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in complete disagreement with experimental re-
sults. Conversely, a difference 67 =0.5 fm would
give a negligible splitting. So the compatibility
of 6 ~0.1 - 0.2 fm with the results on AE is very
satisfactory and may be considered as further
evidence of the existence of the “halo” of the neu-
trons in the heavy region.

In this respect it would be very interesting to
measure the isospin splitting in Ca isotopes in
order to analyze the effect on AE of the anoma-
lous behavior of 67 in this region,'®

Finally we remember that AE also depends on
B. Our assumption on B is firmly justified,™®
since on very general grounds we have® 1.2<p
<1.6. Any value smaller than the one we assume
would increase AE and would suggest an even
more pronounced neutron “halo.” Conversely,
even the extreme value 8=1.9 is not sufficient
to explain the experimental data on AE for heavy
nuclei without the introduction of 67 >0. (We
have for 2°*Pb, U=150 with 6»=0 and 8=1.9.)
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Ratio of the *He(y,p) and *He(vy,n) Cross Sections

W. R. Dodge and J. J. Murphy, II*
National Bureau of Standavds, Washington, D, C, 20234
(Received 24 January 1972)

The “Hely,p)®H and ‘He(y,n)He cross sections have been determined with a magnetic
spectrometer in the energy interval of 30.0 to 51.8 MeV. We find that the average value
of a(y,p)/o(y,n) is 1.03+0.04 in the above energy interval. The ‘He(y,p) cross section
decreases from 1.52+0.13 mb at 31.7 MeV to 0.36+0.03 mb at 51.8 MeV.

The equality of the *He(y,p) and *He(y, n) total
cross sections was first established by Gorbunov
and Spiridonov! using a cloud chamber and syn-
chroton bremsstrahlung radiation. Fuller’s?
“He(y,p)*He data and Livesey and Main’s® *He(y,
%He)n data, and later measurements of Gorbunov*
and Main,® corroborated Gorbunov’s! original
measurements. However, two recent measure-
ments of the *He(y,#) cross section have raised

serious doubts about the equality of the *He(y,p)
and *He(y,n) cross sections. A measurement of
the “He(y,n) cross section by Berman, Fultz, and
Kelly® (BFK), when compared with the *He(y,p)
cross section measured by Meyerhof, Suffert,
and Feldman,” indicates that the average *Hely ,p)
cross section is 1,806+ 0.025 times as large as
the average *He(y,n) cross section in the energy
interval between threshold and 31 MeV. Busso

839



VoLuME 28, NUMBER 13

PHYSICAL REVIEW LETTERS

27 MARCH 1972

et al.® obtained results similar to those of BFK.

Few, if any, theoretical treatments of the *He
photodisintegration anticipated an inequality of
the (y,p) and (y,n) cross sections of the magni-
tude indicated by BFK. They conjectured that
either there was considerable isospin mixing of
the giant dipole states in *He or that charge sym-
metry was broken in *He. Gibson,® a posteviori,
has been able to reproduce both the behavior of
the (y,n) angular distribution asymmetry term
and the BFK ratio of (y,p) to (y,n) cross sections
by judiciously mixing the continuum J"=1", T =0,
T =1 states. As BFK pointed out, the conjecture
of breaking of charge symmetry to the extent nec-
essary to explain their results (ratio of inten-
sities of charge-symmetry—breaking force to
charge-symmetry—nonbreaking force of 2.3%)
contradicts Henley’s'® value of (0.25+0.8)% in *He
deduced from an analysis of low-energy scatter-
ing data.

Reported here is an experiment in which the

(v ,p) and (y,n) cross sections were determined
nearly simultaneously with the same apparatus.!
The use of the same apparatus to measure both
the (y,p) and (y,n) cross sections avoided the er-
rors inherent in the comparison of two indepen-
dently determined absolute cross sections. We
used a magnetic spectrometer to determine the
°H and 3He yields at 90° in the laboratory system
produced by electrons incident on a gaseous *He
target. These electrodisintegration yields were
converted into *He(y,p) and *He(y,n) cross sec-
tions.'? We find that o(y,p)/o(y,n) is 1.08 + 0.09
at 31.7 MeV and that the average value of this
ratio is 1.03+ 0.04 in the energy interval of 30.0
to 51.8 MeV.

A gaseous *He target with 0.005-g/cm? stain-
less-steel electron beam entrance and exit win-
dows and either a 0.000 36- or 0.0006-g/cm? poly-
ethylene terephthalate (C,,H,0,-Mylar) particle
exit window was bombarded with 90-MeV elec-
trons. The spectrometer magnet was a 27/3,

TABLE I. Summary of the results of this experiment and the data for calculating o(y,p)/o(y,n). The angular-dis-
tribution coefficients A(ky), B(k,), and C(k,) are from Meyerhof, Suffert, and Feldman,? Perry and Bame,b Berman,

Fultz, and Kelly,® and Gorbunov.d

In those columns in which there are two entries; the upper entry refers to the

‘He(y,p) reaction and the lower to the *He(y,n) reaction, The uncertainties of ¢ include only the errors in the angu-
lar-distribution coefficients and uncertainties due to counting statistics. T’ and T are the particle kinetic energies

before and after correction for energy loss in the ‘He gas and the target cell wall,

Relative do /&) a(y,p)
kAR )/BGK)E Ok /B R /R T T'  Counting o Yo ™ or oy
(MeV) Y M Y Y Y (Mev)  (MeV)  Efficiency Degrees
£ .0l6t.005 L5311 2392 2,213 1.00 100.1  202.+ 4 1. 61¢. 06
2.8 15408 .22:,15 L.017 2,202 1.355 .83 101.6  159,%25, 1. 54%, 34 L. 07z, 24
£ .OL6t.005 - 60¢, 05 2.856 2631 1.00 1006 173.% 4, 1.40%, 04 "
SL77 o3st, 028 .30:.13 L, 005 2,665  1.59% .90 101,0 127,17, 1,19¢,17 1, 182,16
e .0l6%.005 - 60,05 2.856 2,631 1.00 1006  192.% 9, 1. 56,14
3.7 038t 028 .30:.13 1.005 2.665  1.59 .90 1010 159,16, 148,15 L0412
) - 66%. 07 3,294 3.092 1.00 100.4  168.+ 8. 1. 30,10
33.9 o4 :,03 . 34:.10 1.020 3.106 2,181 .98 100.7  13L.#13. 1. 24%.17 L. 052,17
h
. 016%. 005 -. 60£, 05 , 2.856 2,558 1.00 100.6  192.#11. L5112
3.7 To3st.028 S30.13 1. 005 2.665 1,165 .80 101.0 164,45, 1. 532, 51 .98t.33
h
.0 - 67£,07 3,392 3,131 1.00 100.4  150.+ 6. 1.16£.10 )
335 o403 .35:.10 1037 3,201 1.975 .93 100.7  117. 6. Lios.14 10516
h
.0 -.70£,07 3.708  3.464 1.00 100.3  137.% 5. 1. 05¢, 04 N
352 o4 +.03 L46t.13 1.039 3.517 2,400 1. 00 1006  104.% 5. 1.00:,08  1+05%.09
b0 -, 75,09 4170  3.947 . 1.00 100.3  105.% 3, . 80%, 03
3.1 Tos .03 L47%.07 1022 37980 2,985 1. 00 100.5 8L 3, .78t,05  1-03:.08
h
.0 -.84¢.07 5,916 5,746 1.00 100.3  74.t 3, . 56+, 02
443 Tos x.03 L34z, 04 1.020 5.726 5,000 1.00 100, 4 6l. 3. .55:,03 1.01£.07
L L0 96,10 7.680 7,541 1.00 100,5 5Lt 3, . 36£.02 "
SLE T .06+, 03 1022 77539 6. 961 1. 00 100.6  43.% 1.3 .36+, 01 1.00z. 08
3See Ref. 7. f0.000 36-g/cm? Mylar window 3.81 cm long and 1.27 cm
bSee Ref. 14, wide.
:See Ref. 6. £0.000 36-g/cm? Mylar window 1,587 cm in diameter with
See Ref. 4. a 0.953-cm collimator,

¢ Angular-distribution coefficients for the ‘He(y, °H)

and ‘He(y, 3He) reactions.
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double-focusing magnetic wedge. Ten 0.1X1.0

X 6.0-cm?® lithium-drifted silicon p-i-n semicon-
ductor detectors were mounted in the focal plane
of the magnet and were cooled to 77°K to insure
an optimum detection efficiency. The relative de-
tection efficiency of our detector system for o
particles was measured with a ?'°Po a-particle
source and energy degrading absorbers. We as-
sumed that the relative area of the counts/unit
magnetic field as a function of the magnetic field
was equal to the counting efficiency at the mean
a-particle energy. The average of the relative
detection efficiencies of all detectors at mean a-
particle energies of 0.53, 1.50, 2.10, 2.93, and
5.303 MeV were 0.62%%3 0,76+ 0.02, 0.93+0.01,
98 +0.01, and 1.00, respectively. The detection
efficiencies listed in Table I were obtained from
the a-particle values 8T ,) by assuming that,
for a particle of mass A, charge Z, and kinetic
energy T, the efficiency is given by 8(T)=8(T,
=nT), where n=(Z,/Z)?A,/A. It was also as-
sumed that the absolute efficiency for 5.303-MeV
o particles was 100%. These assumptions give
what are believed to be upper limits to the effi-
ciencies. Taking n=1 as a lower limit reduces
the cross-section ratio at the most sensitive en-
ergy (29.8 MeV) by 8%. The (y,n) cross section
is increased by 10%.

Figures 1(a) and 1(b) show pulse-height spectra
used to determine the *He(e,3H)e’p and *Hele,
®He)e’n yields, respectively, at 31.7 MeV. The
spectrometer magnetic field was programmed so
that (y,p) and (y,n) cross sections at a given pho-
ton energy were always measured within a time
interval of approximately 2 h.

The similarities between electrodisintegration
and photodisintegration cross sections and their
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FIG. 1. (a) A focal-plane—detector pulse-height spec-
trum from which the *He(e, *H)e’p yield was determined
at ky=31.7 MeV. The o particles are from *’Po depos-
ited on the detector. (b) A focal-plane—detector pulse-
height spectrum from which the ‘He(e, *He)e’n yield was
determined at ky =31.7 MeV, Both spectra were ob-
tained using a ‘He gas cell with a 0,000 36-g/cm? Mylar
window and are from the same detector but with differ-
ent amplifier gains, Histograms, taken with a cell
filled with 4He; circles, taken with an identical empty
cell,

differences have been discussed extensively in the literature.!®»!®* Briefly, if a photodisintegration

cross section is given by

doy/dQ=A(k7)+B(k7) sin%0 +C(k7) sin®@ cosf , 1)
then the electrodisintegration cross section is given by
do,/dQ=(a/m){[(1 +R?) Inn - 2R]A(k,) + R*B(k,) - 3R, ,R(1 +R)C (k,) cos6| (1 + R?) Inx — 2R — 3R?]
X B(k,) sin®0 +[(1 +R?) Inx + R, (- 1 + 2R +X R?)]C(k,) sin®0 cos 6} . (2)

Here 0 is the angle between the detected particle and the incident electron in the center-of-mass sys-
tem; E; and E; are the total energies of the incident and scattered electrons, respectively; R =Ef/Ei,
R,=E;/(E; -E;)=E;z/ky; and A =2ER,/m,. The real and virtual photon energies are k, and k,. Column
4 (Re/Ry), Table I, shows the extent to which the ratio of ®*H and ®He electrodisintegration yields differs
from the ratio of *H and *He photodisintegration yields.

The results of our experiment are summarized in Table I. The total cross section o was derived

841



VoLUME 28, NUMBER 13 PHYSICAL REVIEW LETTERS 27 MARCH 1972

I LA LA LA L AL L LA B St T O I R A O
20— { - 32l— —
f ! 30}— _
F5og
I }i} 28| _
I.5— é i — 26— —
I % T 24— —
) i { koY —
£ % b
= i ~N 20 —J} }&I { { —
a |0— — -
- ] ﬁ { —
> H ; > % :
b 5 'S ]
W 14— —
$
S — o 2 } —
o
i = 10— i E} % ¢ } —
81— -
[ T O O O A A 6 —
20 24 28 32 36 40 44 48 52 656 L B
K,(MeV) 2 —
. . . I Y I Y O
FIG. 2. The “He(y,p)°H total cross section as a func- 20 24 28 32 36 40 44 48 52 56
tion of k. Crosses, results of Meyerhof, Suffert, and K(MeV)
Feldman (Ref. 7); circles, our results using a 0,0006- FIG. 8. The ratio o(y,p)/o(y,n). The crosses are
g/cm2 Mylar window 1.587 cm in diameter; squares, the results calculated by Berman, Fultz, and Kelly
our results using a 0.000 36-g/cm? Mylar window 1.587 (Ref. 6) using the o(y,p) values. of Meyerhof, Suffert,
cm in diameter; triangles, our results using a 0,000 36- and Feldman (Ref. 7). The other symbols are defined
g/cm? Mylar window 3.81 cm long and 1.27 cm wide. in Fig. 2. :

from [do/dQ]. ., by assuming that

8m 3A(k,) +B(ky) do
3 A(k7)+B(k7) sin?6 +C(k7) sin®6 cosf dQ |

o= 3)
To obtain the uncertainty in the absolute cross section the combined uncertainty in the incident elec-
tron beam current, solid angle, and number of target nuclei per square centimeter (6.5%) should be
combined in quadrature with the quoted uncertainties. Figure 2 shows that our (y,p) cross section is
in agreement with the *H(p,v)*He measurements of Meyerhof, Suffert, and Feldman,” which were nor-
malized to the data of Perry and Bame.!* Figure 3 shows the ratios of o(y,p)/aly,n) from 30.0 to 51.8
MeV deduced from our experiment together with the BFK ratios.

In summary, our experiment has shown that in the energy interval of 30 to 51.8 MeV the ratio of
‘He(y,p) to *He(y,n) cross sections is 1.03+ 0.04. Our data strongly suggest, in the absence of a pro-
nounced discontinuity in the *He(y,n) cross section, that the ratio is not greatly different from 1 from
threshold to 31 MeV.

The authors wish to thank Dr: E. G. Fuller for suggesting this experiment.
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(0%, 01%) Reaction on Mo Isotopes at Energies above the Coulomb Barrier*
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The two-neutron transfer reaction (018, 019 to the ground and first 2% states of

94, 96,

98, 100715 has been measured at 55-, 60~, 70~, and 77-MeV projectile energy. Angu-

lar distributions and absolute cross sections are compared with the theory of Dar, which
accounts for a large part of the variation of cross section with target mass number, en-
ergy, and the observed angular distributions. Evidence for multiple processes is exhib-

ited in the excited-state cross sections.

One of the most useful tools for acquiring infor-
mation concerning two-nucleon correlations in
nuclei has been the two-neutron transfer reac-
tion, Heavy-ion two-neutron transfer reactions
offer a hope of providing such information with
the additional constraint of taking place in the
very peripheral regions of the nucleus. However,
to extract useful spectroscopic information from
the cross-section data, the details of the reaction
mechanism must be determined. The elimination
of large kinematic factors from the cross sec-
tion, frequently not attempted, is neéessary to
avoid serious errors in interpretation. Nickles
et al.' have reported on several heavy-ion trans-
fer reactions on Zr targets at one energy. Al-
though above the Coulomb barrier they showed
that much of the @ -value dependence of their
measured peak cross sections for neutron trans-
fers is accounted for by the sud-Coulomb theory
of Dar,? a qualitative discrepancy with this theory
exists for their proton and two-proton transfer
data. We report here on the two-neutron transfer
reaction (O'®, O'¢) on several even-A isotopes of
Mo at energies above the barrier. In this effort
to investigate some systematic behavior attribut-
able to the reaction dynamics, we measured ex-
citation functions and angular distributions for
the ground and first 2% states and compare them
with the theory of Dar for energies above the bar-
rier.

An O'® beam of 55, 60, 70, or 77 MeV was ob-
tained using the Brookhaven tandem Van de Graaff

facility. Self-supporting targets of enriched Mo
isotopes (~250 ug/cm?) were placed in a 30-in.-
diam Ortec scattering chamber and viewed si-
multaneously at four angles with surface barrier
detectors. The (0, O'®)-reaction @ value to the
ground state varies from about 5.6 to 2.0 MeV in
the range of targets of Mo® to Mo®, Identifica-
tion of the emergent O'® particle was made on
the basis of the positive @ value and the kinema-
tic shift with angel, and no further particle iden-
tification was used. Spectra of the positive @
portion of the reactions Mo®(0*®, 0'*)Mo®® and
Mo® (08, O'6)Mo® are shown in Fig. 1.

Data were reduced to absolute cross sections
by normalization to the assumed pure Rutherford
scattering at 40 MeV. Typical angular distribu-
tions at different energies are shown in Fig. 2.
The shapes of the angular distributions for the
reaction and elastic scattering are, within the
typical experimental errors, independent of ei-
ther the target or the state excited (ground state
or first 2* state), and are only functions of the
bombarding energy. Thus, all the measured
cross sections are adequately described by the
curves of Fig. 2 and the values of the peak cross
section as tabulated in Table I. Two very striking
features are apparent: (i) At 60-MeV bombarding
energy the peak cross section for the ground state
rises by a factor of ~8 in going from Mo to Mo
targets, and (ii) the ratio of the 2* to the ground-
state cross section changes significantly with
bombarding energy.

843



