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(n,p) and (n,d) Reactions at 152 MeV*
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The (n,p) reaction on the nuclei Li, 7Li, °Be, 12C, 27Al, ©Ca, and 5V has been studied at 152 MeV. The
ground-state transition is clearly detected for SLi, but is not resolved for the other nuclei. In all nuclei, a
strong excitation with a Q value of about —25 MeV is reported. This is interpreted as an excitation of giant
collective multipole resonances. In the lightest elements there is also strong evidence for quasielastic scat-
tering for angles around 20°. Comparisons are made with the medium-energy (p,#) and (p,p’) reactions.
Some results are also reported for the (n,d) reaction on °Li, "Li, and *C.
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I. INTRODUCTION

ANY proton-induced reactions have been investi-
gated in the intermediate energy region because
of the availability of intense monochromatic proton
beams. Reactions of this nature include (p,p"), (p,n),
(p,d), and (p,2p). These have given us much valuable
information on nuclear structure as well as providing
sufficient data so that the reaction mechanisms are
quite well understood.

The complementary neutron-induced reactions have
not previously been studied in detail because the
neutron beams which have been available have had poor
energy resolution,! e.g., a full width of 40 MeV at a
peak energy of 140 MeV. The recent completion of the
Harvard monokinetic neutron beam? has enabled us to
undertake an investigation of some (n#,p) and (n,d)
reactions. A preliminary report of the (#,d) work has
already been published.®? The energy spectrum of the
neutron beam is still quite broad (6 MeV); thus we
can not detect individual energy levels in these reactions
although shell structure is quite clearly observed. The
beam intensity (4X10* neutrons per sec) is an order of
magnitude smaller than the earlier poor-resolution
beams. Because of this low intensity, we have been
forced to conduct a survey rather than an exhaustive
investigation.

At low energies the (n,p) reaction has been studied
in good resolution in counter experiments up to 22
MeV,* while other investigations have been made using
the techniques of nuclear chemistry®; a comprehensive
review of low-energy experiments is given by Cindro.®
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At higher energies the poor resolution of the neutron
beams has permitted only the most cursory investiga-
tions at 90 7 and 300 MeV.® However, from the results
of proton-induced reactions such as (p,n) and (p,p’),
one is able to outline three expected features of (u,p)
reactions: Firstly, one expects a weak excitation of the
ground state of the resulting nucleus; secondly, there
should be clear excitation in the resulting nucleus of the
isobaric analog states of the giant multipole resonance
of the target nucleus; thirdly, one expects to see features
of quasielastic scattering. All these effects have been
detected in the present work.

For the (n,d) reaction, a similar situation holds. At
low energies the reaction has been well studied,91
but extrapolation of the results to higher energies is not
very useful; on the other hand, at the higher energies
the data are few and limited by the energy spread of the
neutron beams.”8 However, one can make comparisons
with the excellent (p,d) results available.

II. EXPERIMENTAL METHOD

The elements studied were chosen to cover a fair
range of atomic weight. It soon became clear that more
information could be obtained with light elements, and
so we concentrated on these. Each target was weighed
and its thickness determined. The targets were all
approximately 0.6 g/cm? thick, i.e., 3 MeV thick for
140-MeV protons and 5 MeV thick for 140-MeV
deuterons. The ®Li target was in the form of the metal
and was enriched to 96%,. It was kept under mineral
oil which had been purified by placing it in a vacuum for
an hour. Before use, the target was wiped dry and a thin
layer of plastic was sprayed on it. In this way we were
able to keep it several hours in air without serious
deterioration of the surface. For "Li we also used an

7J. Hadley and H. York, Phys. Rev. 80, 345 (1950).
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G. R. Satchler, Phys. Rev. 139, B331 (1965).

10 B, Saeki, Nucl. Phys. 73, 631 (1965).
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Fic. 1. Simplified flow diagram of the logic circuits used.

enriched target (999, "Li) and it was similarly treated.
The natural calcium target (979, “Ca) was kept under
kerosene and was sprayed with plastic before use. For
the other targets (°Be, 2C, ?7Al, and V) no special
precautions were necessary. A polyethylene target was
used for calibration purposes.

For particle detection we used a combination of a
three-counter plastic scintillator telescope and a sodium
iodide crystal. A coincidence in the telescope signaled
the passage of a charged particle. This particle was
identified as a deuteron or proton from a knowledge of
its rate of energy loss (dE/dx) in counter C (see below)
and the energy (E) it deposited as it stopped in the
sodium iodide crystal. The energy of this partidle was
then stored in the appropriate half of the memory of
a pulse-height analyzer (PHA). Figure 1 gives a
simplified diagram of the logic circuits used.

The scintillators were made from Pilot B plastic.!t
The counter dimensions were: counter A, 15X19X0.08
cm; counter B, 10X6.5X0.16 cm; counter C, 10X6.5
X0.16 cm; counter D, 5X2.5X0.16 cm. The sodium
iodide crystal® was 7.5 cm in diam and 7.5 cm long.
Counter A was placed before the target and was used in
anticoincidence. This eliminated any charged particles
in the beam from being counted, an extremely important
consideration at small angles. The other counters were
placed on a movable scattering arm. Counter D was the
defining counter and was located 80 cm from the target.
The beam size at the target was 6X3 cm. Thus the
angular resolution of the system was £3° at 0° but
improved to £=2° at larger angles.

Counter C provided the dE/dx pulse as well as being
included in the fast-coincidence requirement. The
scintillator was chosen, from several available, for its
pulse-height resolution, which was 229, full width at
half-height (FWHH) for 160-MeV protons passing
through its thickness of 0.16 cm. This resolution is
limited by the Landau effect. The phototube (an
EMI 6097) was chosen because it combined the qualities
of good resolution, stability, and high gain, with a
reasonably fast response. For the other plastic counters,

11 Manufactured by Pilot Chemicals Inc., Watertown, Massa-
chusetts.

12 Manufactured by Harshaw Chemical Company, Cleveland,
Ohio.
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faster phototubes (RCA 7850) were used. For the
sodium iodide crystal we used an RCA 8054 phototube
because of its good resolution and stability; 29, resolu-
tion for 160-MeV protons was achieved.

For the particle identification, a simple multiplier
circuit®® was used. The product (dE/dx)E is approxi-
mately constant over the energy region of interest. For
protons between 100 and 140 MeV, the product varies
from 6.5 to 7.2 (arbitrary units) while for deuterons
between 100 and 140 MeV it varies from 11.1 to 11.9
(in the same units). The pulses from the sodium iodide
were amplified and used as one input for the multiplier.
The pulses from the plastic dE/dx counter were
stertched, amplified, and then passed into a precision
attenuator. The attenuator was normally set for a
pulse-height reduction of a factor 1.7. This meant that
when we were calibrating the system in the proton beam,
we could simulate deuterons by switching out this
attenuation. From the attenuator the dE/dx pulses
went to the multiplying circuit. The output of this
circuit was sent to two single-channel analyzers (model
RIDL 33-10B) which were set so that one responded to
deuterons, the other to protons. The outputs of these
single-channel analyzers were used as routing pulses for
the PHA (model RIDL 34-12B), and fast coincidences
(ABCD) of the plastic telescope were used as gates for
the PHA. The sodium iodide pulse was then analyzed
and stored in the memory.

The neutron beam was not monitored directly.
Instead, we used an ionization chamber to measure the
intensity of the external proton beam before it reached
the deuterium target in which the neutrons were pro-
duced. The proton-beam intensity has been shown to be
proportional to the neutron-beam intensity.? (In earlier
experiments great care had been taken to measure the
flux of only those protons which struck the deuterium
target and thus could produce beam neutrons. This was
done by designing special plates for the ionization
chamber. Unfortunately, these plates tend to deteriorate
because of radiation damage, and as a result the ioniza-
tion current decreases with time. We found that plain
plates in the ionization chamber were sufficiently
accurate for this experiment, and they were not as
susceptible to radiation damage.) We calibrated the
ionization chamber by placing a polyethylene target in
the neutron beam and observing free neutron-proton
scattering. The neutron beam intensity was then
determined from the known #-p cross sections.

When the sodium iodide detector was placed at 0°,
the crystal was in the neutron beam and therefore
registered many pulses from neutron interactions in the
crystal. This had two adverse effects: It reduced the
energy resolution and it caused gain shifts in the photo-
tube. These shifts altered the energy pulse which was

18V, Radeka, Brookhaven National Laboratory Report No.
}(3NL )7448 (unpublished); IEEE Trans. Nucl. Sci. NS-11 1, 302
1964

4 D. F. Measday, Phys. Rev. 142, 584 (1966).
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ZAUn,p) at 1.6°
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Fi1G. 2. Spectra of the (»,p) reaction at 1.6° for the
nuclei ¥Al, 9Ca, and 5V.

used in the multiplier circuit, and therefore changed the
calibration of the output of this circuit. The gain change
in the sodium iodide was, fortunately, slow and not too
large, so that we were able to correct it by recalibrating
every 8 h or so with protons from the external beam of
the synchrocyclotron. The calibrations were made at
several proton energies, so that we were able to check
the linearity of the energy response of the sodium iodide
crystal.

The separation of protons and deuterons was not
perfect. We were limited primarily by the dE/dx
counter. During calibration runs with protons and
pseudodeuterons, we achieved 959, separation but
during the data-taking runs it sometimes deteriorated to
as low as 909,. Runs which were found to be worse than
this were rejected.

II. (n,p) RESULTS

For some of the target nuclei, spectra were taken with
the telescope at only 0° (average scattering angle of
1.6°) because of the length of time needed to obtain
each spectrum. We concentrated on the lightest nuclei
because these showed the most structure. In Table I
we give the Q values'®!6 of the (»,p) reactions which we

15 J. H. E. Mattauch, W. Thiele, and A. H. Wapstra, Nucl.
Phys. 67, 32 (1965).

16 C. Maples, G. W. Goth, and J. Cerny, University of Cali-
fornia Lawrence Radiation Laboratory Report No. UCRL-16964,
1966 (unpublished).
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TasBLE 1. Q values of the (#,p) reactions.

Q value

Reaction MeV)
$Li(n,p)¢He —2.7
"Li(n,p)He —10.0
9Be (n,p)°Li —12.8
2C (n,p)?B —12.6
%A1 (n,)*Mg —1.8
0Ca (n,p)K —0.5
51V (12,$) T —-1.7

studied. Little is known about the nucleus “He, and
therefore in order to calculate the Q value of the reaction
"Li(n,p)"He, we assumed "He to be ®He with an unbound
neutron.

In Fig. 2 we show the spectra of the protons at 1.6°
from (n,p) reactions on 27Al, ©Ca, and 5'V. The results
from aluminum are not very clear, but calcium and
vanadium each show a single peak. These spectra are
similar in character to the results of the (p,n) reaction
at 143 MeV,” in which the energy resolution was
18 MeV.

It is easier to interpret the (u,p) results if we first
summarize the more recent (%) measurements. These
have been made at 18.5,%% 30 and 50, 93.5,%! and
138 MeV.2 At the lower energies, there is a clear
excitation of isobaric analog states, as well as some
excitation of configuration states. The reaction mech-
anism has been discussed by Lane and Soper.? The
isobaric analog states are states in the resulting nucleus
which correspond in configuration and isotopic spin to
the ground state of the target nucleus. For nuclei with
T=%, the isobaric analog state is the ground state of the
resulting nuclei. Configuration states are states which
have a similar configuration to the ground state of the
target nucleus, but the isotopic spin can be different.

For nuclei such as vanadium, which have a neutron
excess of two or more (i.e., T>1), the (p,n) reaction
leads to a nucleus in which the isotopic spin of the
ground state is less than that of the target nucleus. The
isobaric analog state is thus an excited state of the
final nucleus. It acts as a doorway state* to the more
numerous nuclear levels. The Q value of the reaction to

7P, H. Bowen, G. C. Cox, G. B. Huxtable, J. P. Scanlon,
J. J. Thresher, and A. Langsford, Nucl. Phys. 30, 475 (1962).

18 J. D. Anderson, C. Wong, and J. W. McClure, Phys. Rev.
129, 2718 (1963).

19 J. D. Anderson, C. Wong, J. W. McClure, and B. D. Walker,
Phys. Rev. 136, B118 (1964).

% C. J. Batty, R. S. Gilmore, and G. H. Stafford, Nucl. Phys.
75, 599 (1966).

2 M. J. M. Saltmarsh, D. Phil. thesis, Oxford University, 1965
(unpublished). )

22 A. Langsford, P. H. Bowen, G. C. Cox, and R. A. J. Riddle,
in Proceedings of the Conference on Direct Interactions, Padua,
1962, edited by E. Clementel and C. Villi (Gordon and Breach
Science Publishers, Inc., New York, 1963), p. 1150. }

% A. M. Lane and ]. M. Soper, Nucl. Phys. 37, 506 (1962).

2 H. Feshbach, A. K. Kerman, and R. H. Lemmer (to be
published).
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TasLE II. Coulomb displacement energies: the Q values
to the isobaric state in (p,n) reactions.

Coulomb displacement

Element energy (MeV)
SLi 1.6
Be 1.9
12C 2.9
ZIAl 5.5
“Ca 7.3
sy 8.0

the isobaric analog state is the Coulomb displacement
energy between the two nuclei. Table II gives the
Coulomb displacement energy for the nuclei we have
used.!6:20 For the (p,%) reactions the Q value is negative;
for the (n,p) reactions the Q value is positive.

For the high-energy (p,n) reactions, the isobaric
analog is still clearly excited. In counter experiments,
the (p,n) reaction leading to the ground state is not
detected for the medium-weight nuclei; the AT=0
transition is much more important. In activation experi-
ments the (p,n) reaction is observed with a cross section
which is quite large even for heavy elements. A difficulty
with such experiments is that one does not know the
spectrum of the energy levels excited in the final
nucleus; all that is certain is that one is detecting the
ground-state transition plus transitions to levels which
have decayed by v-ray emission. These experiments
have recently been discussed by Church.?s We will not
discuss the problems associated with such experiments,
but will concentrate more on the counter experiments.

In addition to the isobaric analog state, the high-
energy (p,m) spectra show a strong peak at about
Q=—25 MeV. This peak is the most important at all
angles except at 0°. Langsford et al?? suggested that
this was the excitation of the isobaric analog states in
the final nucleus of the giant dipole resonance states of
the target nucleus. This assignment is clearly suggested
by the shape and Q value of the peak. It is verified by
comparison with the (p,p’) reaction. In the impulse
approximation the (p,p’) and (p,n) reactions can be
described in similar terms2 and the (p,p’) reaction
excites levels which have large radiative matrix elements
to the ground state. A selection rule depresses electric
dipole radiative transitions with AT=0, but they are
allowed when AT=1. Collective states are excited by
the (p,p’) reaction, and excitation of the giant dipole
resonance, for example, is quite pronounced.?” A general
analysis of inelastic scattering and its interpretation
in terms of the shell model has recently been made by
Satchler.?® Proton inelastic scattering is similar to

2% L. B. Church, Carnegie Institute of Technology, progress
report of the Department of Chemistry No. NY0-2897-17, 1966
(unpublished).

2 A. B. Clegg, High Energy Nuclear Reactions (Clarendon Press,
Oxford, England, 1965), Chap. V.

% H. Tyren and Th. A. J. Maris, Nucl. Phys. 3, 52 (1957); 4,
637 (1957); 6, 82 (1958).

% G. R. Satchler, Nucl. Phys. 77, 481 (1966).
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inelastic electron scattering, where again the giant
dipole resonance is clearly excited.”® However, it has
been shown® that for the 180° electron scattering,
levels at 20-MeV excitation energy, which are not the
giant dipole resonance, become dominant, contrary to
what had been thought previously.® A similar word of
caution is also needed for (p,p’) reactions in which other
levels are also excited.?> Now for (n,p) reactions, there
is no isobaric analog-state transition, because only
AT>1 transitions are allowed. Thus, we expect the
giant dipole resonance transitions to dominate with the
reservation that other levels must be contributing as
well.

Even-even nuclei are particularly interesting, because
one would expect the (n,p) and (p,n) reactions to be
identical. The elements 12C, 160, 283i, and “*Ca have been
studied with the (p,x) reaction?? In 2C there is a
clear excitation of a giant resonance; for the other
elements the spectra do not continue into this region.
In all these elements there are peaks which correspond
to transitions to the ground state or low-lying energy
levels in the resulting nucleus. For *C there is a strong
transition to the ground state of 2N. For the inelastic
scattering of protons on the 15.11-MeV level in C, the
analog state of the N ground state, the angular distri-
bution is peaked forward; for 151-MeV protons the
cross section drops® a factor of 2 between 0° and 9°.
This strong forward peaking is also found in the (p,n)
reaction to the ground state of 2N ; it indicates that the
transition is either O or 1% (i.e., there is no change in
the orbital angular momentum); in this instance it is
a magnetic dipole transition. In %O the situation is
uncertain in the (p,n) reaction. There are four closely
spaced levels in F and the peak found in the (p,n)
reaction may be a transition to any or all of these levels.
For 28Si and %Ca, however, it is clear that the ground-
state transitions are very weak. The (p,#) reaction on
285 excites a level at 2.5 MeV in 2P, and for “Ca it
excites a level at 1.4 MeV in “Sc. In addition to these
strong peaks there are other weaker transitions to
levels of higher excitation.

We can now compare our results of the (n,p) reac-
tion with the results from other reactions. Since a transi-
tion with AT>1 is required for (n,p) reactions, one
would expect the excitation of the giant dipole reso-
nance to be important. One would also expect transi-
tions to the ground state or low-lying levels of the
resulting nucleus. In the present work we confirm the
dominance of the giant dipole resonance but the exis-
tence of ground-state transitions is not clearly estab-

» Q. Titze, E. Spamer, and A. Goldmann, Phys. Letters 24B,
169 (1967).

3T, de Forest, T. D. Walecka, G. Vanpraet, and W. C. Barber,
Phys. Letters 16, 311 (1965); R. Raphael, H. Uberall and C.
Werntz, Phys. Rev. 152, 899 (1966).
( 3 ].) Goldemberg and W. C. Barber, Phys. Rev. 134, B963
1964).

32 N. Vinh-Mau, Ann. Phys. (Paris) 8, 1 (1963).

# . Do Dang, J. Phys. Radium 22, 633 (1961).
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lished, apart from the special case of 6Li. This lack of
the transitions to the ground state and low-lying levels
could be partly due to poor energy and angular
resolution.

For aluminum the giant dipole resonance is known to
be spread from 18- to 29-MeV excitation energy.335
Similarly, the (p,%) reaction gives a broader spectrum
than for other elements.? Of course, the y-ray transition
and the (p,n) reaction can excite both the T=% and
T=% components of the giant dipole resonance in
aluminum, but the (,p) reaction can excite only the
T=% component. The T=% fraction probably lies in
the higher part of the resonance, since this is found to
be so in other nuclei.?® Our results (Fig. 2) do not have
sufficient resolution to confirm this conjecture. The
transition to the ground state of Mg is not detected;
this could be because the ground state of 27Al has spin
and parity §t, while that of Mg is $*. An electric
quadrupole transition is required and this would not be
very strong at 0°.

For vanadium, the giant dipole resonance is 6 MeV
wide and is peaked at 19-MeV excitation energy.’’
The y-ray transitions can reach 7'=% and % levels; the
(p,m) reaction could also reach T=% states, but these
seem to be suppressed. The (n,p) reaction can reach
only T=17 states. Because of the Coulomb displacement
energy of 8.0 MeV, one would expect the resonance to
appear at Q=-—11 MeV; we detect a broad peak
centered at Q=—13+3 MeV (Fig. 2). The apparent
width of 25 MeV is partially caused by the experimental
resolution, but there must be contributions from levels
other than the giant dipole resonance.

For calcium the inelastic proton scattering experi-
ments®® have concentrated on the lower energy levels.
The (p,n) data show a transition to a 1.4-MeV level in
“Sc and there is a steep rise in the region of the giant
dipole resonance, but the data stop at a Q value of
—24 MeV. Because of our poor energy resolution, we
would not expect to detect a transition equivalent to
that of the 1.4-MeV level in “Sc. The giant dipole
resonance should dominate. This is known to be only
4 MeV broad, centered at 20-MeV excitation energy.3
Because of the Coulomb displacement energy of 7.3
MeV, one would expect to see a peak at a Q value of
—12.7 MeV. We observe a peak at Q=—1043 MeV;
it is narrower and more pronounced than that of V.

In Fig. 3 we present the results for C, for various
angles out to 25°. Even at the smallest angles there is
no clear evidence for a transition to the ground state of

3S. C. Fultz, J. T. Caldwell, B. L. Berman, R. L. Bramblett,
and R. R. Harvey, Phys. Rev. 143, 790 (1966).

35 J. M. Wyckoff, B. Ziegler, H. W. Koch, and R. Uhlig, Phys.
Rev. 137, B576 (1965).

3 S. Hanna, Brookhaven National Laboratory Report No.
BNL 948 (C-48), 1965, p. 763 (unpublished).

37 8. C. Fultz, R. L. Bramblett, J. T. Caldwell, N. E. Hansen,
and C. P. Jupiter, Phys. Rev. 128, 2345 (1962).

3 M. Liu, ]J. C. Jacmart, R. A. Ricci, M. Riou, and C. Ruhla,
Nucl. Phys. 75, 481 (1966).
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F16. 3. Spectra of the reaction 2C(n,p)?B at several angles.

2B (Q value: —12.6 MeV) although there is a definite
broadening in that part of the spectrum. The peak
corresponding to the ground-state transition has
probably merged with the main peak because of the
experimental resolution and the finite angular accept-
ance of the counter telescope. The giant dipole
resonance in 2C is very narrow (2 to 3 MeV wide)
and peaks at 23-MeV excitation energy.?#% The
Coulomb displacement is 2.9 MeV, so that one would
expect a peak in our spectra at 20 MeV. The observed
peak is at Q=—2143 MeV.

In Fig. 4 we give the angular distribution of the
broad peak observed in the (n,p) reaction on 2C. We
define this as the region between a Q value of —13 and
—33 MeV. For comparison we have plotted the
angular distribution calculated by Sanderson® for
the excitation of 1—, T=1 levels in 2C in inelastic
proton scattering. We have corrected for the difference
in beam energy between his calculation and the present
work. The difference of a factor 4 in the cross sections
is due to the fact that we have included more transi-
tions; furthermore, the nucleon-nucleon scattering
amplitudes which come into the calculation are quite
different for #-p and p-p scattering. As can be seen, the
shapes of the angular distributions agree only moderately
well. We were unable to resolve the transition to the
2B ground state and this is peaked forward. This must
contribute to the discrepancy at forward angles. We

3 E. A. Sanderson, Nucl. Phys. 35, 557 (1962).
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conclude that the peak we observe is probably due to
the excitation of 1~ levels; the excitation of levels which
involve a larger change in orbital angular momentum
would produce an angular distribution peaking at an
angle of 20° or more. Excitation of 2~ levels, however,
cannot be excluded. Although not strongly excited in
inelastic proton scattering, they could be more strongly
excited in the (n,p) reaction, because of the different
spin dependence of the nucleon-nucleon scattering
amplitudes.

In Fig. 5 we present the spectra for *Be for various
angles out to 15°; again a giant resonance dominates
the spectrum. From vy-ray experiments one knows that
the giant dipole resonance for °Be is broad, stretching
from 17- to 35-MeV excitation energy and peaking at
22 MeV.3 The Coulomb displacement energy is only
1.9 MeV. However, as in other elements mentioned
above, the v transition and (p,n) reaction can reach
T=3% and T'=}% states, but the (n,p) reaction is re-
stricted to T=% levels. We observe a very broad peak
centered around Q= —30 MeV, which indicates that the

=3 part of the giant dipole resonance is higher in
energy than the 7'=3% component. Although the transi-
tion to the ground state of °Li (Q value: —12.8 MeV)
is not apparent, the spectra at 1.6° and 5.2° show a
broadening of the peak in this region, while the spectra
at 10° and 15° show few counts in this region. The 15°
spectrum also shows a slight shift of the giant resonance
peak to a higher Q value. We can discuss this more easily
with reference to 7Li, where the effect is much more
pronounced.

In Fig. 6 we give some spectra for 7Li, for angles from
5° to 20°. At the smallest angles there is slight evidence
of a broadening around Q=—10 MeV, but the main
feature is a broad peak at Q=—26 MeV. The giant

$ PRESENT RESULTS
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F16. 4. Angular distribution for the transition to the isobaric
analog states of the giant dipole resonance in the reaction
2C (n,)1?B.

%G, Costa, F. Ferrero, S. Ferroni, B. Minetti, C. Molino, and
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F16. 5 Spectra of the reaction ?Be(n,p)°Li at several angles.

dipole resonance in “Li goes from 15 to 30 MeV and
peaks at around 23 MeV.*® Again one would expect the
(n,p) reaction to excite the 7'=3% component of the
resonance, and this would be higher in energy than the

=1 part. At 10°, however, the peak has shifted
slightly to Q=—30 MeV, and at 15° and 20° the shift
continues out to Q= —36 and —45 MeV, respectivily.
This suggests that the ejected protons are coming from
individual neutron-proton collisions in the nucleus, i.e.,
quasielastic scattering. Let us summarize the present
experimental knowledge on this.

At higher energies, quasielastic scattering is well
established. It was observed several years ago at 340
MeV 4 and more recently at 300 & and at 450 MeV.#
In these experiments only one particle was detected
and a prominent peak is observed around about the
energy for free nucleon-nucleon scattering. The energy
of the ejected proton in the laboratory system is given
approximately by

E=[Ey+V]R cos?o—7V, (1a)
where R, the relativistic correction, is given by
R=[1+ (sin®p) Eo/2moc*]™; (1b)

here ¢ is the laboratory angle of the observed proton;
E, is the beam energy; V is the optical-model potential
well, but it can also be considered as representing the

4 J, B. Cladis, W. N. Hess, and B. J. Moyer, Phys. Rev. 87,
425 (1952).

4 J, W. Wachter, W. R. Burrus, and W. A. Gibson, Oak Ridge
National Laboratory Report No. ORNL 3858, 1965 (unpublished).
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binding energy of the struck nucleon. For 182-MeV
protons -the optical-model potential is from 15 to 20
MeV deep.®® From the (p,2p) reaction one obtains the
binding energy, which, for the light and medium weight
nuclei investigated, is also 15 to 20 MeV.#:4

Quasielastic scattering around 150 MeV is well
established for the (p,2p) reaction. When only one
particle is detected, quasielastic scattering can be
swamped by interactions with the whole nucleus,
especially when the recoil energy of one particle is close
to its binding energy. In some experiments quasi-
elastic scattering was not detected,*®4” but in other
apparently more accurate experiments it is clearly
seen.®®% The extensive work of Wall and Roos shows
that for all nuclei quasielastic scattering of 160-MeV
protons is evident even at 20°, where for free nucleon-
nucleon scattering the recoil energy is only 20 MeV. At
30° the quasielastic scattering becomes dominant; the
recoil energy for free nucleon-nucleon scattering is
then 40 MeV.
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Fi16. 6. Spectra of the reaction "Li(n,p)"He at several angles.

(1;362)' R. Satchler and R. M. Haybron, Phys. Letters 11, 313

# G. Tibell, O. Sundberg, and P. U. Renberg, Arkiv Fysik 25,
433 (1963).

4% H. Tyren, S. Kullander, O. Sundberg, R. Ramachandran,
P. Isacsson, and T. Berggren, Nucl. Phys. 79, 321 (1966).

4 L. E. Bailey, University of California Lawrence Radiation
Laboratory Report No. UCRL 3334, 1956 (unpublished).

4TR. W. Peelle, T. A. Love, N. W. Hill, and R. T. Santoro,
Oak Ridge National Laboratory Report No. ORNL 3887, 1966
(unpublished).

48 P, Radvanyi and J. Génin, J. Phys. Radium 22, 615 (1961).

4% N. S. Wall and P. R. Roos, Phys. Rev. 150, 811 (1966).
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F1c. 7. Spectra of the reaction SLi(z,p)®He at several angles.
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Our results on the "Li(n,p)"He reaction show a
resemblance to the quasifree proton results. Un-
fortunately, we have not continued our investigation
out to larger angles, where the process would be un-
encumbered by other effects. At the angles of 15°
and 20°, there must still be a fairly strong final-state
interaction. In addition, there is another problem. We
detect the proton which has been ejected from the
nucleus and so it is certain that at least the Q value has
been lost in the reaction, and even more if the proton
was knocked out of a tightly bound shell. To reproduce
this aspect mathematically one can consider the
following relation for the energy of the ejected proton
(omitting the relativistic correction which is very small
at our energy):

E= (Eo—Eg)cos’s, @

where Ep is the binding energy of the proton. One can
thus calculate that the apparent Q value for the reaction
is

Q= —(E sin?p+Ep cos?e). 3

Using the rather extreme value of a binding energy of
25 MeV, we calculate the following apparent Q values:
—29, —33, and —40 MeV at 10°, 15°, and 20°. For
"Li we find peaks at —30, —36, and —45 MeV. Ex-
pression (1), used by other authors, gives the Q values
—5, —11, and —20 MeV. It seems that the quasi-
elastic peak is lower in energy than would reasonably
be expected. We therefore suggest that the peak in the
"Li spectra is due to an interference between quasi-
elastic scattering and an excitation of giant resonance
states.
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The reaction ®Li(n,p)’He is of great interest because
it is the only nucleus where the ground-state transition
is dominant. We give in Fig. 7 various spectra out to
20°. At 1.6° the ground-state transition is very strong,
but its cross section falls off rapidly with angle (see
Fig. 8). In addition to the statistical errors as shown,
there is an over-all uncertainty in the absolute normal-
ization of 20%. The ground state of °Li has spin and
parity 1t and that of ®He is O*. The (n,p) reaction is
thus a magnetic dipole transition; this is the reason the
curve is so similar to that for inelastic scattering®®
to the 15.11-MeV level in 2C.

The giant dipole resonance in °Li is peaked at 13-MeV
excitation energy and stretches from 8 to 20 MeV.®
The secondary peak in the spectra even at 1.6° is at
Q= —19-3, which is not consistent with its being the
giant dipole resonance. At 10° and 15° the peak has
moved down to Q=—23 MeV, while at 20° it is at
Q=—33 MeV. At all these angles there are many
counts around Q= —13 MeV, but there is never a peak.
The main effect again seems to be quasielastic scatter-
ing. Using relation (2) with a binding energy of 12
MeV (an average of the s and p protons) we find that
the peak should be at —16, —21, and —28 MeV at the
angles 10°, 15°, and 20°. This is in reasonable agree-
ment with the experimental values of —23, —23, and
—33 MeV.

Before completing this section on the (1,p) reaction
we should mention some nuclear chemistry studies of
the (pm) reaction. An early result of Hintz and
Ramsey®2 for the reactions "B (p,n)'C and %S (p,n)*Cl
is interesting because it gives an excellent idea of the
energy dependence of the reaction from 10 to 100
MeV. Other work is reviewed by Grover and Caretto.
At 155 MeV the activation studies of Valentin ef al.%
show the interesting feature that the ground-state
transitions for reactions such as 7Li(p,n)"Be and
UB(pm)'C can be considered as charge-exchange
elastic scattering, while for even nuclei such as “N
the (p,n) reaction requires a nuclear rearrangement.
The former reactions have a cross section of 3.5 mb,

%
'_";‘ %
i‘z F1c. 8. Angular distribution
z 0 for the ground-state transition
28 in the reaction SLi(n,p)%He.
56 The line is drawn by eye and
g ot used to integrate the cross sec-
g 2f tion (see text).
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F1G. 9. Spectra of the (n,d) reaction at 1.6° for the
nuclei 6Li, 7Li, and 12C.

but the latter have a very small cross section of 0.075
mb. The reaction “B(p,#)°C is not so strongly sup-
pressed; it has a cross section of 0.65 mb. These reac-
tions have been interpreted in terms of the impulse
approximation.’ We have integrated our cross section
for the ®Li(n,p) reaction to the ground state of ®He,
extrapolating the experimental results out to 50° using
the line in Fig. 8. We assume the cross section is zero
for angles greater than 50°. This procedure probably
gives the total cross section to within 20%; a further
error comes from the over-all normalization. We obtain
the value 2.24-0.9 mb for the total cross section. This
indicates that the ground-state transition in the reac-
tion ®Li(n,p)°He has a cross section three times that for
the reaction “B(p,%)®C. This confirms our observation
that the reaction ®Li(n,p)He has by far the strongest
ground-state transition.

IV. (n,d) RESULTS

The spectra for the (n,d) reaction taken at 1.6° are
shown in Fig. 9. They agree well with the more precise
data on the (p,d) reaction.’~% The (n,d) and (p,d)
reactions (see Table III) should be identical for the
even-even nuclei °Li and 2C, but the reactions will
differ for 7Li. For ®Li we can distinguish two transi-

8 L. Valentin, Nucl. Phys. 62, 81 (1965).

5 P, F. Cooper and R. Wilson, Nucl. Phys. 15, 373 (1960).

57 D. Bachelier, M. Bernas, C. Détraz, J. Génin, J. Haag, and
P. Radvanyi, in Proceedings of the Conference on Direct Interac-
tions, Padua, 1962, edited by E. Clementel and C. Villi (Gordon
and Breach Science Publishers, Inc., New York, 1963), p. 1141.

58 D, Bachelier, M. Bernas, I. Brissaud, F. Chavy, and P.
Radvanyi, J. Phys. Radium C1, 70 (1966).

5 J. K. P. Lee, S. K. Mark, and R. B. Moore, J. Phys. Radium
Cl1, 55 (1966).
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{ PRESENT RESULTS
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Fic. 10. Angular distribution for the reaction *C(n,d)uB,
normalized to and compared with the reaction 2C(p,d)1C (see
Refs. 56 and 57).

tions. The reaction ®Li(n,d)He has a Q value of —2.4
MeV and a Q value of —3.4 MeV to reach the “ground
state” of ®He, i.e.,, the first resonance in neutron-
helium scattering. The weaker peak is probably the
ground-state transition. The stronger peak is at a
Q value of —17 MeV;i.e., it is a transition to a state in
He at about 14-MeV excitation energy. This is in
reasonable agreement with the 12° spectrum of the
$Li(p,d)’Li reaction.’® This spectrum consists of two
peaks; one is a transition to the ground state of °Li
and the other is just resolved into two levels in °Li
at excitations of 17.1 and 19.3 MeV. Our spectrum for
Li also exhibits two peaks; they have a separation of
11 MeV. The weaker peak is probably a transition to
the ground state of ®He (Q value: —7.7 MeV). The
stronger peak is most probably due to the pickup of a
1s1/2 proton. The "Li(p,d)°Li shows a similar general
character,®® but the transition to the ground state of
®Li is split up and there are transitions to several low-
lying states in SLi. This is due to the fact that there are
several ways the remaining 13,2 neutron and proton can
couple together.®.

Our spectrum for ?C has only one peak. From the
known Q value of the 2C(#,d)"B reaction (—13.8 MeV)
it is clear that the peak is predominantly a transition

TaBLE III. Q values of the (1,d) reactions.

Q value
Reaction MeV)
$Li(n,d)*He —24
Li(n,d) He —-7.8
2C (n,d)"B —13.7
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to the ground state of 'B. The ground-state transition
is also the most important for the 2C(p,d)'C reac-
tion.56:57 In Fig. 10 we show the angular distribution for
the reaction 2C(n,d)'B compared with the angular
distribution of the *C(p,d)"'C reaction. We have had to
normalize our results to the proton results because our
absolute cross sections appear to be low, probably be-
cause of imperfect proton-deuteron separation which
might cause a loss of deuterons into the proton spectra.
One can see that the agreement on the shape for the
(n,d) and (p,d) angular distributions is very good. The
results of Détraz et al.® on the reactions 2C(d,))C
and C(d,*He)"'B at 28.5 MeV show, to higher accuracy,
this same effect, which indicates that neutrons and
protons have the same density distribution in 2C.

V. CONCLUSIONS

Because of the availability of a monokinetic neutron
beam we have been able to study the reactions of
neutrons on several light nuclei. We have been able to
confirm effects detected in (p,n) reactions such as the
excitation of the isobaric analog states of the giant
dipole resonance. We have also found evidence for
quasielastic scattering in the isotopes of lithium, but
it was not detected in other nuclei, probably because
spectra were not taken at large enough angles. The
deuteron results were marred by the rather poor proton-
deuteron separation. This has been rectified and experi-
ments in progress show a considerable improvement in
this respect.

The two handicaps which prevent a more thorough
investigation are the neutron beam intensity and its
energy spread. These parameters are correlated; the
energy spread could be improved but one would have to
pay a heavy price in the beam intensity. However, the
method is intrinsically very good, and the advent of
more intense proton cyclotrons will open up many
further possibilities.
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