/a was checked at 12.3 and 22.3 MeV by observ-

ing the annihilation photons directly with a 20.32
cm by 20.32 cm Nal(TI) photon spectrometer. This
absolute photon-flux calibration was found to agree
with the previous calibration. The systematic uncer-
tainty in the photon-flux calibration is no greater
than 3% at 12 MeV, but rises approximately linear-

ly with energy to about 5% at 22 MeV.
The energy-dependent ratio k (the response of

the ionization chamber to the electron-
bremsstrahlung beam divided by its response to the
positron-bremsstrahlung plus annihilation-photon
beam) was checked at 16 different energies during
this experiment, and also was found to agree with
the previous calibration. The scatter in these mea-
surements was no more than 1.5% in the energy
region from 20 to 30 MeV. In order to perform
this check, the current generated by the photon
beam in the ionization chamber was compared to
the current generated by the electron or positron
beam in a secondary emission monitor connected
to the annihilation target.

B. The neutron detector

The neutron detector, which nearly surrounded
the samples during the measurements, consists of a
61-cm cube of parafFin in which 48 high-pressure
BF3 tubes are embedded, in four concentric rings of
twelve tubes each. The neutron-yield rate from
which the cross sections were calculated was derived
using the number of counts registered during a gate,
which began 4.5- psec after the beam pulse and
remained open for 300 psec. The absolute efficien-

cy at the center of the neutron detector was checked
before and after the experimental runs for each sam-

ple with a Pu-Be neutron source, and the stability of
the neutron detector was monitored during the ex-
periment (about three times each day) with an Am-
Be neutron source. No significant drift or erratic
behavior was observed. A more detailed description
of the neutron detector can be found in Refs.
54—57.

The central neutron-detector efficiencies e and e
are plotted in Fig. 2(a) as a function of neutron en-

ergy. These efficiencies are used, respectively, for
reactions emitting one and two neutrons. The quan-
tity e is not obtained by simply squaring the quanti-

ty e, but rather contains factors, correcting for the
response of the neutron detector as a function of po-
sition and for the angular distribution of the neu-

trons, which depend on whether a one- or two-
neutron reaction is observed. Even though the ener-

gy dependence of the efficiency at the center of the
detector [the top curve in Fig. 2(a)] is well
known, it was rechecked with Monte Carlo
calculations (see Ref. 58). These calculations extend

up to 14 MeV, where a measurement had been
made previously with a d-t neutron source; this neu-
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tron energy corresponds to a photon energy of 27.3
MeV for the reaction H(y, n) H. The smooth ex-

trapolations of the neutron-detector efficiency above
14 MeV shown in Fig. 2 were not needed for the

present measurements. The falling off of the effi-

ciency curve near 6 MeV results mainly from a
maximum in the ' C(n, a) reaction, which acts as a
sink of neutrons. Additional Monte Carlo calcula-



D. D. FAUL, B. L. BERNAN, P. MEYER, AND D. L OLSON

tions for neutron energies near 6 MeV confirm this
quantitatively.

Unlike the compact liquid or solid samples used
in many previous photoneutron experiments at
Livermore, the gas samples which were employed in

this investigation extended along the beam line

beyond the fore and aft edges of the neutron detec-
tor. Therefore, the detector efFiciency was measured
(for neutrons having an average energy of 2. 1 and
4.2 MeV) with standard Cf and Pu-Be neutron
sources as a function of position along the length of
the sample. From these measurements of f, the fac-
tor (f), which multiplies E to yield the effective ef-

ficiency for the distributed samples, is obtained.

[For the H(y, 2n) reaction, the factor (f ) (and not

(f ) ) converts e into the effective efficiency need-

ed.] Monte Carlo calculations of this function also

were performed to verify the source measurements
and to show that there is no strong dependence of
(f) or (f ) upon neutron energy. In fact, above

4.2 MeV these functions are flat and equal to 0.533
and 0.422, while at 2.1 MeV they are equal to 0.519
and 0.417; therefore, below 4.2 MeV, straightline

fits were used, which yield zero-energy values of
0.504 for (f) and 0.411 for (f ). The effective ef-

ficiencies e(f) and e (f ) for reactions which emit

single and double neutrons are shown as the lower
curves in Figs. 2(a) and 2(b). Additional Monte
Carlo calculations were performed in order to ascer-
tain the effect of the sin 8 (rather than isotropic)
photoneutron distribution which is a characteristic
of all the reactions which were investigated here (8
is measured with respect to the beam direction).
The resulting correction factors. 1.01 for (f) and
1.02 for (f ), are included in the values given

above and in the lower curves of Figs. 2(a) and 2(b).
Additional Monte Carlo calculations show that the

presence of H, He, or He gas in the sample con-
tainer does not affect the detector eAiciency (or (f)
and (f )). The uncertainty in the neutron-detector
efficiency for single-neutron events is about 5% for
14-MeV neutrons but shrinks to about 3% for 2-
MeV neutrons; for double-neutron events it is about
7%%uo for 14-MeV neutrons and 4% for 2-MeV neu-

trons. It should be noted, however, that there was
no need to use the efHciency curve E (f ) above 7
MeV.

C. Samples

After passing through the ionization chamber, the
collimated photon beam is incident upon the sample
(and its container). Aside from the H and He

samples, which were gases, several other samples
were employed in this experiment: (a) measure-

ments were made using oxygen, both in the form of
gas and in the form of water, in order to determine
the number of atoms of the sample that were irradi-
ated by the photon beam; (b) a measurement was

made using deuterium gas in order to check the
scale of the absolute cross sections; (c) measure-

ments were made of the neutron-yield rate from the

empty sample containers (sample blanks) for the

gases and the water sample; and (d) a measurement
was made below the ' C(y,n) threshold using a
10.2-cm long polyethylene (CHz) sample, in order
to determine the number of neutrons which scatter
from a sample into the neutron detector after being

produced upstream of the sample. The water sam-

ple was held within a thin-walled Lucite cylinder 38
mm in diameter and 24 mm in length. The gas

samples, each with a volume of about 0.5 1, were

contained within cylindrical stainless-steel tubes 1 m

in length and 2.54 cm in inside diameter with weld-

ed end caps which had a window thickness of 0.76
mm. These gas cells were designed for a previous

experiment at Livermore. The gas samples were
contained at pressures such that about six atom-
moles of gas were used for each measurement (for
the radioactive H sample, this amounted to 200000
Ci). As determined by measurements with a mass

spectrometer, the H gas contained 0.5% Hp, 0.3%
Hz, and 0.3%%uo He, and the He gas contained

&0.01'Fo He and hydrogen isotropes. The cross-
section data obtained from measurements on these

samples were not corrected for these impurities; the
error which results from neglecting this correction is

much less than the statistical uncertainty. The
masses of the samples were measured gravimetrical-

ly and, for the case of the H-gas sample, calorime-

trically as well. The uncertainty in the mass mea-

surements was less than +0.5%. The volumes of
each of the three gas pressure vessels were deter-
mined by filling them with argon gas at low pres-
sure and then opening them to an evacuated, known

volume. Once equilibrium was reached, the pres-
sure of the system was measured, and the volume of
the pressure vessel was determined using the ideal

gas law. The absolute uncertainty in this volume
determination was +1%, but the precision of the
measurement was much better. A summary of the

sample specifications is given in Table I.
In order to reduce the hazards of explosion, fire,

and exposure to radioactivity, each gas-sample con-
tainer (in turn) was mounted inside a secondary-
containment vessel, which was a large, evacuated
stainless-steel tank with 0.51-mm thick windows.



PHOTODISINTEGRATION OF 'H and He

TABLE I. Sample specifications.

Nucleus Sample
mass {g)

Isotope
moles

Form and
pressure {MPa)'

16O

16O

H
He
H

27.01
96.35
11.84
16.89
18.78

1.50
6.02
5.88
5.60
6.22

H20 liquid

02 gas 14.08
H2 gas. 15.92

He gas 31.36
'H2 gas 16.92

'1 MPa = 9.87 atm.

This vessel was large enough to hold all of the gas
from any sample at less than atmospheric pressure.
Before a measurement, this secondary-containment
vessel was moved into place inside the neutron
detector (and its associated shielding), and its align-

ment was checked in situ with the aid of x-ray pho-

tographs which were made with the primary elec-
tron beam from the LINAC.

The hazards associated with the gas samples em-

ployed in this investigation required extensive safety

precautions in addition to the secondary contain-
ment. Details of these procedures are given in Ref.
61.

In order to determine the effective number of
atoms in the gas samples intercepting the photon
beam, three measurements using oxygen were made.
The first was a new measurement of the absolute
' O(y, n) cross section done in the usual way5 using

a water sample. The results of this measurement
were found to agree very well with previous Liver-

more data (except for a 200-keV energy shift).

Next, the results of another water-sample oxygen
measurement, which was performed under the same
(narrow) collimation condition as was used with the

gas samples, were normalized to these results; this
determined the number of atoms in the beam (at the

center of the neutron detector) for this collimation
condition. Third, the results of a- measurement us-

ing a high-pressure sample' of oxygen gas were nor-

malized to the water-sample data; this determined
the effective number of atoms in the oxygen-gas
sample intercepting the photon beam. The uncer-
tainty in the measurement of the effective number of
' 0-gas atoms in the beam is estimated to be no
larger than 2%, including the uncertainty from the
water-sample measurement. Finally, the effective
number of atoms in each of the other gas samples
( H and He) was computed from the ratio of the
number of atom-moles of each to the number of
atom-moles comprising the ' 0-gas sample. It

should be emphasized that this procedure does not
depend upon a knowledge of the ' O(y, n) cross sec-
tion. Also, because these oxygen data were taken
over a significant range of photon (and neutron) en-

ergies, they serve to check that no strong energy-
dependent systematic error was present.

Another (but less stringent) check on the overall
absolute normalization is provided by the H data;
these data agree, within the (rather large) statistical
experimental limits, with the Mainz total photon-
absorption data and the theoretical cross-section
results of Breit. Both the oxygen and deuterium
data discussed here are shown graphically in Ref.
66.

D. Backgrounds

The neutron yield from annihilation photons irra-
diating the sample is contaminated by neutrons
from several other sources in addition to the back-
ground induced by positron bremsstrahlung. This
beam-off background was measured often during the
experiment, and, while small fluctuations were ob-
served, they were insignificant.

Neutrons also are produced when the positron or
electron beam strikes the bottom of the dump hole
or the annihilation target or when the photon beam
strikes the collimators or the window of the beam
pipe. Although the effect of neutrons originating
upstream from the sample and then scattering from
the sample into the neutron detector was determined
to be negligible in the measurement with the poly-
ethylene sample, there remained a significant neu-
tron background. With the annihilation target rotat-
ed out of the electron or positron beam, this beam-
on background was measured both before and after
the data run for each energy was performed. The
neutron-yield rate found in this manner varied from
nearly zero at the lowest energies to four times the
magnitude of the machine-off background at the
highest positron energies.

Finally, neutrons were produced when the photon
beam encountered the tube containing a gas sample
or the secondary containment vessel (particularly
their end windows). The neutron yield from the
sample blank was determined in a separate measure-
ment performed with the same apparatus as that
which was used for the gas measurement. Variation
of the alignment of the sample tube within the
secondary-containment vessel resulted in a some-
what different normalization m of the net sample-
blank neutron-yield rate for each gas sample mea-
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sured (see below). The neutron-yield rate for the
water-sample blank was measured sequentially, for
each energy, with the neutron-yield rate from the
water sample itself, with the aid of a remotely con-
trolled sample changer.

III. DATA ANALYSIS
AND EXPERIMENTAL UNCERTAINTIES

The data-analysis procedures for this experiment
were largely the same as have been developed and
used for several other recent photonuclear measure-

ments at Livermore 55,62,67 The data were reduced
to cross sections in several discrete steps. Correc-
tions to the data were made first for pileup effects

and then for the drifts of the flux monitor and the
neutron detector. The background contaminating
the counts from the flux monitor q and the counts
from the neutron detector n were subtracted, and
neutron-yield rates n Iq were computed. The
neutron-yield rates from runs which were performed
with incident electrons were multiplied by the nor-

malizing factor k in order to determine that part of
the neutron-yield rate for each sample resulting
from positron bremsstrahlung. After the positron-
bremsstrahlung yield rates were obtained in this

manner, they were fitted and subtracted from the
total neutron-yield rates from positron runs. Yield
rates from the sample-blank runs were subtracted
next, and all the resulting net neutron-yield rates ex-

cept that for the reaction H(y, n) were ready for
conversion into cross sections. [A further correction
to the net n/q data for this reaction was required to
account for the contamination of neutrons from

H(y, 2n) reactions (the multiplicity correction). ]

the beam, cosmic rays, and electronic noise were
subtracted both from the flux-monitor data and
from the neutron-detector data for all the samples.
The background counts recorded by the flux moni-
tor result primarily from stray ionization and from
electronic noise. Since each such count represents
an accumulation of a very large number of small

pulses, the number of counts recorded by the flux
monitor during a single beam-on background run is
an accurate measure of the flux-monitor back-
ground for that beam energy and polarity.

On the other hand, the background counts
recorded by the neutron detector are single-event

phenomena, caused chiefly by real neutrons. The
single-neutron counts which were measured during
the beam-on background runs ranged from almost
100% of the foreground near the H(y, n) and

He(y, n) reaction thresholds to less than 1% of the

foreground at the highest beam energies employed.
Because of the requirement of the 300-psec coin-
cidence gate, however, the double-neutron back-

, ground contaminating the H(y, 2n) data was negligi-

ble.
Moreover, since runs at the same energies or at

nearby energies yielded, within the rather poor
statistics of a single run, nearly the same values for
the beam-on neutron background, and since at low

energies, where the neutron background was largest
relative to the foreground, the average rate for
counting neutrons with the annihilation target re-

moved and the beam on was equal to the average.

rate for counting neutrons with the beam ofF, the
contribution of the single-event neutron background

to the overall statistical uncertainty also is negligible.

A. Pileup correction
C. Subtraction of the neutron yield

from bremsstrahlung

Since the photoneutron cross sections for both H
and He are small, and since the samples were

gases, the counting rates, even at the maximum at-
tainable beam currents, were too low to make pile-

up significant; even above 24 MeV, the pileup con-
stituted at most 15' of the double-neutron detec-
tions arising from true H(y, 2n) events. The uncer-
tainty resulting from this source is less than 1%.

B. Subtraction of backgrounds

After correcting the data for the drift of the flux
monitor, background counts which were induced by

After subtracting the background of neutrons
which did not originate from the sample or sample
blank, the neutron-yield rate from photoneutrons
produced by bremsstrahlung, as determined from
the runs with electrons, was subtracted (after multi-

plication by the energy-dependent factor k). The
systematic uncertainty (about 1.5%) in determining
k was not included in the statistical uncertainties
calculated for the cross-section data points. The
single-neutron yield rates which have been corrected
for pileup and background contamination are shown
in Fig. 3. Similarly, the double-neutron yield rates
are shown in Fig. 4. The electron-bremsstrahlung
yield rates shown in these figures were fitted with
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FIG. 3. Single-photoneutron yield rates for H runs (circles), He runs (squares), and sample-blank runs (triangles), as a

function of the magnetic field of the energy-analyzing magnet (1 kG corresponds to 24.8 MeV). The upper points for
each sample (filled symbols) are for incident positrons, and the lower points (open symbols) are for incident electrons.

The curves, which are fitted to the incident-electron data, were used for subtraction of the photoneutron yield resulting

from positron bremsstrahlung. The (y,n) reaction thresholds for 'H, He, and the Fe component of the stainless steel

sample blank are indicated by the arrows.

the smooth, monotonically increasing curves (also
shown in these figures) used for subtracting the neu-

tron yield resulting from positron bremsstrahlung.
The statistical uncertainties for the positron-run data
points are so much larger than the fitting uncertain-
ties for these curves that the latter are ignored in the
computation of the error Gags for the cross-section
data points. The annihilation-photon yield rates
(after the bremsstrahlung-yield subtractions) for
single-neutron events and double-neutron events are
shown, respectively, in Figs. 5 and 6.

D. Subtraction of the neutron yield

, from the sample blank

At this point, the net sample-blank yield rates
were subtracted from the net sample-in yield rates.
Smooth curves were fitted before subtraction to the
single- and double-neutron sample-blank yield rates;
these curves are shown, respectively, in Figs. 5 and
7. Smooth representations of the sample-blank data
were used in order to reflect the expected shapes of
the photoneutron cross sections for iron.
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In order to determine the normalizing constant m

for the He-gas sample, the double-neutron yield
rates for that sample [all such events in He are the
result of (y, 2n) reactions in the stainless-steel con-
tainment vessels] and the sample blank (shown in

Fig. 7) were integrated over energy (up to 26.3
MeV). A comparison of the two integrated yield
rates resulted in a value of m for He of 0.83
+ 0.03. More qualitative evidence helped to deter-
mine the value of m for the case of the H-gas sam-

ple. This evidence was obtained by comparing the
structure of the single-neutron sample-blank yield
rate with the structure of the single-neutron yield

rate of the H-gas sample and also by comparing
the x-ray photographs taken after completing the
alignment of the gas-sample tubes and the sample-
blank tube. First, m was treated as a statistica1
quantity which was the average of the values of m
for the sample blank (1.0), He (0.83), and a mea-
surement of the reaction He(y, n) (0.96); theri,
after consideration of the qualitative evidence, this
number was reduced to 0.88. The systematic uncer-
tainty in m for H, which mainly affects the accura-
cy of the absolute scale of the measured (y,n) cross
section, for which the sample-blank background was
relatively large, is no more than S%. The net
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(y,n) cross section for a nucleus like ' Fe (see, for example, Ref. 67).

single-neutron yield rates for H and He are com-
pared in Fig. 8 [the data for H are not yet correct-
ed for neutrons from the H(y, 2n) reaction]. The
estimated uncertainty in fitting the sample-blank
yield rate is included in the error flags of Fig. 8, but
the (systematic) uncertainty in m is not.

E. Neutron-detector eAiciency
and multiplicity correction

Once the sample-blank yield rates were subtract-
ed from the sample-in data, the H-gas single-
neutron-event data were ready for the multiplicity
correction. To make this correction the efficiency

of the neutron detector must be known as a func-
tion of incident photon energy and of event multipli-

city. For the present measurements with the long
gas-sample tubes, a new calibration of the efficiency
was required, which, as described above, gives e(f )
and e2(f ) as functions of the neutron energy (Fig.
2).

The average neutron energies for the various pho-
toneutron reactions measured here also must be
known as a function of photon energy in order to
make use of the curves of Fig. 2. Fortunately, for
the reactions H(y, n) and 2H(y, n), the neutron ener-

gy is established uniquely by the two-body kinemat-
ics; for ' O(y, n), the neutron energies had been mea-
sured previously. ' However, for the three-body
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t

breakup reactions of H and He the final-state en-

ergy distributions of the photoneutrons are needed.
These distributions were obtained from the
(Faddeev-model) calculations of Gibson and Leh-
man. The distribution for He, when corrected
for the Coulomb repulsion between the protons (see
Ref. 48), is in good agreement with the fragmenta-

ry experimental evidence of Gorbunov et ah. ' and
of Hendry and Macleod. (Cloud chambers were
used in both of these experiments. ) By folding to-
gether these neutron-energy distributions with the ef-
ficiency curves for either e(f ) or e (f ), average
efficiencies (e) or (e ) for the two reactions lead-

ing to a three-body final state were obtained as a
function of the photon energy. The accuracy of this
method is justified not only by our confidence in the
calculations of Ref. 68, but also by the insensitivity

of the average detector efficiency to changes in these
shapes (see Fig. 2). Thus, it turns out that the sys-

tematic uncertainty in the average detector eAiciency
for H(y, 2n} and He(y, n) which is attributable to
the theoretically derived shapes for the neutron-

energy distributions is less than 1%%A.

F. Systematic uncertainties

Compariable contributions to the systematic un-

certainty in the cross sections come from the uncer-
tainties of all of the multiplicative factors (except
that for g, which is negligible) which convert the
raw neutron-yield rates into cross sections [see Eqs.
(l) and (2)]. The systematic uncertainty for each of
these factors is given in Table II. At 22 MeV the
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nucleus such as ' Fe (see, for example, Ref. 67).

contribution from the uncertainty in m is —1.5%
for the H(y, n) cross section and -3% for the

He(y, n) cross section, but contributes very little to
the systematic uncertainty of the H(y, 2n) cross sec-
tion. The overall systematic uncertainty for all
three of the measured cross sections is estimated to
be —8% at 12 MeV, —12% at 22 MeV, and
-15% at the highest energies reported here. These
systematic uncertainties are of approximately the
same magnitude as the statistical uncertainties. The
cross-section results reported in this paper were
averaged at the same energy where data points were
repeated and then averaged in wider energy bins
where the statistics were relatively poorer.

IV. RESULTS AND DISCUSSION

A. Measured cross sections

The results of the present measurement of the

He(y, n) cross section are shown as the filled circles
in Fig. 9. The statistical uncertainties range from

3 —5% in the peak region from about 11 to 21
MeV, and then increase to -8% at the highest en-

ergies.

Figure 9 shows as well the results of Gorbunov
et al. ,

' who used bremsstrahlung incident on He
gas in a cloud chamber, the results of Gerstenberg
and O' Connell, who used bremsstrahlung incident
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TABLE II. Systematic uncertainties.

Factor Uncertainty
(%)

Effect on
cross section (%)

at 12 MeV at 22 MeV

k

q/a
saf

(+)

1.5
3.5 —5

3—6
2.5

3—5

4—7

-0
3

2.5
3
4

5

0—3
5

2.5

5

on a liquid- He sample, and the results of Herman
et al. , ' who used monoenergetic photons incident
on a liquid- He sample. The energy resolution of

the annihilation-photon experiment of Ref. 31 (open
circles) is better than that of the two bremsstrahlung
experiments (2.5% vs 5 —10%). The statistical un-

certainties near the peak amount to 10% of the
cross section for the data of Ref. 30 (dashed histo-

gram). and 18% of the cross section for those of
Ref. 12 (solid histogram). The results of Ref. 31 ex-
hibit some evidence for structure in the cross section
near 12 MeV and between 17 and 24 MeV. The
flatness of the He cross section just above threshold
which is observed in the present measurement was
foreshadowed by the results of Ref. 31 (which, how-

ever, have poorer statistics there) but cannot be seen

in the data of Refs. 12 or 30. The data of this ex-
periment agree better in the region of the steep rise
below 13 MeV with the data of Ref. 12 and Ref. 31
than with the data of Ref. 30. From 13 MeV to the
maximum energy of 25.8 MeV, the present results
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agree best in magnitude with the data of Ref. 12,
although they lie 10% higher in, the region of the

peak at 18 MeV and fall faster at higher energies.
The more rapid decrease of the cross-section results
of Ref. 31 probably can be attributed to an in-

correct extrapolation of the neutron-detector eAi-

ciency above -6 MeV (neutron energy). Although
there is some evidence for a weak peak at —13
MeV and for some structure between 18 and 21
MeV, the results of the present measurement of
'He(y, n) only partly support the more pronounced
indications of structure between 12 and 14 MeV
and between 17 and 24 MeV seen in the results of
Ref. 31.

The cross-section results for the present measure-
ment of H(y, n) and H(y, 2n} are shown, respective-

ly, in Figs. 10 and 11. The statistical uncertainties
for the 3H(y, n) data (Fig. 10) are relatively large,
primarily because of the large multiplicity correc-
tion discussed above; they range from 5 —10%
between about 8 and 11 MeV, and are typically
—15% from 11 to 16 MeV and -20—25% above
16 MeV. The results of previous measurements also

are shown in Fig. 10; one sees that although the

present cross section near 23 MeV is considerably

higher than that reported in Ref. 34 (open circles),
its rise matches very well the sparser data of Ref. 33
(open squares).

The statistical uncertainties for the H(y, 2n) data

(Fig. 11) range from 5—7% in the peak region

from about 13 to 20 MeV, then increase gradually
to -20go at the highest energies. The datum at
10.8 MeV from the experiment of Bosch et al.
(the open square) is seen to be in good agreement
with the present data.

B. Comparison with theory

The He(y, n) data of this measurement are
displayed in Fig. 12(c), together with the theoretical
results of Barbour and Phillips, Gibson and Leh-

man, and Fang et al. The results of Ref. 44
were the first to be obtained for this reaction with

the Faddeev treatment and an s-wave spin-

dependent separable-potential model. The results of
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Ref. 48 were obtained from another Faddeev calcu-
lation of the E1 photodisintegration. Gibson and
Lehman calculated consistently both the ground-
state and final-state wave functions (Barbour and

Phillips used an empirical form for the ground-state
wave function, fitted to the measured trinucleon
charge radii), but they neglected the S'-state contri-
butions (which Barbour and Phillips included) and
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FIG. 11. Three-body photodisintegration cross section for H: filled circles, present data; open square, datum of Ref.
33. The error flags indicate statistical uncertainties only.
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the Coulomb repulsion of the two protons (which
Barbour and Phillips also neglected). Both of the
calculations ' which use the Faddeev method give
cross-section results that peak lower in energy and
more sharply than the present data, although the
result of Ref. 48 is a much better representation of
the data than that of Ref. 44. The calculation
which uses an expansion in hyperspherical harmon-
ics produces a cross section that peaks higher in en-

ergy, in better agreement with the shape of the mea-
sured cross section. This result is relevant only to
the T = —, component of the cross section; it is not

yet understood how to handle (in this formalism) the
mixed boundary condition required for the simul-

taneous treatment of the T = —, coupled n-d and n-

n-p channels. However, . from the work on

He(y, 2p) of Barbour and Phillips or of Gibson and

Lehman, it can be inferred that the final-state
T = —, part of the H(y, 2n) or He(y, n) cross sec-

tion should be about 90% of the three-body break-

up cross section, and therefore that the
hyperspherical-harmonics results for the T = —,

component should constitute reasonable lower limits
for the three-body breakup cross sections. The
results of the calculation of Ref. 48 do not extend
down to the He(y, n) reaction threshold as do the
other two; and only that of Ref. 52 produces the
slow rise just above threshold which is observed for
the He(y, n) data of this experiment. However, this

behavior is probably the result of excluding the
T = —, part of the three-body cross section.

For the three calculational results which are
shown in Fig. 12(c), no combination of potential,
wave functions, and method of calculation is repeat-
ed. When compared with the present data, only the
results of Ref. 44 can be excluded, but none of the
theoretical r'esults is entirely acceptable. Each of the
three models can be improved. For instance, as is
mentioned above, the excessive peaking which is
seen for the result of Barbour and Phillips can be
attributed to an incorrect ground-state wave func-
tion. The inadequate magnitude of the He(y, n)
cross section which was computed by Fang et al.
can be.attributed, in part, to the exclusion of that
part of the three-body breakup which has T = —, in

the final state. The calculation of Gibson and Leh-
man should compare more favorably with the data
if tensor forces, an admixture of the S' state, and
the Coulomb repulsion of the two protons were in-

cluded in their model (see Ref. 48).
Despite the wealth of experimental data there is

disagreement among the reported values of the
He(y, d) cross section at the peak of the giant reso-
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section combined with the present data for He(y, n); the

dashed curve is the sum of the theoretical predictions for
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curve is the theoretical prediction from Ref. 53. (b) Two-

body photodisintegration cross section for 'He: shaded

band, data from Ref. 17; point with error flag, datum of
Ref. 28; dashed curve, theoretical prediction from Ref.
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curve, and dotted curve, theoretical predictions from Ref.
72 using SSCC, GPDT, SSCA, and SSCB potentials,
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dash-dot-dot-dash curve with shaded error band, extrapo-
lation of the present data; dashed curve, theoretical pre-
diction from Ref. 44; solid curve, theoretical prediction
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nance (near 12 MeV). ' ' In the vicinity of this

peak the measurements fall into two discrete groups,
one centered at about 0.7S mb and the other at
about 0.92 mb. As discussed in Ref. 22, the elec-
trodisintegration measurements of Refs. 19 and 21,
which lie in the upper group, overestimate some-
what the He two-body photodisintegration cross
section, since for these results an incorrect virtual-

photon spectrum was assumed. (However, the mag-
nitude of this correction in the conversion of the
electrodisintegration data is probably only a few per-
cent. ) The paper of Ticcioni et al. ' reports the
measurement of the He(y, d) cross section with the
smallest statistical error (about l%%uo at the peak), and

these results lie in the lower group of data; the cross
section of Ref. 17 rises from the threshold at 5.49
MeV to a peak of 0.7S mb near 12 MeV and falls

monotonically to a value of 0.27 mb at 30 MeV.
The H(p, He) experiment of Matthews et al. [at

E& ——16 MeV, which corresponds to E& ——16.1
MeV in the inverse He(y, d) reaction] was designed

expressly to determine the absolute value of the
cross section; the result of this measurement agrees
with that of Ticcioni et al.

The shaded band in Fig. 12(b) represents the ex-

perimental cross section for the two-body photodis-
integration of He. The data are taken from the
lower group of points in the paper by Ticcioni
et al. ' These data are a combination of several dif-

ferent measurements at different laboratories and are
in agreement with the datum, also shown in Fig.
12(b), from the experiment of Matthews et al.
These experimental data are compared with the cal-

culations of Barbour and Phillips and the unpub-

lished results of Ballot and Fabre de la Ripelle.
Ballot and Fabre de la Ripelle calculated the

He(y, d) cross section with four different potentials

and a hyperspherical-harmonics formalism. The
four potentials which were used, namely three

Sprung-de Tourreil super-soft-core potentials (SSCA,
SSCB, and SSCC) and a Gogny-Pires-de Tourreil
super-soft-core potential (GPDT), differ from each
other by the relative strength of their central, I.S
tensor, and I. components. The ground-state wave

functions, which were calculated with these poten-
tials in order to determine the He(y, d) cross sec-

tion, include admixtures of both the S' and the D
states. Good agreement with the data is obtained by
all four potentials, especially the SSCA potential (the
dash-dot-dot-dash curve). That the Barbour and
Phillips result (the dashed curve), which was ob-

tained with a separable-potential model and a
Faddeev-type calculation, overestimates the cross

section is primarily the result of an incorrect choice
of the ground-state wave function and not the result
of including an admixture of the S' state. Finally,
Gibson and Lehman estimated that the effect of
modifying the strong interaction to simulate the
Coulomb repulsion in just the final state would be
only a l%%uo reduction in the He(y, d) cross section at
the peak.

The solid line with shaded error band in Fig.
12(a) represents the total cross section for the photo-
disintegration of He. The data for the total cross
section were obtained by adding the three-body pho-
todisintegration data of this experiment to the two-

body photodisintegration data shown in Fig. 12(b).
In order to extend the total cross section data to 30
MeV, the He(y, n) data were extrapolated as indi-

cated by the dash-dot-dot-dash line with the shaded
error band in Fig. 12(c). Two calculations are com-
pared with the experimental results in Fig. 12(a):
the theoretical result of Levinger and Fitzgibbon
(calculated using hyperspherical harmonics with a
V" potential) predicts more strength at the peak
(about 2.6 mb) than the theoretical result of Barbour
and Phillips, which was constructed from their

predictions for the two- and three-body breakup of
He. The discrepancy between the prediction of

Ref. 53 and the data, in the energy range between
the thresholds for two- and three-body breakup and
at the peak of the cross section, can be attributed to
the methodological problems which arise in estab-

lishing a simultaneous boundary condition for both
1 3

the T = —, and —, parts of the cross section.
The present H(y, n) data are compared in Fig.

13(b) with the theoretical results of Rahman et aL

Bosch et al. , and Gibson and Lehman [obtained

by multiplying the 90' differential cross section of
Ref. 47 by Sn/3 (assuming a sin 8 distribution)].
None of the theoretical results in Fig. 13(b) can be
excluded by the present data alone; however, the ad-
dition of a tensor force to the separable-potential
Faddeev calculation (solid curve) should improve
the agreement with the data. The reason that the
result obtained from the calculation of Ref. 47 un-

derestimates the H(y, n) cross section below its peak
is not understood.

The H(y, 2n) data of the present measurement are
compared in Fig. 13(c) with the calculations of Gib-
son and Lehman, Levinger and Fitzgibbon, and
Vostrikov and Zhukov. ' The hyperspherical-
harmonics calculations ' (those of Ref. 51 were

done with Eikemeier-Hackenbroich and super-soft-
core potentials) yield cross sections which peak at
too high an energy. The shape of the Faddeev-
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FIG. 13. (a) Total photodisintegration cross section for
H: filled circles, present data; dashed curve with shaded

error band, extrapolation of the present data; solid curve,
sum of theoretical predictions for 'H(y, n) from Ref. 47
and 'H(y, 2n) from Ref. 68. (b) Two-body photodisin-

tegration cross section for 'H: filled circles, present data;
dashed curve with shaded error band, extrapolation of the

present data; solid curve, theoretical prediction from Ref.
47; dash-dot-dash curve, theoretical prediction from Ref.
33; dash-dot-dot-dash curve and dotted curve, theoretical
predictions from Ref. 39. (c) Three-body photodisin-
tegration cross section for 'H: filled circles, present data;
dashed curve with shaded error band, extrapolation of the
present data; solid curve, theoretical prediction from Ref.
68; dash-dot-dash curve and dash-dot-dot-dash curves,
theoretical predictions from Ref. 51; dotted curve,
theoretical prediction from Ref. 53.

method result (solid curve) agrees better with the
data, but the experimental cross section is a bit
smaller at its peak and decreases slightly faster in

the energy region above the peak. The results of the
calculation of Gibson and Lehman should agree
better with the H(y, 2n) data than with the 'He(y, n)
data [Fig. 12(c)], because the Coulomb repulsion
between the outgoing protons for the latter reaction
is not included in their model, but they do not.
However, the agreement between the theoretical
results of Gibson and Lehman and the present data
probably would be improved, especially in the re-

gion below the peak. of the cross section (where the

experimental data are least subject to systematic er-

rors), if tensor forces were included in the interac-
tion model and if the 5' state were not excluded
from the ground-state wave function.

The data points and the dashed line with the
shaded error band shown in Fig. 13(a) represent the

total cross section for the photodisintegration of H.
These experimental results were obtained by adding
together the H(y, n) and H(y, 2n) results of this ex-

periment. The error flags assigned to the data
points have been corrected for the correlation
between the (y,n) and the (y, 2n) reactions through
the multiplicity correction; this correction reduces
somewhat the magnitude of the error flags com-
pared to that which would be obtained by adding
the statistical errors in quadrature. For the case of
H(y, 2n), the results were extended to 30 MeV with

the extrapolation shown as the dashed curve in Fig.
13(c). The shaded band in Fig. 13(c) represents the

uncertainty for this extension. The extrapolation for
the case of H(y, n) is the result of a compromise
between the present data and the lower-lying data of
Ref. 34; the dashed line and shaded error band in

Fig. 13(b) were chosen to represent this compromise
extension. The data for the H total cross section
are compared in Fig. 13(a) with the theoretical
result of Gibson and Lehman, ' which was con-
structed from the predictions of their calculations
for the two- and three-body breakup. Good agree-
ment with the data is seen despite the limitations of
the model.

C. Integrated cross sections and sum rules

The integrated cross sections and their first and
second moments for the reactions He(y, n), H(y, n),
and H(y, 2n) are given in Table III. The uncertain-
ties attached to the values shown in Table III are
dominated bv the systematic (rather than the statisti-
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TABLE III. Integrated cross sections and moments.

Reaction E, (MeV) 0.;„,(MeV mb)' 0 l (mb) 0.
~ (mbMeV ')'

3He(y, n)

'H(y, n)

H(y, 2 )

23.4
23.4
23.4

12.3+ 1.2
11.7+ 1.2
10.2+ 1.0

0.760 + 0.061
0.840+ 0.067
0.638 + 0.051

0.050+ 0.004
0.067+ 0.005
0.042+ 0.003

'He(y, n)

H(y, n)
'H(y, 2n)

25.8
25.8
25.8

14.1+ 1.4
13.2+ 1.3
11.5+ 1.2

0.833 + 0.067
0.896 + 0.072
0.691 + 0.055

0.053 + 0.004
0.069 + 0.006
0.044+ 0.003

'He(y, n)"-
3H(y, n)d

H(y, 2n)

26.4
26.4
26.4

14.4+ 1.4
13.6+ 1.3
12.0+ 1.2

0.850+ 0.068
0.900 + 0.072
0.709 + 0.057

0.053 + 0.004
0.070+ 0.006
0.045 + 0.004

He(y, n)
H(y, n)"

H(y, 2n)

30.0
30.0
30.0

16.4+ 2.0
15.4+ 1.8
13.6+ 1.6

0.917 + 0.092
0.986 + 0.099
0.767 + 0.077

0.056+ 0.004
0.072 + 0.006
0.047 + 0.004

E
~max

'Otal = . o.(Ey)dE~.

~max

cr(Ey)E y dE y

~max

~(E,)E, 'dE, .

Extrapolated (from the present data only).

cal) uncertainties of the experiment. The three reac-
tions are compared at several values for the upper
limit of integration Ez, corresponding to the

~max

highest-energy data point for each reaction, and also
for E& ——30 MeV. For all values of E.&, the

values for the reaction H(y, n) are larger than the
values for H(y, 2n). Primarily because of the differ-

ence in thresholds, the integrated cross section for
the reaction He(y, n) is larger than that for the reac-
tion 3H(y, n), while the energy-weighted integrated
cross sections for H(y, n) are larger than those for

He(y, n)
The absence of data at higher energies and the

simple models for which the sum rules were derived

(see below) reduce the value of a comparison of
sum-rule calculations with the present results. In-
tegration of the present cross-section results (and ex-

trapolation) for He(y, n) up to 30 MeV yields a
value of 16.4+ 2.0 MeV mb. The cross-section
results for He(y, d) from Ref. 17, when integrated

up to the same energy, yield a value of 11.8 + 1.2
MeV mb. The value for the integrated total photo-
disintegration cross section 0;„,for He is thus
28.2+ 2.8 MeV mb at 30 MeV, which is compar-

able to the corresponding H value for o;„,of
29.0+ 3.0 MeV mb ( also obtained with some extra-
polation). These values for o;„,are only -40% of
the strength predicted by Drechsel and Kim ' for
the entire three-body photodisintegration cross sec-
tion integrated up to the pion threshold. The first
moment of the integrated total cross section 0.

&
for

He up to 30 MeV, obtained from the combined
results of the present measurement and of Ref. 17,
is 1.74+ 0.17 Inb, while the present result for H is
1.75+ 0.18 mb. These values for o

~
are -80%

of the strength predicted by the sum rule of
O' Connell and Prats. It should be noted here that
neither of these calculations differentiates between
H and He because both assume charge symmetry

to hold.
The form of the sum rule for o i derived by

O' Connell and Prats which contains no assump-
tion of charge symmetry is

o )
———,m a(3r~ —r„),

where a is the fine-structure constant. The mean-
square nuclear-matter and isovector radii are given,
respectively, by
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3T, = 27L + ~0

I

1.5 I

(a) two-body

T„=2' —P'02 — 2 2

where rL and r0 are the radii of the like and odd
nucleons, respectively, for both H and He. The
resulting expression o i ———,ir aro can be used to

compute values for o.
~ from the measured charge

and magnetic radii r,& and rm, s, since ro ( H}
= r,s ( H) —r,s ('H) = 2.15 + 0.05 fm and

ro ( He) = r,s ( He) —r,s (n) = 3 04 .+ 0.05
fm from the results of Ref. 4 [r,i,( H) = 1.70
+0.05 fm], Ref. 5 [r,s( He} = 1.935 +0.04 fm],
Ref. 73 [r,s('H) = 0.862 = 0.012 fm], and Ref. 74
[r,s(n) = 0.84 + 0.03 fm]. Thus the sum rule
predicts that 0 i( H) = 2.06 + 0.07 mb and

o i( He) = 2.92 + 0.07 mb, compared to the ex-

perimental results integrated up to 30 MeV of
o i( H) = 1.75 +0.18 mb and o i( He) = 1.74
+ 0.17 mb (see above).

Experimental results extending up to the pion-
production threshold also would be useful in this re-

gard. In spite of the limited energy range for the
present experimental results, however, it can be
seen, because some of the experimental uncertainties
cancel in their ratio, that the sum-rule predictions
for o' i( He)/cr ~( H) exceed significantly (by 40%%uo)

the experimental ratio. This means either that the
sum rule [which is based only upon (a simplified
form for) the ground-state wave functions of the
trinucleons] is invalid or that charge symmetry does
not hold here. Again, it should be noted that if the
choice of the upper set of data from Ref. 17 (or the
data of Ref. 29) were used for the 'He(y, d) cross
section, this disagreement would be reduced (but
only by about half its magnitude). In any case, it is

clear that more theoretical effort must be channeled
into sum-rule calculations that take into account
more refined ground-state wave functions before a
quantitative value for any charge asymmetry can be
inferred.

D. Photodisintegration cross sections .

and charge symmetry

The two- and three-body cross sections for H
and He are compared in Figs. 14(a) and (b), respec-
tively, after shifting the data in energy in order to
account for the different reaction thresholds. The
cross sections shown in Fig. 14 were synthesized
from all the available experimental data and there-

E 1.0—
C0

~~

cn 05
O

3H(y, n)

0

1.5
I

I
'

three -b ody

0 4 8 12 16

Excitation energy less threshold energy (Me Y)

20

fore do not represent the results of this experiment
alone, although these latter were weighted the most
heavily. For He(y, n) in particular [Fig. 14(b)], the

results of Ref. 30 were given less weight than those
of the others below —15 MeV because the latter

agree well with each other, and the results of Ref.
31 were given less weight above —18 MeV because
of the questionable neutron-detector efficiency used

(see above). Also, no attempt was made to include
structure in this representation of the He(y, n) cross
section.

Particular attention should be given to comparing
the cross sections in the energy region from thresh-

old up to their peaks, where the systematic uncer-
tainties are smallest. In Fig. 14(a) the H(y, n) data
are seen to lie 10—15% higher in the peak region
than the He(y, d) data, and the two cross sections

FIG. 14. (a) Experimental two-body photodisintegra-

tion cross sections for 'H (represented by the region

bounded by the solid curves) and for He (the region

bounded by the dashed curves). (b) Experimental three-

body photodisintegration cross sections for H (represent-

ed by the region bounded by the solid curves) and 'He

(the region bounded by the dashed curves). Note that the

cross-section data for both (a) and (b) have been corrected

for the different reaction thresholds by plotting them as

functions of excitation energy less threshold energy.
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are seen to exhibit roughly the same shape. [On the
high-energy side of the peak the H(y, n) cross sec-
tion perhaps decreases somewhat less abruptly than
does the He(y, d) cross section. ] The fact that the
strengths of the two cross sections at their peaks are
different is not in agreement with the theoretical
prediction of Gibson and Lehman.

The He(y, n) and H(y, 2n) cross sections of Fig.
14(b) agree in magnitude with each other from
about 3 to 6 MeV above their respective thresholds,
where the two sets of data are most reliable. At
higher energies the He(y, n) cross section continues
to climb to a higher peak (by about 10%), at a
higher energy, than the H(y, 2n) cross section; the
latter decreases more or less monotonically above

Er —E,~ 8 MeV. Above its peak at Ez —E,q,
12 MeV, the He(y, n) cross section decreases

more sharply than that for H(y, 2n). These two
cross sections also have quite different shapes just
above threshold, where the H(y, 2n) cross section
increases markedly more rapidly than does the

He(y, n) cross section.
The total photodisintegration cross sections for

the two trinucleon systems, shown in Fig. 15, are
seen to be very much the same except just above
threshold where their different behavior can be not-
ed. That this is so shows that the rather substantial
differences in the partial cross sections (see Fig. 14)
are largely compensated in the sum; this striking
result could not have been anticipated in the absence
of the present measurements.

It should be noted here, however, that if the data
from the upper group of cross-section data points of
Ref. 17 were chosen to represent the He(y, d) cross

section (recall that we have chosen the lower group),
then the difference in magnitude observed between
the H(y, n) and He(y, d) [see Fig. 14(a)] cross sec-
tions would be much less notable and, in fact,
would largely disappear. Then, however, the total
photodisintegration cross sections for H and He
(Fig. 15) would be appareciably different, with the
one for He being the larger.

Since the observed difference between the two
three-body breakup cross sections near threshold

probably is real and not an artifact produced by
poor statistics or systematic uncertainties, then this
effect could be attributed to Coulomb effects in He,
which might be large just above threshold. On the
other hand, despite the fact that the p-d system in

He is affected by Coulomb repulsion near thresh-

old, the enhancement [see Fig. 14(a)] of the H(y, n)
cross section over the He(y, d) cross section at
higher energies is unexpected. The same can be
said for the enhancement of the He(y, n) cross sec-
tion over the H(y, 2n) cross section. Perhaps most
of these differences can be explained as effects of the
final-state interactions. If not, they must be ascribed
to differences in the ground-state wave functions for
the two mirror trinucleons. In order to address this
issue, further theoretical work using exact models
which include both the Coulomb repulsion between
charged nucleons and the tensor part of the
nucleon-nucleon interaction should be pursued.
Only then can one ascertain whether the significant
differences between the partial cross sections can be
accounted for by electromagnetic effects alone.

V. CONCLUSIONS
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FIG. 1S. Experimental total photodisintegration cross
sections for H {represented by the region bounded by the
solid curves) and He {the region bounded by the dashed

curves), plotted as a function of photon energy.

More theoretical work will be needed before the
experimental results for the photodisintegration of
three-body nuclei can test quantitatively the charge
symmetry of the nuclear interaction. The present
theoretical models are still rudimentary in that they
do not include simultaneously a consistent treatment
of the final-state interactions, S' and D components
in the ground-state wave function, the tensor force
in the triplet interaction, and the Coulomb repulsion

between the protons in He. Both the strong and
the electromagnetic interactions seem to contribute
to the distribution of strength between the two- and
three-body breakup channels of He, but the theory
does not quantify the magnitude of the electromag-
netic contribution to the cross-section strengths of
the two breakup modes. As a consequence of these
problems, the agreement between the experimental
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and theoretical results is, in the mean, not notably
good. The contrast in the threshold behavior of the
H and 'He three-body breakup cross sections (that

for H rises much faster than that for He) seems
too extreme to be the effect of the Coulomb force
alone, but lacks any other theoretical explanation.
Perhaps the more significant problem for the theor-
ists, however, is the explanation of the different dis-

tribution of cross-section strength between the two-

and three-body breakup channels observed for H
and He.

One would think that the similarity of the in-

tegrated total cross sections and the integrated
energy-weighted cross sections for H and He
could be understood, through the sum rules, as a
consequence of the principle of charge symmetry;
however, this inference is brought into question by
the large difference in the odd-nucleon radii for
these nuclei. A better calculation is needed to bes-
tow more credibility upon the sum-rule predictions
which up to the present time do not distinguish

between H and He photodisintegration. In sum

mary, the results of the present photodisintegration

measurements constitute a new challenge to the
principle of charge symmetry for the trinucleon sys-
tem; but more work is needed to ascertain whether
these experimental results can be explained entirely

by a more complete theoretical treatment.
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