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Asystem suitable for detection of high-energy gamma rays produced with low cross sections in the presence
of high background counting rate is described. It is applied to a study of radiative capture of He? by Li? for
bombarding energies up to 3.0 MeV. Gamma transitions to the first six states in B are observed and their
energy dependence is measured. The excitation functions at 90° show peaks at 1.1 and 2.2 MeV for the
transitions to the ground state and the one at 4.77 MeV, with c.m. widths of less than 500 and 420 keV, re-
spectively. Transitions to the first and fourth excited states show a broad maximum around 1.4 MeV with a
c.m. width of less than 600 keV. The cross section for the decay to 4.77 MeV is largest, with do/dQ reaching
5 ub/sr at the 2.2-MeV peak. At some excitation energies asymmetries ¥ (0°)/Y (90°) are obtained which
indicate strong interferences. The peaks are interpreted as resonances and lower limits on (27+1)T', are

presented.

I. INTRODUCTION

NVESTIGATIONS of radiative capture reactions
have contributed much information concerning the

structure of, and reaction mechanisms involved in light
nuclei due to the fact that the electromagnetic inter-
action itself is so thoroughly understood. Most such
studies heretofore have been undertaken using single
nucleons and, in some cases, alpha particles. Additional
entrance channels can be investigated through study
of He® and deuteron capture. In many cases these
reactions produce the final system at high excitation
energies, and thus many low-lying states are available
for electromagnetic transitions. This approach allows
also the study by gamma deexcitation of high-lying
resonances previously investigated primarily by particle
emission. The nature of such structures, that is, whether
they are compound nuclear resonances, Ericson fluctua-
tions,! or intermediate resonances (‘“doorway states’)?
may be further clarified by such studies. It may also be
possible to determine the extent to which cluster
configurations are present® in the capturing and/or
final states. In some nuclei, these reactions may allow
study of the giant resonance region even with the use
of only moderate energy accelerators. Radiative capture
reactions in general, including the capture of H? or He?,
may also make it possible to observe giant resonances
based on states other than the ground state.

Investigations of these reactions involve a number
of severe experimental difficulties, arising primarily
from the fact that radiative capture cross sections are
typically very small and the gamma-ray energies are
high. These difficulties, specifically obtaining a good
line shape for rather high-energy gamma rays, good
cosmic-ray rejection, and efficient pulse pileup suppres-
sion, have been satisfactorily overcome with a detection
system which is described below in Sec. II. A series of
radiative capture studies in the light nuclei has been

t Work supported in part by the U. S. Army Research Office
(Durham), the U. S. Office of Naval Research, and the National
Science Foundation.

1T, Ericson, Ann. Phys. (N. Y.) 23, 390 (1963).

2 H. Feshbach, Ann. Phys. (N. Y.) 19, 287 (1962).
3 G. C. Phillips and T. A. Tombrello, Nucl. Phys. 19, 555 (1960).

undertaken in this laboratory with that detection
system.? The first reaction extensively investigated is
the capture of He® by Li’ for He? energies up to 3 MeV.
The results of this experiment are presented below.

II. GAMMA-RAY DETECTION SYSTEM

In the development of a system for the detection of
gamma rays resulting from the radiative capture of He?
or deuterons, one must be concerned with the fact that
the gamma-ray energies are above about 10 MeV and
extend to at least 30 MeV. Hence the system response
should have a good line shape for high-energy gamma
rays, which would allow study of complex spectra. These
radiative capture reactions have very small cross
sections, typically of the order of 0.1 wb/sr, which
makes good cosmic-ray rejection important. Back-
ground gamma radiation produced by competing reac-
tions, as well as radiative neutron capture, although
generally lower in energy than the He® or deuteron
capture gamma rays, is often several orders of magni-
tude more intense. This makes efficient pulse pileup
rejection mandatory. .

Figure 1 shows a schematic of the detection system
employed in the present experiment. It consists of a
5-in.-diam by 6-in.-long NaI(Tl) crystal surrounded by
a 11-in.-thick cylinder of NE 102 plastic scintillator with
a l-in.-thick front plate of the same material. The
NaI(Tl) crystal was mounted on an RCA 7046 photo-
multiplier tube, while the plastic shield was viewed by
two CBS 7818 tubes the outputs of which were summed.
The gamma-ray beam was collimated through a
conical hole in a 6-in. lead shield; the aperture of the
collimator projected onto the back face of the NaI(TI)
cylinder. The entire system was surrounded by 6 in.
of lead.

In order to achieve maximum cosmic-ray rejection,
the electronics was arranged so that the anticoincidence
gate pulses were generated with minimum possible dead

4 This paper gives experimental details for some work previously
published in abstracts: D. Kohler and S. M. Austin, Bull. Am.
Phys. Soc. 8, 290 (1963); S. L. Blatt and D. Kohler, ibid. 8, 290
(1963) ; P. Paul, D. Kohler, and S. L. Blatt, ibid. 9, 391 (1964).
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Fic. 1. Setup and electronics block diagram for the gamma-ray
detection system. Note that the plastic shield is not drawn to
scale.

time. Pulses from the anode of the 7046 were clipped to
25 nsec full width at half-maximum (FWHM) and fed
into a tunnel diode discriminator normally biased above
the intense low-pulse-height background. This dis-
criminator generated a gate pulse for a Victoreen 400
channel pulse-height analyzer in which the proportional
output was stored. At the same time it generated a fast
enabling signal for an anticoincidence pulse from the
plastic shield, which, only when so enabled, vetoed the
pulse-height analyzer gate pulse.

Pileup was reduced by two systems in parallel. The
threshold of the fast discriminator could be set to cut
out all signals below the region of interest, as mentioned
above. This reduced pileup of two small pulses simulat-
ing a large one in the linear amplifier by about 40:1,
that is the ratio of the 2 usec (linear amplifier resolving
time) to the 50 nsec (resolving time of the fast dis-
criminator channel). With this suppression, background
counting rates 100 times larger than the rates in the
region of interest could be tolerated. Pileup of a large
pulse with a small one was reduced by an additional,
Argonne-type® rejection system which uses fast-coin-
cidence circuitry to measure the time interval between
the leading edge and the zero crossing of the double-
delay-line-clipped linear pulse. Improvement in the line
shape of the main crystal when used with the anti-
coincidence shield depends on the energy threshold for
generating an anticoincidence pulse. In the present
system this energy was about 500 keV.

Spectra taken with this detection system showed a
reduction in the cosmic-ray background at approxi-
mately 15 MeV by a factor of about 70 compared to a
system without anticoincidence and lead shielding. Sub-
stantial improvement was noted in the gamma-ray line
shape, both in resolution and in the reduction of the low-
energy tail. Typical line shapes are shown in Fig. 2 for
gamma rays between 12 and 20 MeV.

III. EXPERIMENTAL PROCEDURE

Using the detection system described above, the
gamma-ray spectrum above 10 MeV resulting from the

5R. E. Segel (private communication).
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bombardment of Li” with He® was measured. The beam
was accelerated in the 3-MeV HVEC Van de Graaff at
Stanford University. The beam energy was established
by magnetic analysis and calibrated with the 874-keV
resonance in the reaction F¥(p,ay). Targets were pre-
pared by evaporation in vacuo of 99.79, isotopically
enriched Li” onto thick copper backings, and were then
transferred into the target chamber. The first targets
used were covered with a very thin layer of gold to
prevent oxidation on transfer. However, since oxygen
contamination does not produce gamma rays in the
region of interest in reaction with He?, the later, thinner
ones were allowed to oxidize. Target thickness and
uniformity were checked at the 440-keV resonance of
the reaction Li’(p,y). To keep carbon buildup on the
target as low as possible, a liquid-nitrogen trap and a
Vaclon pump were mounted adjacent to the target
chamber. The most intense gamma ray above 12 MeV
resulting from He® bombardment of carbon is the
ground-state transition from the 15.1-MeV state of C22
populated® in the reaction C¥®(He® o) C®2. Using the pre-
cautions noted above, the 15.1-MeV gamma-ray inten-
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T16. 2. Gamma-ray spectra obtained with the detection system
described in the text. (a) From the reaction T (p,v) below neutron
threshold with and without anticoincidence shield in use. (b) From
the reaction B (p,y) at E,=1.4 MeV, showing the transitions to
the ground and first excited state in C*, with anticoincidence.
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sity present in the experimental spectra appeared to be
negligible at all times.

With the detector at 90° to the beam direction,
spectra were recorded for He® energies from 0.8 to
3.0 MeV in steps of 200 keV, using a target 150 keV
thick for 1-MeV He? particles. Additional data were
taken with a thinner target (50 keV for 1-MeV He?
particles) from 0.9 to 1.8 MeV in steps of 100 keV.
Effects due to slight loss of lithium during bombardment
were minimized by measuring each sequence up and
down in energy and adding the spectra for each energy.
Each run was monitored with the integrated beam
current. At some energies, chosen for reasons given in
Sec. IV, spectra were also taken at 0° to the beam.
Beam currents used were about 1 yA. With increasing
He? energy the counting rate in the main photomulti-
plier, due largely to the increase of neutron background,
rises, and hence strong gain changes can occur. To
minimize the effect of these changes, a peak whose
energy was measured to be 6.96 MeV and was seen in all
spectra was used as a fixed energy standard. The posi-
tion of this peak in the multichannel analyzer was
monitored frequently, and no run was accepted if drift
was observed. This peak is thought to arise from the
summing of vy cascades’ from the 6.96-MeV state in
Na populated by capture of slow neutrons in the Nal
crystal. The gamma-ray spectrum arising from proton
bombardment of tritium above the (p,#) threshold
showing this 6.96-MeV peak, is illustrated in Fig. 3.

IV. DATA ANALYSIS AND RESULTS

A typical spectrum, taken at 1.2 MeV (§=90°) is
shown in Fig. 4. A consistent energy calibration scale
could be established by using prominent features in all
the 90° data, the 6.96-MeV fixed point, and the zero-
energy point. Using line shapes interpolated from the
standard shapes obtained with the reactions B! (p,y)
and T(p,y) shown in Fig. 2, the gamma-ray transitions
to the first six states of B® were unpeeled consecutively.
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F16. 3. Gamma-ray spectrum resulting from bombardment of T
with p above the neutron threshold, as detected in the Nal
crystal. The peak at 6.96 MeV is believed to arise from neutron
capture in Na®,
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Fi16. 4. High-energy part of the gamma-ray spectrum from the
reaction Li7(He®y) at Eg. =1.2 MeV, obtained at #=90°. The
numerals indicate transitions to the ground state and first five
excited states in B,

Figure 5 shows the energetics of the reaction and the
observed final states.® The presence of a strong transi-
tion to the 4.77-MeV state allows good accuracy up to
5 subtractions. At energies lower than the transition to
the 4.77-MeV state there is not enough structure in the
spectrum to permit further identification of gamma rays.
Gamma rays from the competing Li’(He®,ay) reaction
are expected in this energy region and below, further
complicating any attempted analysis. The energies of
all the gamma rays identified as originating in radiative
capture show the expected dependence on bombarding
energy.

For integration of the total counts in each line, the
tails were extended horizontally to zero energy. A cross
section calibration was obtained with the thicker target
and the detection system in the 90° position by using the
yield of 17.6-MeV gamma rays produced in the well
known?® reaction Li’(p,y), in the following way. A run
was made at the peak of the thick-target excitation
curve for the 440-keV resonance. Applying the standard
line shape and horizontal tail extension to the 17.6-MeV
ground-state transition, the ratio o (p,70)/o (p,v04v1) Was
measured to be 0.59. The close agreement with the
known value of 0.63, measured by more accurate
means,? indicates the subtraction procedure is valid to
better than 109,. The differential cross section for
Li"(He?y) was computed from the relation

do/dQ=CY1/N,

where V' is the (He?y) yield, and NV is the number of
target nuclei/cm?. The proportionality constant C for
the detection system and target was obtained from the
Li’(p,y) yield, using the formula

C=[do/dQ (res) T/ (eYs)] tan~(¢/T),

8 F. Ajzenberg-Selove and T. Lauritsen, Nuclear Data Sheets,
compiled by K. Way et al. (Printing and Publishing Office,
National Academy of Sciences—National Research Council,
Washington 25, D. C.), NRC 61-5, 6-91.

9 W. Fowler and T. Lauritsen, Phys. Rev. 76, 314 (1949).

10 M. B. Stearns and B. D. McDaniel, Phys. Rev. 82,450 (1951).
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with do/dQ (res)=resonance-peak cross section for
ground-state transition, =0.3 mb/sr; I'=total width of
440-keV resonance=12 keV; ¢{=target thickness for
440-keV protons=40 keV; Ve=yield of 17.6-MeV
gamma ray. This calibration constant was assumed to
be energy independent in the range 13 to 20 MeV. This
assumption seems justified for the following reasons:
The total detection efficiency of the 5-in.X6-in. Nal
crystal for the collimated gamma-ray beam changes less
that 1.59, over this range. Additional changes in
detection efficiency brought about by energy variation
of the anticoincidence rejection ratio are much smaller
than errors introduced by the subtraction procedure.
The total systematic error on the cross section calibra-
tion is estimated to be 4109,

The excitation functions for gamma transitions to the
first six states of B! appear as shown in Fig. 6. The
error bars are drawn from estimates of maximum and
minimum possible subtractions within the spectrum
compatible with the assumed line shapes. Open circles
refer to the run taken with the 50-keV target. The two
separate runs were normalized to account for the
different targets but the same factor was used for every
transition. The agreement of the two runs at comparable
energies is good. All spectra were carefully checked for
radiation stemming from the reaction of He® with
carbon, especially the gamma ray at 15.1 MeV, by com-
paring spectra taken at the same energies early and late
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in a run. The upper limit on the amount of 15.1-MeV
gamma, ray present is 29, of the counts in this region
of the spectrum. This error has been included in the
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F1G. 6. Excitation functions at 90° of gamma rays observed in
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estimated from the gamma-ray unpeeling procedure. The sys-
tematic error on the cross-section scale is =109,



RADIATIVE CAPTURE OF He?

uncertainties for the transitions to the 3.59- and 4.77-
MeV states. At five energies, chosen to be below, on,
and above the peaks seen in the 90° excitation func-
tions, runs were also taken at 0°. Figure 6 gives the
anisotropy A=Y (0°)/¥(90°) for these energies. The
yield in the forward direction was corrected for the
absorption of gamma rays in the thick copper backing.
Errors in 4 are 4-209.

V. DISCUSSION

The most prominent feature of the data of Fig. 6 are
peaks in the cross sections at several energies. The tran-
sitions to the ground and 4.77-MeV states show peaks
at 1.1 and 2.2 MeV. Those to the 0.72- and 3.59-MeV
states show a broad maximum around 1.4 MeV. No
finer structure appears in the lower energy region,
where data were taken in 100-keV steps with an energy
resolution of 50 keV. The most striking peaks are those
appearing in the 4.77-MeV state gamma-ray excitation
curve. If an s-wave penetration factor is unfolded in the
region of the lower peak, which is compatible with the
observed isotropy (within the 209 error), the maximum
in the cross section shifts to 0.9 MeV. The structure of
this excitation function is repeated in the curve for the
ground-state transition, most prominently at 2.2 MeV.
No peaks appear at these energies in the transitions to
the first and fourth excited states, which instead, show
a broad maximum at 1.4 MeV. Because of the weakness
of the transitions to the second and third excited states
and their small separation in energy, the unpeeling of
these two gamma rays contains a large uncertainty. The
data on these two transitions should not be considered
quantitatively reliable, the evidence with respect to
them being merely that they are both relatively weak
and their excitation functions contain no striking peaks.
The data seem to indicate that one or the other or both
of them also exhibit the broad peak around 1.4 MeV.

Since these peaks in the cross sections must be related
in some way to features in the compound nucleus at
high excitation energies, their nature is not trivial to
understand. The fact that correlations although limited,
appear in the cross sections for different final states
apparently excludes an interpretation as Ericson fluc-
tuations.! Furthermore, it seems that the peaks should
be considered true resonances, either in the usual com-
pound nuclear resonance sense or as intermediate
resonances.? In either case they should have definite
angular momenta.

The experimentally determined widths of these
resonances depend on the background subtraction. For
the resonances at 1.1, 1.4, and 2.2 MeV, the limits ob-
tained for the total (c.m.) widths were I'<<500 keV,
I'<600 keV, and 280<I'<420 keV, respectively. The
structure at 1.4 MeV could well consist of two over-
lapping resonances, although the more detailed run
yielded no evidence for this. Figure 5 shows the gamma
transitions and excitation energies in B! corresponding

BY Lir’ B 497
to resonances observed in this experiment. Based on the
observed strengths of the transitions, it can be assumed!
that transitions slower than electric quadrupole do not
contribute. From the decay to final states of different
spins,’? limits on spins and parities of the resonances can
be inferred. The spin assignment for the 4.77-MeV state
is ambiguous, with 2+ and 3* compatible with present
experimental evidence.”® The possible spin and parity
assignments are listed in Table I. Both s-wave and

TasLE I. Resonances observed in radiative
capture of He? by Li%.

Final states do

inB® — (90°) Possible
Eres (lab)  T'got (c.m.) (MeV) and 42 spin-parity
(MeV) (keV) theirspins (ub/sr) assignments®?
1.1 <500 0 3+ 0.8 (1%, 2% 3+
4.77 (2+3%) 3.6 .
14 <600 0.717 1+ 2.0 (0%, 1% 2% (3%)
3.59 2+ 2.2 ‘
2.2 280<1<420 0 3+ 1.8 (1%), 2% 3+
477 (2+3%) 5.3

a Incoming s- and p-waves considered for all resonances; d-waves also
considered for 1.4- and 2.2-MeV resonances. .
b Assignments in parentheses require E2 transition.

p-wave capture were considered for all resonances, and
in addition d-wave capture was included at 1.4 and 2.2
MeV. The experimental anisotropies are of no help in
further limiting the spins, since they have large errors
and are energy dependent in the vicinity of the reso-
nances. None of the assignments of Table I require
anisotropies significantly larger than those obtained
experimentally.

If isotropy is assumed the peak differential cross sec-
tions for each transition can be used to set a lower limit
on the radiative width for the transition using the Breit-
Wigner single level formula. Such a lower limit is ob-
tained if T'mes is set equal to the total width. The
(Be™+T) channel, which is expected from charge
independence to have the same reduced width as
(Li"+He?), is open by only 400 keV at the 2.2-MeV
resonance, and hence is expected to be much inhibited.
A calculation for the transition to the 4.77-MeV state
at the 2.2-MeV resonance gives a lower limit of I', =38
eV for the highest possible spin, 3. The single-particle
Weisskopf estimates! for this transition are 1000 eV
(250 eV with the center-of-mass corrections) for El,
100 eV for M1, and 1 eV for E2. From the experimental
spread for gamma widths in light nuclei, one would
expect 1! an average width to be 50 eV for E1, 10 eV for
M1, and 10 eV for E2. Lower limits for (274-1)T, for
all resonant transitions, calculated in the same way, are

1 D, H. Wilkinson, in Nuclear Speciroscopy, edited by F. Ajzen-
berg-Selove (Academic Press Inc., New York, 1960), Vol. B,
852

EI Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1
(1959). '

13T,, Meyer-Schiitzmeister and S. S. Hanna, Phys. Rev. 108,
1506 (1957). '
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TasLE IT. Radiative strengths and He? single-particle widths
estimated for observed resonances in Li?(He?,y).

Lower limitb of 2J41)T,
(eV) for transitions to
states in B10 at

Eres (lab) Ty (He?)*=2P1(v)w

MeV) = =0 I=1 I=2 0 0.717 3.59 4.77
1.1 130 25 1 35 .- ..o 140
1.4 400 100 2 -+ 100 100  ---
2.2 1500 600 50 8 .-+ .-+ 200

2 (y)w =(3/2)%#*/pR?, R=4.TF.
b Assuming isotropy and I'me® =T'tot.

shown in Table IT. None of these values are sufficiently
outside the known spread in dipole or electric quad-
rupole widths! to rule out any of the spin assignments
of Table I. For any of the possible spin and parity
assignments, however, these radiative widths are quite
large, particularly those to the state at 4.77 MeV.
Another plausible choice for upper limits on Ty is
obtained from the reduced single-particle limit (y?)ne:w
=2 (#2/uR?). The use of these values for s-, p- and
d-wave capture yields lower limits for I', that are
generally larger than the one quoted above, especially
in the case of d-wave capture, but not by so much as to
exclude any of the spin assignments listed in Table I.

VI. CONCLUSION

The specific reaction studied here demonstrates that
He?® nuclei can be captured with a sizeable cross section
in light nuclei. Although the larger part of the cross
section appears to result from resonance capture, it
would be interesting to find out how much direct
capture could also contribute to the radiative transition
strengths. However, this cannot be calculated without
detailed knowledge of the nuclear wave functions. A
simple model such as the one put forward by Christy
and Duck considering only the outer (Coulomb)
region of the interaction is not applicable to the present
case for the following reason: The main contribution to
the matrix element for extranuclear capture is esti-
mated, using Christy and Duck’s formula, to originate
at a radius of about 1.5 F. This is well inside the nuclear
interaction radius of about 4.7 F. The same situation
is expected to hold for most high-energy v rays
originating in radiative capture of He® or deuterons
by light nuclei.

The structure observed in the capture cross section
apparently corresponds to states in BY at excitation
energies in the 19-MeV region. The only indication
hitherto of such resonances was at Eges=2.1 MeV in
the reaction®® Li7(He*ao)Li®. This reaction will be
examined in some detail in the paper immediately
following.¢ The resonance structure in radiative capture

4 R. F. Christy and I. Duck, Nucl. Phys. 24, 89 (1961).

15 B, A. Wolicki and A. R. Knudson, Bull. Am. Phys. Soc. 6, 415
(1961) ; E. A. Wolicki (private communication).

16 P, Paul, S. L. Blatt, and D. Kohler, following paper, Phys.
Rev. 137, B499 (1965).

PAUL, BLATT,

AND KOHLER

is much more pronounced than in the a-particle decay.
It might well be generally the case that direct processes
are, for the case of multinucleon projectiles, less pro-
nounced in radiative capture than in reactions produc-
ing outgoing particles.

The peak cross sections in conjunction with the
resonance widths obtained in this experiment, indicate
that electromagnetic transitions from the observed
resonances to low-lying states in BY are strong. Even
the lower limits for radiative widths, calculated assum-
ing the largest possible He® widths, are near the average
values found experimentally for dipole transitions, and
are large compared to average E2 strengths. The radia-
tive widths are thus not expected to be larger than
these lower limits by more than an order of magnitude.
Therefore the He? widths cannot be expected to be more
than an order of magnitude smaller than the values used,
which themselves are comparable to, and in most cases
even larger than the Wigner single-particle limits.
Consequently the (Li’+-He?) initial state must have
good overlap with the states which produce these
resonances in B The extreme case would be complete
clustering of the observed states into Li’4He?. One
can then calculate a “single-particle” electromagnetic
transition strength, where the radiating particle is now
the He® cluster. In the present case the electric dipole
widths so calculated, with the inclusion of c.m. effects,
are identical to the values given above for the analogous
electric dipole proton single-particle widths.

It is interesting that the strongest observed transi-
tions go to the 4.77-MeV state. This state does not fit
well into presently published intermediate coupling
shell model calculations,}” and also shows unusual be-
havior in its decay modes, being strongly connected by
E2 to the first excited state®® but going with an intensity
of less than 109, to the ground state. This is not in
contradiction to the results of the present experiment,
which shows a parallel energy behavior of the transitions
to the 4.77 MeV and ground states; if the transitions
observed here are of E1 character, they are sensitive to
the wave functions in a different way than the E2 or M1
decay modes between the 4.77-MeV state and the lower
levels.

The present experiment shows that radiative capture
of He?, even at low bomdarding energies, can serve as
a tool for study of highly excited states in light nuclei.
Such results could become more useful when further
data on radiative capture of other particles, e.g.,
protons, in the same region of excitation energy
become available.
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