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Sub-Coulomb (d, p) stripping on the W= 82 isotones
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Stripping reactions (dP) have been performed on 3 La, Ce, Pr, Nd, and Sm in
which both the entrance and exit channels are below the Coulomb barrier. Reduced normal-
izations have been extracted from these data and are shown to be insensitive to the optical-
model parameters used in the distorted-wave Born-approximation analysis. The Q depend-
ence of the reduced normalizations is also noted.

NUCLEAR REACTIONS 3 La, ' Ce, Pr, @Nd, +Sm(dg) E =5.8 MeV;
measured o (8), La, Ce, 43Nd, Sm levels. Deduced A. DWBA analysis,

9 —55 165 M -10'

I. INTRODUCTION

In extracting spectroscopic factors S,z from (d, p)
stripping data, it has been observed that S» de-
pends strongly on the optical-model parameters
used in fitting the experimental angular distribu-
tion by distorted-wave Born-approximation (DWBA)
codes. In an effort to reduce the parameter de-
pendence in S», (d, p) reactions have been per-
formed where both the entrance and exit channels
were below the Coulomb barrier of the target
nuclei. This reduces the effect of the nuclear po-
tentials in the elastic channels. However, a strong
dependence on the potential parameters used to
describe the neutron bound-state well still re-
mains.

Another quantity that can be obtained from sub-

Coulomb (d, p) stripping data is the reduced nor-
malization A,~' ' which is essentially the normal-
ization of the spherical Hankel function which is
the transferred neutron's asymptotic wave func-
tion. Rapaport and Kerman' have shown that A»
is nearly independent of the geometrical param-
eters used to describe the neutron bound-state well
for (d, p) stripping, in which both incoming and
outgoing channels are below the Coulomb barrier.

We have completed an investigation of the sub-
Coulomb (d, p) stripping reactions on the X=82
isotones. i39La i4oCe "'Pr "'Nd and '~Sm
The ground-state Q values for (d, p) stripping on
these isotones were such that several low-lying
states could be observed with both the deuteron
and proton channels below the Coulomb barrier.
The DWBA code JULIE4 was used to calculate re-
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FIG. 1. The spectrum of Ce(d,P) Ce, taken using a deuteron beam at 5.8 MeV, for a total charge collection off40 f41

2400 pC, at a detector angle of 165'. At this angle the sub-Coulomb (d,p) peaks are near their maximum yields, which
is approximately 100 to 200 counts per peak. Peaks designated by 0 are due to reactions involving ' 0 and those
designated by C are due to reactions involving C.
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duced normalizations for a total of 16 states. The
Q-value and mass-number dependence of A» was
noted.

II. EXPERIMENTAL PROCEDURE
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200— a z

50-

Carbon-backed targets of lanthanum, cerium
oxide, praseodymium, neodymium oxide, and
samarium were used in this experiment. All were
of natural isotopic abundance, except that neo-
dymium and samarium were enriched to 96%'~Nd
and 94.5% "'Sm, respectively. These targets
were prepared by vacuum evaporation onto 100-
p, g/cm' carbon foils. The cerium, neodymium,
and samarium targets were constructed with the
use of an electron gun by Micro Matter Company, '
while the lanthanum and praseodymium targets
were constructed locally by resistance heating
from a tantalum boat. The thicknesses were de-
termined to within+ 10% by Rutherford scattering
of 2-MeV protons and were on the order of 100
p, g/cm'.

The (d, p) reactions were studied using a 5.8-
MeV deuteron beam from the Ohio State University
CN Van de Graaff accelerator. At this beam ener-
gy both the entrance and exit channels were below
the Coulomb barrier for all states, and reason-
able proton yields were still observed. The ex-
periment was carried out in a 61-cm-diam scat-
tering chamber' using three silicon surface-bar-
rier detectors with depletion depths sufficient to
stop 12-MeV protons. A typical spectra of the
"'Ce(d, p) reaction is shown in Fig. 1.

Angular distributions were measured from 55 to
165 in 10 steps. However, since the cross sec-
tions for sub-Coulomb (d, p) fall off sharply in the

~ ~

KN.-

o

20-

bg

IOO';

2.535 Mev
2.558 Mev

s
z z

L3II Mev

3pg

I

Q743 Mev

3p~

I T r
z I l z z

7 T

I
l.9I6 MeV

2f)

L857MeV
R ~ I

Nd(d, p)" Nd

Ed= 5.80 MeV

f
I I

I.560 Mev

2fy

OOOO Mev
2fq

IO-
I I I I I I I I I I I

75 95 I I5 l35 I55 75 95 16 l35 l55 l75

e,.b (deg)

FIG. 3. Differential cross sections of the Nd(d, p)
reaction at E& =5.8 MeV. The solid line is the DWBA
curve calculated by code Jm.rz .
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forward angles, while the cross sections for (d, p)
stripping above the Coulomb barrier tend to reach
their maximum in the forward angles, the peaks
of interest could not be separated from the back-
ground of light contaminants for angles from 55
through I5'. Also, (d, p) stripping on light con-
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FIG. 2. Differential cross sections of the '4 Ce(d,P)
reaction at E~ =5.8 MeV. The solid line is the DWBA
curve calculated by code svuz .

FIG. 4. Differential cross sections of the 44Sm(d, P)
reaction at E~ =5.8 MeV. The solid line is the DWBA
curve calculated by code Jta.rz .
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taminants such as "C, "C, and "Si prevented the
determination of the areas of some rare-earth
(d, p) peaks at certain angles. The angular distri-
butions for the sub-Coulomb (d, p) reactions on
"Ce, "'Nd, and "Sm are shown in Figs. 2-4.
The error bars in the figures represent statistical
uncertainties in the proton yields.

For the '"La(d, p) and "'Pr(d, p) reactions fur-
ther difficulties were encountered. Both isotones
have an odd proton capable of coupling to the
neutron state, which causes the energy separation
between states in these two isotones to be much
smaller than in the even proton isotones. The
last proton in "'La and ' 'Pr can be in either the
2d„, or the 1g», state, each of which couples to
the 2f„, neutron ground state Th. is leads to a
multiplet of eight states for the 1g71,(p) S 2f,l, (n)
coupling, and a multiplet of six states for the
2d, l, (p) |gl 2f,~(s) coupling. Since the resolution
of the electronics used for this experiment is on
the order of 50 keV full width at half maximum
(FWHM), it was impossible in most cases to sep-
arate the peaks of interest. All the spin informa-
tion for ' La and '"Pr was taken from Kern,
Struble, and Sheline"

In the ' La spectra only two peaks could be
separated from the background (see Fig. 5). Peak
1 contains a total of six states which range in
excitation energy from 0 to 63 keV; all these
states involve proton coupling to the 2f», neutron
ground state. Peak 2 represents only one state,

I I I I I I I I I

La(d, p) La

E =5.8 MeV

the 1g,l, (p) Im 2f„,(n) state with J=v and excitation
energy of 284 keV.

In the '"Pr spectra the states were too closely
packed, so that no sub-Coulomb peaks could be
separated from the background contaminants.

III. ANALYSIS

The DWBA calculations used to fit the sub-Cou-
lomb (d, p) angular distributions were carried out
using code JULIE with the optical-model param-
eters taken from the work of Rapaport and Ker-
man. ' These are listed in Table I along with
the form of the optical-model potential used.

The relationship between the reduced normal-
ization and the spectroscopic factor has been ex-
plained in detail in several other articles, '' '
and will be discussed only briefly here. The equa-
tion defining A» is

(B~A) = t(2J+1)A„]' h'~h", &'(.ihr), r & B„,
where

h = (2p, )
B„()'I'/h .

(B~A) is the overlap integral between the initial
state of spin I and the final state of spin J, which
can be thought of as the wave function of the trans-
ferred neutron, and R„ is the nuclear radius.
h,"~' is the Hankel function of the first kind, p, is
the reduced mass of the exit channel, and B„ is
the binding energy of the transferred neutron.

The equation that relates S,~ and A» is

k Ag~ =N» Sg~,

where N„. is the ratio, outside the nuclear radius,
of the DWBA neutron bound-state wave function to
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TABLE I. Optical-model parameters for (d,P) anal-
ysis. The neutron real-well depth was varied to fit the
binding energy of the transferred neutron given by
Q(d,p)+2.224 MeV, with r„=1.20 fm and a =0.65 fm.
The potential used in code Jm.iE has the form

V(r) =-V(e" +1) '+i W—,(e +1) '+ V, (r, ro, ),
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FIG. 5. Differential cross sections of the '3 La(d, p)
reaction at E~ =5.8 MeV. The solid line is the DWBA
curve calculated by code JUUE .
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a spherical Hankel function. 8„.is given by

1 2I+ I o,„,(8)
15 2el+ I cy~,s(8)

The factor of 1.5 is related to the Hulthen wave
function used to describe the deuteron. o,„~(8) is
the experimentally determined differential cross
section for the sub-Coulomb (d, p) reaction and

a,~,E(8) is the differential cross section calculated
by code JULIE.

In order to test the parameter insensitivity of
A, j several optical-model parameter variations
were carried out. In the following variations, only
one parameter was varied at a time, with all other
parameters set to the values shown in Table I.

When the neutron-well radius r„' was varied from
0.9 to1.6 fm for the "'Ce ground state (Fig. 6),
the spectroscopic factor decreased by 99%, while

A» increased by only 6%. The diffusivity of the
neutron potential a„was varied from 0.2 to 0.9 fm
for the ground state of "'Ce (Fig. 7). In this
variation, S,~ decreased by 81/o while A„.de-
creased by less than 0.05%. Also, a spin-orbit
term was added to the neutron potential and the
spin-orbit potential V was varied from 0 to 3.0
MeV, producing an average change of 10/0 in S»

TABLE II. Final results.

E.
(MeV)

'4'I.a

14iC

'4'Nd

145sm

0.04
0.28

0.00
0.67
1.14
1.50
1.78

2.41

0.00
0.74
1.31
1.56
1.92

0.00
0.89
1.61

2f 7/2

2f&/2

2f7/2
3&s/2
3~ 1/2

2f5/2
2f 5/2

(3P (/2)

(3&s/2)

2f 7/2

3&s/2
3P i/2
2f5/2
2f»2

2f,/2

3&s/2

3&in

123
46

33
168
104

2.6
2.1

36
19

49
250
165

5.08
1.68

77
442
367

and only an average change of 0.04% in A» for the
f„„p»„p„„andf», state in '4'Ce.

These variations show that the reduced normal-
ization is much less sensitive to the neutron pa-
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FIG. 6. Variation of the neutron well radius for the Ce(d, p) g.s. reaction. x„was varied from 0.9 to 1.8 fm while
all other parameters were held constant to the values shown in Table I. The solid 1ine is used only to connect the points.
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FIG. 7. Variation of the neutron well diffusivity for
the ' Ce(d,P) g.s. reaction. The diffusivity a„was
varied from 0.2 to 0.9 fm while all other parameters
were held constant to the values shown in Table I. The
solid line is used only to connect the points.

rameters than is the spectroscopic factor, as
expected. When fitting (d, p) angular distribution
data with DWBA calculations, this is a distinct
advantage, since the neutron radius and diffusivity
act as scale factors within a certain range; that
is, they merely move the DWBA curve up or down,
without changing its shape, making it difficult to
arrive at a unique value for S». We were able to
vary r„between 0.9 and 2.25 fm without producing
any change in the shape of the DWBA curve; how-

ever, the curve was shifted up in scale by a factor
of 100."

The variation of deuteron and proton potential
parameters in the DWBA analysis yields no new
information as to the distinction between A» and

Sg f sine e A JJ and S,j diff er only by the factor
N'/k ', which is dependent only on neutron param-
eters. It was noted, however, that the deuteron
parameter variations produce less of a change in
A f f and S» than the proton potential parameter s.
This is expected since the deuteron channel
averages approximately 3.5 MeV below the Cou-
lomb barrier for a 5.8-MeV deuteron beam on the¹82isotones, while the proton channel is only
0.4 to 1.0 MeV below the Coulomb barrier due to
large positive Q values.

It was also noted, but not understood, that vari-
ations of the real potential in the proton channel
produce a larger change in S» and A» for the
ground state of "'Sm than they do for S» and A»
of the ground state of "'Ce. However, variation
of the surface absorption potential (W, a', r,') in
the proton channel produces a larger change in
Sfj and A„for "'Ce than for "'Sm . The latter
effect can be explained in that the Coulomb bar-
rier for "'Ce is lower than that of "'Sm, allowing
the nuclear potential to have a greater effect in
the stripping process. However, this should also

be the case for V as well as S', which it is not.
In the deuteron potential the most sensitive pa-

rameter was r,', the radius parameter of the sur-
face absorption potential. When r, ' was varied
from 1.0 to 1.4 fm, A, ~ increased by 35% for the
ground state of "'Ce. In the proton potential the
most sensitive parameter was r„ the real poten-
tial well radius. When r, was varied from 1.0 to
1.4 fm, A, ~ increased 31% for the ground state of
"'Ce and 41% for the ground state of '«'Sm.

IV. RESULTS

The uncertainties in the reduced normalization
are due primarily to errors in the target thickness
and the statistical uncertainties due to low proton
yields. As stated in a previous section, the target
thicknesses are known to within + 10%%up, while the
statistical uncertainties in the yields average ap-
proximately 8 to 12%. Therefore, errors in the
reduced normalizations are estimated at +20%;.
Also, since the sub-Coulomb (d, p) angular distri-
bution exhibits very little structure, spin assign-
ments for the various states had to be taken from
the available literature. The final values for A»
are shown in Table II.

As stated earlier, the density of states in "'La
and ' 'Pr was very great due to proton coupling to
neutron states. However, it was possible to do
some DWBA analysis for the '"La(d, p) reaction.
The first peak of interest in the "'La spectra oc-
curred at an excitation energy of 40 keV and con-
tained six states, all of which are 2f, i2 neutron
states coupled to either a 1g„, or 2d», proton
state. ' This peak was treated as a single neutron
state. The second peak of interest was a single-
state 2f,~ neutron state coupled to the Ig», proton
state with 8=7, at an excitation energy of 0.28
MeV. It should be noted, however, that these
values of A» were calculated without taking into
account the rather strong proton coupling.

In the "'Ce spectra, a total of nine states was
observed. For three of the states, E„=2.18, 2.32,
and 2.52 MeV, the spins were not well known, and
therefore the DWBA analysis could not be done.
At an excitation energy of 2.41 MeV a fairly in-
tense state was observed (I', in Fig. 1), as noted

by Holms and Martin, "which is thought to be
either p„, or p», . When the DWBA analysis was
carried out on this state for each spin assumption,
the scale of the DWBA curves and the shape of the
curves remained approximately the same. For
the remaining five states the spins are well
known. ""

In the '4'Nd spectra a total of eight states were
observed. However, the states at 3.54 and 2.56
MeV could not be separated within the resolution
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of our electronics, and the spin of the state at
1.86 MeV is not well known, therefore the DWBA
analysis could not be done for these three levels.
Note, in Fig. 3, that the state of 1.92 MeV was
observed at only two angles. This was because
of light contaminants moving through the peak of
interest. However, since only one data point in
the angular distribution is required to normalize
the DWBA curve, the reduced normalization could
be calculated. Thus, A» was obtained for five
states, using spins found in the literature. "'"'"'"

Due to the high Coulomb barrier, the yields for
the '"Sm(d, p) reaction were very low, allowing
only five states in "'Sm to be separated from the
background contaminants. The states at 1.98 and
2.00 MeV were too close to be separated with the
resolution available in this experiment. There-
fore, the DWBA analysis was done on only three
states in "'Sm. Fortunately, the spins of these
states have been determined. "'""

V. DISCUSSION

Trends were noted in A» for different Q values
and mass numbers. The (d, p) values for A, ~ are
shown in Figs. 8 and 8 for the 2f» ground state.
The natural log of A, ~ appears to be approximately

proportional to the Q value and mass number.
This also appears true for the p„, first excited
state; however, for the py/g state, the "'Sm re-
duced normalization has a higher value than would
be expected by a Q value or mass-number pro-
portionality.

This same dependence was also noted when the
excitation energy was varied for the 3p, &, state in
"'Ce, keeping the parameters in Table I constant.
(The excitation energy of the 3p», state is normally
taken to be 0.87 MeV. ) Values of the excitation
energy were taken from 0.5 to 1.0 MeV, which is
identical to varying the Q value from 2.71 to 2.21
MeV. When the natural log of A, ~ and S» were
plotted against the Q value a straight line resulted,
with A„. having the steeper slope. A» decreased
from a value of 199.3 at an excitation energy of
0.5 MeV to 103.0 at an excitation energy of 1.0
MeV, a 48/p drop. S» decreased from 0.48 to 0.34,
a 24% drop. Thus, while A, &

is insensitive to the
optical-model parameters, it is more sensitive to
the excitation energy than is the spectroscopic
factor.

From the definition of A» the reduced normal-
ization is dependent on three factors that involve
the mass number and Q value; the wave number
k, a spherical Hankel function kg~, (fkr), and the
transferred neutron's wave function (B~A). The
A and Q dependence in k and k'p, (jkr) is easily
determined; however, this is not true for (B~A).
(B~A) is determined by a Schrodinger equation
which involves a Woods-Saxon potential and spin-

IOO—

70-
~r

500—

soo

loo—
70-

500—

13$p

141
C

145
Nd

145s

20-

I

l39
56

I

l4I
58

I

l43
60

I

I45
62

FIG. 8. The reduced normalization from sub-Coulomb
stripping versus the mass number and charge number of
the N =83 isotones. The solid lines are only to guide
the eye. The error bars represent the +20% uncertainty
in A&&. For all three states, a straight line can be
drawn through the four error bars.

20-

1

l.5
1

2.0
I 1

2.5 5O

Q (Mev)

35 4Q
I

4.5

FIG. 9. The reduced normalization from sub-Coulomb
stripping versus the Q value for the (d,P) reaction. The
solid line is only to guide the eye. A straight line can
be drawn through all the error bars for the f&&& and

ps&z states.



1600 NORTON, GEARHART, HA USMAN, AND MORGAN

orbit terms. Since this equation cannot be solved
in closed form, the A and Q dependence of (B~A)
is not easily determined, and therefore the de-
pendence of A, ~ on the mass number and Q value
is not readily apparent.

VI. CONCLUSION

For several states populated in sub-Coulomb
(d, p) reactions we have extracted a dimensionless
quantity, the reduced normalization A, ~, which is
independent of the optical-model parameter used
in the DWBA analysis. It should be noted that the
attractive feature of the reduced normalization's

parameter independence is somewhat offset by the
fact that A, ~ does not reflect the single-particle
character of the neutron wave function as does S».

Since this quantity A, ~ can be extracted from
isobaric-analog-resonance data, ~ it is a valuable
tool in comparing some of the available isobaric-
analog-resonance theories to sub-Coulomb (d, p)
resu].ts.' 23'4
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