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Elastic Scattering of Deuterons by N14 from 700 to 2100 keV*

R. F. SEII.ER,t D. F. HERRING, $ AND K. W. JONEs)

The Ohio State University, Columbus, Ohio

(Received 13 July 1964)

The elastic scattering of deuterons by N' has been investigated over a laboratory energy range from 700
to 2100 keV. Excitation curves were measured for center-of-mass angles of 90.0, 125.3, 140.8, and 166.5 de-
grees. Angular distributions from 20 to 165 deg in the center-of-mass system were taken at 200-keV intervals
over the entire energy range. Attempts to Gt the data with a two-level compound-nucleus scheme were not
successful, while optical-model calculations appeared to give a good 6t over the entire energy range.

1. INTRODUCTION

,

I HE present work was undertaken to provide
detailed information on the elastic scattering of

deuterons by N' in the region below 2 MeV. Measure-
ments have been made previously by several groups'
at higher energies, but there have been no measure-
ments made at energies of a few MeV. The N"-plus-
deuteron binding energy is 20.'7 MeV so that cross-
section measurements made at low energies could give
information on excited states in 0" above this energy.
It is known experimentally from the photodisintegra-
tion reaction, ' 0"(y, m)OIs, and the capture reaction, '
N" (p,y)OIs, that levels with widths of approximately
100 keV are present in this energy region of O". Levels
with widths of 500 keV have been observed in the
N' (d,y)O" reaction at 2.3 MeV. Theoretical calcula-
tions' also predict the presence of narrow levels in this
energy region with both isotopic spin zero and one.
It was thought that an examination of the elastic
scattering of deuterons by N" might give information
on the levels in 0"which would supplement and extend
the information obtained from the other reactions.

A number of experiments have been done which have
measured angular distributions of the reaction products
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in this energy region. ' Attempts have been made to
explain proton and neutron angular distribution data
by either a compound-nucleus reaction mechanism7
or a direct interaction mechanism. ' A knowledge of the
elastic deuteron cross section would clearly be very
useful in attempting to ht the data, regardless of the
assumption made for the reaction mechanism. In
addition, in another experiment at this laboratory, the
polarization of the neutrons from the N" (d,no)O"
reaction has been measured. The information obtained
from the present experiment was of particular use in
attempting to fit the polarization data.

2. EXPERIMENTAL TECHNIQUES

The experimental equipment used for the measure-
ment of the N" (d,d)N" absolute cross sections has been
described in detail in a previous paper. ' In brief, a
magnetically analyzed deuteron beam from The Ohio
State University electrostatic accelerator bombarded a
N'4 gas target contained in a diBerentially pumped gas
scattering chamber. The target length was defined by
two precisely machined slits. The target thickness
ranged from 0.8 to 5.8 keV, depending on the bombard-
ing energy and angle of observation. The scattered
deuterons were detected with a 300-0-cm surface-
barrier detector. Typical pulse-height distributions at
685 and 1940 keV are shown in Fig. 1. As can be seen
from I'ig. 1, at higher energies it was sometimes neces-
sary to subtract a background arising from other re-
action particles in order to obtain the number of
scattered deuterons, The uncertainties in the absolute
cross section from the background subtraction amount
to &6% at most. The error in the relative cross sections
should be substantially less than this. In general, where
the elastic deuterons were well resolved or where the

' See F. Ajzenberg-Selove and T. Lauritsen, Ref. 1 and Enclear
Data Sheets, Ref. 1.
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was found that in order to obtain the dip characteristic
of the data at forward angles, one had to use parameters
which forced the cross section well above the data at
the back angles. Conversely, a choice of parameters
which fit the data at the back angles could not explain
the dip at the forward angles. Since the attempts to
fit the data assuming two levels did not succeed and
because the task of fitting the data assuming three or
more levels appeared too formidable, the attempts to
explain the cross sections using the compound-nucleus
model were abandoned.
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4.2 Optical-Model Calculatioos

Another approach to the fitting of the scattering
data is to apply the optical model. It is observed that
the cross section varies slowly with energy and that
the large number of energetically possible reaction
channels for the (d,n), (d,p),and (d, II) reactions should
make the compound elastic-scattering contribution
small.

Fits to the experimental data were calculated with a
digital computer using the parameter search programs
of Drisko, Bassel, and Satchler. "The program employs
a Gaussian least-squares calculation to seek the optical-
model parameters which give the best fit to the data.
The optical-model potential is of the form

1 (r)
V(r) = V, (r) —Uf(r) iWg(r) U;—— L S—,

r dr

2.I MeV

—0.7
0.6

0 20 40 60 80 IOO l20 l40
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-- 0.4
—0.5

l60 I80 200

FIG. 3. Angular distributions for N'4(d, d)N'4 plotted as the
ratio of the measured cross section to the Rutherford cross section.
The error bars show typical probable errors in the ratio.

"R. F. Seiler, Ph.D. thesis, The Ohio State University, 1963
(unpublished).

The second feature of interest is that the strong
destructive interference seen at 0, .= 166.5' (Fig. 2) is

still present in the 0, =90' data. The destructive
interference at 90' can be explained only by the presence
of an even parity level. However, an even-parity level
(either l= 0 or 1=2) would give constructive interference
at 0, = 166.5'. For this reason, a single level of even

parity cannot 6t the data.
Several attempts, which have been discussed in

detail elsewhere, "were made to explain the data assum-

ing two levels. Here we summarize the salient points of
the discussion given in Ref. 11.The general shape of the
angular distributions shown in Fig. 3 can be explained
only if one of the assumed levels is of even parity and
the other odd. However, it is not possible to obtain
anything but a very poor fit assuming two levels. It

where V, (r) is the Coulomb potential, U and W are the
strengths of the real and imaginary potentials, f(r)
and g(r) are form factors, and U, is the strength of the
vector spin-orbit potential. The present calculations
employed a Woods-Saxon form factor for the real
potential and several different options for the imaginary
form factor. The following options were used:

r—E
g(r) =f(r) = 1+exp — with U, =O, (option 1),

(r R-—' — d- r—Eg
f(r) = I+exp~ — —

g (r) = 1+exp-
&a dr @w

with U, =O, (option 2)

r Rq- —'—
g(r) =f(r) = 1+exp

a i
with U, =0. (option 3)

For all three cases the nuclear radius was assumed to be
given by E.= roA'~'. Coulomb effects were assumed to be
accounted for by a sphere with uniform charge density
and a radius given by E,= r,A'~3.

For the first calculations, form factors given in

"R. M. Drisko, R. H. IIassel, and G. R. Satcbler (unpubiisbed).
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option 1 were used. The initial parameters chosen were
U= 50 MeV, 8'= 6 MeV, ro= r,= 1.3 F, and a =0.65 Fe
Fits to the data were not approached until U had de-
creased to the order of 20 MeV and ro had increased to
nearly 2 F. It was found that the best 6ts could be
obtained with an average value of ro ——1.95 F. Fixing ro

and r, at this value, searches were conducted on the
other parameters, and, as a last step, the radii were
allowed to vary. It was found that the final searches over
the radii did not appreciably change the fits obtained
for axed radii and, further, that the radii themselves
did not change appreciably from the fixed value unless
the change was accompanied by a corresponding change
in the potential strengths. This radius-strength
ambiguity seemed to be characteristic of nearly all the
calculations attempted at any particular energy, but
the only set of parameters which gave a reasonably good
fit over all energies included values of the radii near
1.95 F and values of U and W near 19.7 and 4.59 MeV,
respectively. A comparison of the calculated cross
section with the data is shown in Fig. 4 for the parame-
ters shown in the caption. The parameters listed in the
caption gave the best fit to the group of eight angular
distributions.

It was decided to fix the well radii at ro= r,= 1.95 F
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and the di6useness at a=0.728 F, and adjust the
strengths of the potentials to obtain the best fit at
each energy. The 6ts obtained in this fashion are shown
in Fig. 5. It was found, as shown in Fig. 6, that the
variation in the strength is large (over 20%%u~) for the
bombarding energy range covered, and that there is an
anomalous behavior of the strengths in the vicinity of
1.2-MeV bombarding energy. It may be that com-
pound elastic effects are particularly important around
this energy and that these effects can be compensated
for by changing the strengths of the optical potential.
There is a rather broad peak seen in the Nte(d, IItt)0"
zero-degree yield curve at about 1.5 MeV and a strong
state in 0" is observed in the 0"(y,II)0" reaction9
at an excitation energy in 0" equivalent to a state
produced by 1.7-MeV deuterons on N".

Calculations were also performed using the derivative

FIG. 5. Comparison of the data with optical-model calculation
with volume absorption. The geometry was Axed and the potential
strengths were adjusted to obtain the best 6t at each energy.
The potential strengths thus obtained are shown in the figure.
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S. RESULTS AND CONCLUSIONS

The lack of success in 6tting the data with the
compound-nucleus calculation in not at all surprising
in view of the complexity of the calculations. A better

FIG. 6. Optical potentials with volume absorption for best 6ts to
the N'4(d, d)N'4 angular distributions. U and W were adjusted for
best fits at each energy with ro——~,——1.95 F, a=0.728 F, and the
form factors given in option 1. The error bars show the approxi-
mate range of variation for about the same 6t to the angular
distributions.
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form for the imaginary part of the potential given in
option 2. The surface absorption calculations produced
somewhat better fits to the data, as would be expected
since the number of parameters involved has been in-
creased from four to six. However, the variation of the
parameters with energy was just as marked as with the
volume absorption parameters. The well strengths
again present anomalous behavior in the region of 1.7
MeV. Taking what appeared to be a reasonable set of
average values for the parameters, fits were calculated
to the data. The greatest departures from good fits
come again in the region near 1.7 MeV. The fits to the
data obtained with the single set of parameters using
option 2 are shown in Fig. 7.

The effect of the spin-orbit term in the optical
potential was investigated for both surface and volume
absorption. It was found that the fits to the data could
be improved, but at the cost of a large variation in the
parameters. It was possible to 6t the data to within
experimental error for all eight angular distributions
with the exception of the 2.1-MeV data near 80 deg,
where the 6t was about 5% outside the experimental
error. The spin-orbit strengths required to make these
6ts, however, vary from 0.14 to 39 MeV. The 6ts to the
angular distributions for a fixed set of parameters
were also calculated for both cases, Figure 8 shows the
fits obtained with volume absorption and a spin-orbit
strength of 8 MeV. The inclusion of a spin-orbit poten-
tial does not appear to be necessary to 6t the present
elastic data. Percy and Percy" have pointed out that,
at least in some cases, the effects produced by a vector
spin-orbit potential can be compensated for by small
changes in the central potentials.
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FIG. 7. Optical-model fits to the N'4(d, d)N" angular distribu-
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MeV, W'~ ——15.09 MeV, ro=r, =1.95 F, r~=1.76 F, a=0.728 F,
ag =0.877 F, and the form factors listed in option 2.

"R. M. Drisko, G. R. Satchler, and R. H. Bassel, Phys. Letters
'4 C. M. Percy and F. G. Percy, Phys. Rev. 132, 755 (1963). 5, 347 (1963).
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phase-shift analysis and more data on the reaction
cross sections would no doubt make possible a greatly
improved fit. We conclude from qualitative arguments
that at least two broad levels with opposite parity are
needed to explain the data. If narrow levels exist
in this energy region, we estimate from our data that
Fe/F(0. 05 or that F(5 keV.

We have seen that it is possible to fit the elastic
scattering of deuterons by N" in the energy range below
2 MeV using the optical model, although it is not pos-
sible to determine the optical-model parameters
uniquely. The small well depths and the rather large
values of the radii necessary for a fit are disturbing,
but it may be that these features are due to compound-
nucleus effects. The energy variation of the real and
imaginary well depths which is required to obtain
the "best fit" (see Fig. 6) at each energy may indicate
the existence of a compound-nucleus level at 1.7-MeV
bombarding energy.

Further evidence that the optical model is valid is
seen in the comparison of the total reaction cross
section with that calculated by the optical model. The
total charged-particle reaction cross section was
measured by integrating the angular distributions for
all particles above the elastic deuterons at a bombard-
ing energy of 1.10 MeV. Such a procedure ignores the
reaction particles with energies less than the elastic
deuteron energy and does not properly evalute the
effect of the three-body disintegration of C"*produced
in the N" (d,cr) C"*reaction. The total neutron reaction
cross section for the N" (d, rc)OIs reactions'" was found
by measuring the residual 0" activity after bombard-
ment of a N' gas target. The results of these measure-
ments give a value of 420&80 mb for the total reaction
cross section. The optical-model calculations with the
best-fit parameters listed in the captions for Figs. 4, 7,
and 8 give 418, 410, and 412 mb, respectively. The
agreement between the measured and calculated cross
sections does support the application of the optical
model, but it does not help to distinguish between the
various forms of potentials used.

Measurements of the N'4(d, sso)OIs angular distribu-
tions have been made below 2-MeV bombarding energy
by several groups' and the neutron polarization at 1.32
MeV was measured by Epstein et aL' The angular
distribution data has been interpreted in terms of
compound nucleus formationv and in terms of plane-
wave plus heavy-particle stripping. 8 Epstein et al. ,
were able to explain their data equally well using either
the compound nucleus or direct interaction mechanisms.

If one assumes that the direct interaction mechanism
dominates the N'4(d, eo)O" reaction at this energy,
then the analysis of Epstein et al. , suggests that the
deeper potentials mentioned above (V=85 MeV and

"C.E. Durbin, M. S. thesis, The Ohio State University, 1963
(unpublished).
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Fro. 8. Optical-nIodei Gts to the N'4(d, d)N'4 angular distribu-
tions with volume absorption and a vector spin-orbit potential.
The parameters used were: U=19.71 MeU, TV=4.59 MeV,
U, =8.0 MeV, r0=r, =1.95 F, a=0.728 F, and the form factors
listed in option 3.

"R. H. Hassel, R. M. Drisko, and G. R. Satchler, ORNL-3240,
1962 (unpublished)."G. R. Satchler, I'roceedirlgs of the Conference on Direct Inter-
acliorIs arsd Nuclear ReacrioIs 3decharsisrIIs (Gordon and Breach
Publishers, Inc. , New York, 19''I3), p. 80.

W=22 MeV) are to be preferred to the shallower ones
that give the best fits for the elastic scattering. The
deeper potential gives a fair fit to the elastic data and
significantly better fits to the polarization and angular
distribution data. However, Epstein et al. , used the
sALLY code of Bassel, Drisko, and Satchler" for their
calculations. This code does not include spin-orbit
interactions, and such an omission is certainly not
realistic, particularly for the polarization calculations.
Epstein et ul. , also did not consider in detail the effects
produced by the inclusion of the nuclear interiors.
Recent calculations" have shown that optical poten-
tials with different depths will give the same angular
distributions if a radial cutoff is used. If the argument
that the nuclear interior is of dubious importance be-
cause of the weak binding of the deuteron is reasonable,
then the differences in the angular distributions and
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polarizations obtained with the two potentials would
not necessarily be physically significant.
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Absolute (u, a) cross sections and angular distributions from 0 to 160' have been measured for Y, Nb, Rh,
Ag, Ag'09, and In, from 12 to 18 MeV. The angular distributions show almost complete isotropy, with a
systematic trend toward a forward peaking never larger than 5 to 10%. Since, in these elements, neutron
emission is expected to be the main contribution to the reaction cross section, the measured (o., a) cross sec-
tions have been compared with the predictions of the optical model. Difterent optical-model potentials for
a particles have been tried. Very good agreement with the experimental results has been obtained with the
"Igo potential. " Reaction cross sections for a square-well potential following Shapiro's calculation for a
radius (1.7 2'~'+2. 21) F appear to be in the right order of magnitude, but they do not reproduce the de-
pendence of the excitation function on the incident n energy.

INTRODUCTION

OTAL reaction cross sections for n particles from
0 to 46 MeV have been predicted by Igo et ctt. ' '

for a wide range of nuclei using an optical model in
which the parameters of the complex potential were
obtained from the elastic scattering of o, particles. "
The experimental information available on O.-reaction
cross sections has until now been very scarce. Igos has
measured the reaction cross section for o, particles at
40 MeV. Recently, Stelson et c/. ' have done a syste-
matic study of (rr, e) cross sections to 11 MeV from Ni
to Ag, setting a lower limit to the a-reaction cross
section.

It is of interest to extend these measurements to
higher energies and for nuclei where the n cross section
for the emission of charged particles is negligible, such
that the measured (n, rs) cross sections are indeed a
check of the predicted total reaction cross sections.

Early work in (n, rs) reactions for nuclei of 2 around
100 was done by Bradt et at. r in 1947. They measured
the (n,n) and (a,2') cross sections for Rh's' and Ag''s

*Work done under auspices of the U. S. Atomic Energy
Commission.' George Igo, Phys. Rev. 115, 1665 (1959).

s J. R. Huizenga and George Igo, Nucl. Phys. 29, 462 (1962).
3 D. D. Kerlee, J. S. Blair, and G. W. Farwell, Phys. Rev. 107,

1343 (1957).
L. Seidlitz, E. Bleuler, and D. J. Tendam, Phys. Rev. 110,

682 (1957).
5 G. Igo and B. D. Wilkins, Phys. Rev. 131, 1251 (1963).
~P. H. Stelson and F. K. McGowan, Phys. Rev. 133, B911

(1964).
r H. L. Iiradt and D. J. Tendam, Phys. Rev. 72, 117 (1947).

from 11 to 18 MeV. Goshals in 1948 measured the (n, g),
(rr, 2@) and (o, ,3n) in natural silver from threshold to
37 MeV, and Temmer' in 1949 measured these same
cross sections in In'". In all these measurements, done
by activation, no absolute cross sections were obtained.
Furthermore, the use of range-energy calculation,
already out of data, makes it dificult to compare their
results with theory.

Bleuler et a/. " in 1953 measured o. (cr,n) and o.(a,2e)
in Ag"' by activation. They are the first ones to give
absolute values for the cross sections. In 1955 Porges"
measured o(n,e), o(n, 2'), and o(cr,PN) for Aglr and
(n, 2N) and (n,3n) in Ag"' up to 40 MeV.

In the present work angular distributions and
absolute o (n,n) have been measured from 12 to 18 MeV
for Y, Nb, Rh, Ag, Ag' ', and In. These cross sections
have been compared with the predictions of Igo et cl.'
with very good agreement. Comparisons have also been
made with the reaction cross-section calculation using
the optical-model parameters given by Glassgold" to
fit the elastic scattering of n in Ag at 22 MeV and with
the parameters used by Bassel" to fit o (n,a') in Ni".

The calculations of Shapiro et al."for a-reaction cross

s S. A. Ghoshal, Phys. Rev. 73, 417 (1948).' G. M. Temmer, Phys. Rev. 76, 424 (1949).' E. Bleuler, A. K. Stebbins, and D. J.Tendam, Phys. Rev. 90,
460 (1953)."K.G. Porges, Phys. Rev. 101, 225 (1956)."W. B. Cheston and A. E. Glassgold, Phys. Rev. 106, 1215
(1957).

'3R. H. Bassel, G. R. Satchler, R. M. Drisko, and E. Rost,
Phys. Rev. 128, 2693 (1962).
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