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A thick-target method has been used to measure absolute differential cross sections for the
reactions 0'6(d, ri)F~~ and O~e(d, n) F~~ (0.500 MeV) from 2.0 to 4.2 MeV. Excitation functions
mere taken at 20' intervals from 0-160' in the lab system. Satisfactory fits to the angular
distributions required Legendre polynomials of order 6 or higher. The c.m. Legendre coef-
ficients Ao and A.

&
are presented as a function of lab deuteron energy for the ground-state da-

ta. The total cross sections for production of ground-state and first-excited-state neutrons
are also given as a function of energy.

I. INTRODUCTION

Previous work at the University of Oregon has
shown that it is possible to transform the continu-
ous neutron spectrum produced by charged-particle
bombardment of a thick target into a yield curve. "
This method has been used to study the 0"(d,n) F"
reaction at bombarding energies up to 4, 2 MeV.
Reactions induced by low-energy deuterons usually
show evidence of both compound-nucleus (CN) and
direct-reaction (DR) contributions. The angular
distributions resemble stripping curves and are in-
dicative of DR effects, while the yield curves gen-
erally show structure indicative of significant CN
contributions. Thick-tar get methods'2 provide an
efficient means of studying such reactions, since
it is possible to map out the yield surface of the
reaction in only a few days of accelerator running
time. Oxygen is a frequent target contaminant, and

Rn RddltlonRl incentive to this work is that RccurRte
cross-section data on the 0"(d, n) F" reaction may
be of use in the analysis of data from other (d, n)
reactions.

The 0"(d, n) F" reaction has been studied pre-
viously by several authors. In 1955, Marion,
Brugger, and Bonner, ' using "long counter" and
"counter ratio" methods, measured the ground-
state and first-excited-state thresholds as 1.830
and 2.393 .MeV, establishing the energy of the F"
first excited state to be 0.499& 0.003 MeV. Their
zero-degree yield curve taken with relatively low

angular resolution showed evidence for 10 peaks
in the 9.5-11.0-MeV excitation region of the F"
compound system. Only peaks below 2.393-MeV'
bombarding energy could be definitely assigned to
structure in the yield of neutrons to the F" ground
state.

The positions of a number of peaks in the ground-
state and ground plus first-excited-state neutron
data agreed with the proton data of Van Patter et
al.4 on the mirror 0"(d, p)O" reaction. The (d,p)
reaction was also studied by Stratton ef; al. ,

s who

measured a number of angular distributions, and

ground- state and first- excited- state yield curves
at 53', the experimentally determined position of
the ground-state stripping peak. Analysis of the
data led to an l = 2 momentum transfer, in agree-
ment with the measured ~ spin and the shell-mod-
el's 1d,I2 picture of the 0" ground state. ' The
strong forward peaking of the first-excited-state
proton group was taken to imply an l = 0 transfer,
in agreement with the shell-model's 28,~, predic-
tion for this state. '

Yaramis has studied the 0"(d, n) F" reaction at
5.02 Me V.' Absolute ground-state and first-ex-
cited-state cross sections were measured using a
gas recoil counter and CO, gas targets. Dimen-
sionless reduced widths (e's) were found to be
0.025 (O.O-MeV level) and 0.15 (0.500-MeV level).
The analysis of the first-excited-state data was
hampered by the fact that it is bound against pro-
ton decay by only 96 keV.

Dietzsch et aE.' have studied deuteron-induced
reactions on 0" from 2.0-3.5 MeV, and have
measured absolute differential cross sections for
the elastic scattering, the ground-state and first-
excited-state neutrons and protons, and the ground-
state e particles. The data were analyzed using
the optical-model, Hauser-Feshbach theory, and
the distorted-wave Born approximation. Spectro-
scopic factors were obtained from fitting energy-
averaged experimental data.

II. METHOD AND Equal MSNT

The thick-target met:hod uses targets made of
materials with low atomic number, which are
thick compared with the range of the incident
charged-particle beam in the target material, but
thin compared with the mean free path of the pro-
duct neutrons. A beam of charged particles inci-
dent on such a target loses energy mainly by ioniz-
ing the target material. Nuclear reactions re-
moved approximately 1 deuteron in 104 from the
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incident beam, so that nearly all of the beam par-
ticles undergo the complete stopping process. The
beam deviates very little from 0' as it slows down

ln the target, (For deuterons slowing down from
4.2-2.0 MeV, calculations based on Fermi's for-
mula give e, , &3 ).'

Nuclear reactions are thus induced by a beam of
particles having a continuum of energies, and the
resulting neutron time-of-flight (T-0- F) spectrum
is likewise continuous. If the first excited state
of the residual nucleus is at a high enough excita-
tion energy ( 0.5 MeV}, it is possible to separate
the ground-state pox'tion of the dRtR Rnd trRnsfol m
it into a yield curve. In the case of the 0"(d, n) F"
reaction, the Q values and the low-lying structure
of F'7 are such that it is possible to get both
ground-state and first-excited-state yield curves.

FigUre 1 shows some sample neutron data- the
y-ray peaks are off scale at 3.3 nsec/m. The high-
energy edge at the right of the 2.8-MeV data corre-
sponds to ground-state neutrons produced by 0'6-
(d, n)F" reactions at the surface of the target. Neu-
tx'ons below this edge were produced by deuterons
which slowed down in the target befox e reacting,
The edge at I/u = 110 nsec/m is due to the onset of
first-excited-state neutrons. Below this edge the
dRtR arise fx'001 both ground-stRte Rnd fix'st-excited-
state neutrons. The 0.5-MeV-wide region between
the two edges may be referred to as a window. Da-
ta in this region are due entirely to ground-state
neutrons. As the bombarding energy is increased,
the window moves to higher neutron energies.
Meally a complete ground-state neutron spectrum
could be obtained from the window portions of a
series of runs spaced 0.500 MeV apart. The bom-
barding energy was actually changed in 0.200-MeV
steps to allow for the resolution width, which is in-
evitably folded into the kinematic edges.

The deuteron beaxn was obtained from the Univer-
sity of Oregon's 4-MeV Van de Graaff accelerator.
This machine is equipped with a terminal guiser
and klystron buncher built by ORTEC, Inc. A count-
down circuit in the terminal eH.minates the retrace
and allows the pulse spacing to be varied by fac-
tors of 2 from 0.5 to 16psec. The machine can de-
liver 1.5-nsec, full width at half maximum (FWHM),
pulses on target at time-average currents of 1-10
p.A.

A 1-mm-thick (liquid) water sample was used as
the target. The water was held in a cell separated
from the vacuum system by a 1.12- p nickel foil.
The water was circulated to remove beam heat and
bubbles caused by radiolysis. The cell was insulat-
ed from ground so that the target curx ent could be
1ntegx'Rted. PlovlsioQ wRS Rlso mRde to con'tlnuous-
ly monitor the target pulse on a sampling oscillo-
scope. The performance of the liquid-target sys-
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I'IG. 1. Time-of-Qight spectra showing the behavior
of the kinematic edges. Only the ground-state edge ap-
pears in the 2.6-MeV data. Both ground- and first-exci-
ted-state edges appear in the higher-energy runs.

tern was checked by taking C"(d, n)N" thick-target
data from the (d, n) reaction on benzene. The spec-
tra obtained at 0' agreed within statistics (3 jp)

with the data from graphite targets after correc-
tions were made for the molecular stopping cross
section of benzene.

NeUtx'ons wex'e detected 1Q R 6.3-cm-dlRIH +1.2-
cm-thick Naton scintillator optically coupled to a
XP-1040 phototube. Signals from the fourteenth
dynode and the anode triggered a low-walk timing
discriminator. ~ A linear signal was obtained from
the tenth dynode. This signal was connected to an
ORTEC time-pick-off (TPO} discriminator which
determined the detector bias. Outputs from the
TPO and the timing discriminator, suitably de-
layed, were fed into a coincidence circuit which
provided start pulses for an ORTEC time-to-ampli-
tude converter (TAC). The TAC channel width and

linearity were measured using a method described
by Batcher. ' Stop pulses for the TAC were ob-
tained from a ferx'ite core, concentric with the
beam axis, 35 cm from the target. The TAC was
used on its 500-nsec full-scale range. The output
of the TAC wRS digitizedq stol ed QQllne in R PDP-7
computer, and written on magnetic tape at the end
of each run for off-line analysis.
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III. DATA ACQUISITION

Data were taken at 20' intervals from 0 to 160'.
At each angle, runs were made consecutively from
2 6 to 4, 2 MeV ln 200-keV lncx'enlents. Each 1 un
took about one-half hour during which 328 p, C of
charge, corrected for analyzer losses, were col-
lected. Beam currents were limited to 0.5 p, A to
prolong foil life. The flight path was 3 m. Another
series of runs was made with a 2-m flight path to
measure the low-energy ground-state neutron yield
with a better signal-to-background ratio. For these
data, the machine energy was kept at 2.5 MeV and
one run was taken at each angle from 0-160'.

Two different methods were used to correct for
background. (1) For the 2.5-MeV run a 7.5-cm-
diam by 54-cm-long brass bar was used to shadow
the detector and obtain a background spectrum,
which was subtracted from the foreground taken in
another run. (2) For the 2.6-4.2-MeV runs, 1.02-
m-diam by 44-cm-high cylindrical wRtex' tRnks
were centered above and below the target. The
10.5-cm gap between the tanks was filled with par-
affin wedges. The wedge at the detector angle con-
tained a collimator built according to the directions
of Langsdorf. " This shield practically eliminated
background and allowed data, to be taken in one run.
Tests indicated that both methods of background
correction gave equivalent results. The water
shield was used for the high-energy data (2.6-4.2

MeV), and the shadow bar was used for the 2.5-
MeV runs purely as a matter of convenience.

IV. DATA REDUCTION
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FIG. 2. Excitation functions for the 0~6(d, n)F'7(ground-
state) reaction. The arrows indicate the energies at
which the data from successive runs frere joined.

Data reduction was done off line on the POP-7
coIQputex'. First the window pol tlons of the 2 6-
4.2-MeV data were joined to produce a complete
ground-state T-0-F spectrum. Once the complete
ground-state T-0-F spectrum w'as obtained, the
data below the first-excited-state kinematic edge
of the 4.2-MeV run could be processed. The
ground-state contribution was eliminated from the
4.2-MeV run by a subtraction procedure leaving a
complete first-excited-state T-0- F spectrum.

Both T-0-F spectra were then transformed to
yield curves using a histogram procedure in which
a Fortran program was used to evaluate the follow-
ing expression

lp—

80'

I Q

N(t, 0)dt 1 dE~
N, dE, dQe(E„) n dx '

where dt and dA are the spectrometer channel
width and detector solid angle. The quantity N„ is
the number of deuterons incident on the target, &

is the detector efficiency, and (1/n)(dE~/dp:) is the
molecular stopping cross section of the target.

The detector efficiency was expressed as a first-
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FIG. 3. Excitation functions for the 0'6(d, n) F' (ground-
state) reaction.
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order calculated efficiency multiplied by an experi-
mentally determined correction function

e(E, ) = eo(E, ) 'f(E, ).
The efficiency e,(E„)was calculated from the ex-
pression

I
J J J J

I
J J J J
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I
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~0- 40
20—

10-

e,(E„)=(1—e "")(1 B/E-„),

where l is the scintillator length, s is the number
of hydrogen atoms per cm', o is the n-P total
cross section, and B is the detector bias. The
n-P total cross section was calculated using Gam-
mel's semiempirical formula. '2 The constants in
the correction function,

f(E„)=0.968+(0.057)E„,

~ 200-

-75

0

were determined from thick-target studies of the
Li'(P, n)Be' and the D(d, n)He' reactions. Spectra
have been presented elsewhere which give an indi-
cation of the accuracy of the calibration proce-
dure "

The molecular stopping cross sections were ob-
tained by Bragg's rule, e.g. , for water:
= 2e H+ Ep ~ Published data indicate that Bragg's
rule is applicable for deuterons above 300 keV, "
so that its use in the 2-4-MeV range seems justi-
fied. The atomic cross section for hydrogen and
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FIG. 5. Excitation functions for the 0 6(d, n) F ~ (0.5-MeV
state) reaction.
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FIG. 4. Excitation functions for the O~ (o, n) F~ (ground-
state) reaction.

FIG. 6. Excitation functions for the 0'6(d, n) F~+ (O.Q-MeV

state) reaction,
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l5-
160

oxygen were obtained from the Bethe-Block" for-
mula using IH= 15.5 and lo= 104.2 eV. The calcu-
lated stopping cross sections agree with the 1.7%
measurements of Reynolds et al. ' in the range of
energies covered by the experimental data, E„
~1.2 MeV.
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FIG. 7. Excitation functions for the 0~6(d, e) F~ I(6.5-MeV
state) reaction.

V. RESULTS AND DISCUSSION

The ground-state and first-excited-state differ-
ential cross sections are shown in Figs. 2-7. The
arrows show the points at which the runs were
matched and the resolution of the spectrometer is
indicated by the FTHM of the triangles. The trans-
formations were done at 10 keV per channel,
which seems appropriate in view of the broadness
of excitation-function structure at the lower ener-
gies, and the resolution width at the higher ener-
gies.

The statisticaI" accuracy of the yield curves is
determined by the number of counts per channel in
the T-0-F spectrum. The error due to counting
statistics is 2Q for all data above 2.3-MeV bom-
barding energy. The transformation program was
checked for systematic errors by successively
applying the transformation program and its in-
verse to a set of data. Since the two programs em-
ploy quite different calculational methods, the fact
that the T-0-F spectrum could be recovered pro-
vided reasonable assurance that the programs
were executing properly.
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ential cross section for the
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The detector angles could be set to +0.5' and
introduced a negligible error into the cross-sec-
tion measurements. The error in the absolute cali-
bration of the integrator was 5~/0 and the error due
to drift ~1%. After the angular distribution was
obtained the first run was repeated, and the two
sets of data agreed within statistics.

The major uncertainties in the results are due
to neutron scattering in the water target, and to
the efficiency calibration of the detector. No cor-
rections were made for scattering, but estimates
of the outscattering indicate that it may be as high
as 28% at 80 and 100' and -10% at all other angles.
The detector efficiency is believed accurate to 10%
for all data corresponding to neutron energies
above 500 keV. The resulting uncertainties in the
measured cross sections are 25% for the 80 and
100 data and 15% for all other angles. The cross
sections agree with results of Dietzsch et al. ' in
the region of common bombarding energies.

There is a tendency for some of the peaks in the
excitation function (e.g. , the 0' ground-state peak

at 8.2 Me V) to appear at lower energies at the
backward angles. This is probably due to interfer-
ence effects. If interference effects are important,
peaks may be expected to show shifts with angle
approximately equal to their widths, so that a peak
in the yield curve at any one angle probably indi-
cates that there are one or more F" levels in the
vicinity of the peak.

The ground-state data were fitted by Legendre
polynomials using a least-squares procedure. Sat-
isfactory fits to the data required polynomials up
to order 6, inclusive. The coefficients A, and A,
are shown in Fig. 8. The values for the total cross
section obtained from 4&A, are in good agreement
with those obtained by integrating the experimental
data over angle. The first-excited-state data were
strongly peaked forward, and could not be satis-
factorily fit by Legendre polynomials. For this
reason the first-excited-state data were simply
integrated over angle and the results are shown in

Fig. 9.
Both the ground-state and first-excited-state to-

tal cross sections exhibit relatively little struc-
ture and show a rather strong resemblance to the

80 and 100' differential cross sections. They show

relatively little resemblance to the forward and

more highly structured backward-angle data, and

very little resemblance to each other. These re-
sults are in qualitative harmony with the statisti-
cal picture of Dietzsch et al. ' for F"at these ex-
citation energies.
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A- He Scattering at Low Energy
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The elastic scattering of the A particle by He has been studied in the 0.1- to 10.0-MeV ener-
gy range. The calculation was performed using baryon-baryon interactions composed of cen-
tral potentials previously employed in binding-energy calculations of &He and a derivative
spin-orbit A- He potential. Phase shifts, total cross sections, angular distributions, and
polarizations were computed as functions of energy for l = 0, 1, and 2. The results are sen-
sitive to the potential parameters, implying that even simple measurements would yield inter-
esting information.

I. INTRODUCTION

The importance of n-4He and p-4He scattering' to
increasing our understanding of the nucleon-nucle-
on and the nucleon-nucleus systems leads one to
suspect that a similar importance will eventually
be attached to the scattering of A's from 4He. At

present there are no data available in the litera-
ture for such a reaction. We wish to examine the
elastic scattering process with the view of indi-
cating what might be expected experimentally. We

hope that this type of study will help motivate such
measurements. As will be discussed in Sec. V,
even crude measurements would appear valuable.

As is the case in the n-4He scattering system,
we expeCt the A-4He scattering to be particularly
sensitive to any spin-orbit interaction. However,
in the absence of a spin-orbit force and at energies
below the breakup or excitation of 4He, the scatter-
ing system is governed by the same potential that
appears in the bound-state calculation of the hyper-
nucleus AHe. Having recently examined the bound

.s-shell hypernuclei in the Hartree-Pock approxi-
mation, ' we have available an effective s-wave A-N
interaction which reproduces the experimental
binding energy of )He. (The potential is slightly
weaker than would be deduced from the free A-N
low-energy scattering parameters, an effect which
is attributed to suppression' due to coupling to the
Z channel. ) Moreover, our effective potential is al-
most of sufficient strength to bind the A in an l = 1

orbital, where / is taken here with respect to the
c.m. To the extent that the model is realistic, this
limits the strength of any spin-orbit potential to
values such that the lower-energy member of the
(j =

&, j =-', }doublet does not form an unobserved
excited (bound) state of )He.

Therefore, we have calculated the total cross
section, differential cross section, and polariza-
tion as a function of energy for the A-4He scatter-
ing using the potentials of Ref. 2. Because we are
interested in the energy range below the inelastic
scattering threshold, we have limited the calcula-
tion to energies below 10 MeV and thus have in-
cluded only the l =0, 1, and 2 partial waves. In ad-
dition to the central potential fitted to the bound
state, we have added a derivative spin-orbit poten-
tial4 and explored its consequences for the l = 1
phase shifts. We find that there is a large low-
energy cross section (comparable to that in the
n-'He system) and that, as expected, the calcu-
lated observables are sensitive to the strength of
the spin-orbit interaction. A similar calculation
was recently performed by Alexander, Gal, and
Gersten' using phenomenological Gaussian poten-
tials to represent the central and spin-orbit A- He
interaction, in contrast to our use of A-n potentials
with soft cores. While the qualitative behavior of
our results is similar to theirs, the quantitative
results are rather different.

In Sec. II, we discuss the Hartree-Fock equa-
tions for the bound systems 4He and ~5He, which


