PHYSICAL REVIEW

VOLUME 138,

NUMBER 3B 10 MAY 1965

Coulomb Displacement Energies Derived from the (p,n) Isobaric Reaction*

J. D. AnpErsoN, C. WonNG, aND J. W. McCLURE
Lawrence Radiation Laboratory, University of California, Livermore, California
(Received 16 December 1964)

The agreement of Coulomb displacement energies derived from the nonmirror (p,%) isobaric reaction with
those obtained from mirror and nonmirror (7'=1) nuclei beta decay has been previously demonstrated.
Using the Livermore 90-in. cyclotron time-of-flight facility, we have measured additional Coulomb dis-
placement energies in the mass region 70< 4 <108. These measurements indicate possible shell effects which
were previously not observed because of the paucity of data. With the availability of 20.5-MeV protons,
Coulomb displacement energy measurements were extended to the mass region 4 <165. Even for nuclei as
heavy as Ho5, where the Coulomb displacement energy is 16.6 MeV, the width of the isobaric neutron
group was not measurable (<150 keV). The variation of the uniform radius parameter with atomic weight
(A) inferred from these data is compared with that obtained from high-energy electron scattering experi-
ments and is found to be in substantial agreement. A semiempirical formula for calculating Coulomb dis-

placement energies is presented.

I. INTRODUCTION

HE agreement of Coulomb displacement energies
derived from the (p,n) isobaric reaction!? and
those obtained from mirror and nonmirror (7T=1)
nuclei beta decay?®# has been previously demonstrated.
The (p,n) measurements on nonmirror nuclei have not,
however, shown the shell effects which are prominently
displayed by the mirror nuclei data.®=® The absence of
these effects may have been due partly to the paucity
of data.

Using the Livermore 90-in. cyclotron time-of-flight
facility, we have measured additional Coulomb displace-
ment energies in the mass region 70<A4<108. For a
proton bombarding energy of 16.7 MeV, new measure-
ments were made on targets of Ga and Sr, while for a
bombarding energy of 18.4 MeV measurements were
made for 31Ga, 32Ge, 33AS, 34SC, 3881', 39Y, 40Zr, 41Nb,
42M0, 45Rh, 45Pd, and 47Ag.

At 20.5-MeV bombarding energy, we have been able
to extend the Coulomb displacement energy measure-
ments into the region of the rare earths with measure-
ments on targets of sBa, 5Ce, soPr, oNd, 625m, 64Gd,
65Tb, and 67H0.

Using the Coulomb-energy calculation of Sengupta,$
a uniform radius parameter is obtained from the
nonmirror (p,n) data and compared with that obtained
from electron-scattering data.””® A semiempirical
formula for calculating Coulomb displacement energies
is presented which should be useful in identifying
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isobaric states excited via other reactions.®!® This
formula should also be useful in shell-model calcula-
tions" when no direct measurement of the Coulomb
displacement energy is available.

II. EXPERIMENTAL METHOD

The experimental geometry for the measurement of
neutron spectra is essentially the same as previously
reported (Ref. 1, Fig. 1). The neutron flight path varied
from 8.9 to 11.7 m. The electronic system, including
proton-electron pulse shape discrimination, has also
been previously described.!? A larger stilbene crystal
(2 in. in diam by 2 in. thick) is used to increase the
neutron-detection efficiency.

Target thicknesses ranged from 100 to 200 keV. The
Nb, Mo, Rh, and Ag were obtained commercially as
foils. The Ge was evaporated on a %-mil gold backing
and the Se was eva.pora.ted on a 3-mil Mylar backing.
The other targets, in the form of 0x1des were prepared
as colloidal suspensions with a 3-mil Mylar backing.
All the targets are self-supporting in that the beam
passes through them and the protons are collected in a
shielded beam catcher.

III. RESULTS

The time-of-flight spectra resulting from 18.4-MeV
proton bombardment of Ga and 20.0-MeV bombard-
ment of Ce are shown in Fig. 1. The target gamma rays
appear twice since a double display is used—one
converter stop pulse for every two beam pulses.’> The
neutron groups correspond to; (A) configuration
states,1®1 i.e., states in the residual nucleus having the
same orbital configuration as the target nucleus but
different isotopic spin (AT=1), and (B) isobaric states
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F Fic. 1. Time-of-flight spectrum from 18.4-MeV proton bombard-
ment of Ga (a) and 20.0-MeV proton bombardment of Ce (b)
and (c). Time calibration of the system is 1.7 nsec/channel and
increasing time-of-flight is toward the left. The flight paths were
11.39 m for Ga (a), 11.76 m for Ce (b), and 8.94 m for Ce(c).
The prominent peaks are identified as follows; (A) configuration
states (AT=1), and (B) (AT=0). The notation is that of Ref. 2.

(AT=0). From Fig. 1 one observes that the principal
background obscuring the neutrons corresponding to
the isobaric state is “boil-off”’ neutrons from compound-
nucleus formation. The time-independent background
(Fig. 1a, channel 235) is seen to be quite small. The
target gamma rays are shown with (Fig. 1c) and without
(Fig. 1a) proton-electron discrimination. The overlap
of the target gamma ray and the isobaric neutron group
(Fig. 1b) is removed (Fig. 1c) by varying the neutron
flight path.

The energies of the neutrons are calculated from their
time-of-flight!> while the energy of the incident protons
is determined by means of a differential range measure-
ment in aluminum. The isobaric (p,n) reaction Q values
are summarized in Table I. The agreement with
previous measurements!? is seen to be quite good. For
many of the elements there are several isotopes, and the
neutron peak is broadened due to different Coulomb
energies for the various isotopes, e.g., for Sm this
broadening is about 150 keV. The centroid of the
peak is used to calculate Q values quoted in Table I,
and where a single isotope of an element is dominant
(>709%, abundance) its atomic weight is also listed.
An over-all uncertainty of 4-150 keV is assigned to the
Q value measurements. This error is about equally
divided between the absolute uncertainty in the proton
energy measurement and the reproducibility of the Q
value measurements.
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TasLE I. Experimental Q values (Coulomb displacement energies)
for the (p,n) isobaric reaction.»

AE.=150Q (5,n) (MeV)

E,=167 184 20.0 20.5
Target Previoust MeV MeV MeV MeV
Art 6.55-£0.20
Ti® 7.854:0.10 7.85
v 8.05+-0.10 8.15
Cré2 8.401:0.15
Fest 8.854-0.15 8.9
Co® 9.10+0.15
Ni 9.454-0.13 9.5 9.5
Cu® 9.554-0.12
Cuf® 9.404-0.12
Zn 9.760.15
Ga 10.3 10.1
Ge 10.0 +0.15 10.2 10.2
AsTS 10.35
Se 10.6 +0.15 10.6 10.7 10.5
Srés 11.6 11.45
y® 11.6 40.15 11.55
Zr 11.75£0.15 11.75
II:I/Ib"s 11.95+0.15 11.95 12.0
o 12.0
Rh1s 12.8 +0.15 12.8 12.9
Pd 13.0
Ag 13.254-0.15 13.2
Inus 13.5 40.2
Sn 13.6 +0.15 13.7
Bals 14.8 14.8
Ce0 15.4 15.2
Pri4t 154 +0.25
Nd 15.6 15.6
Sm 15.8 15.9
Hot® 16.5 16.7

& Where no error is indicated, assume =+0.15.
b See Ref. 2.

For the rare earths, the energy width of the isobaric
neutron group (~300keV) is due to the target thickness
(200 keV), the proton-beam energy spread (200 keV),
the natural level width, plus an additional broadening
when several isotopes are present. The natural level
width for ¢;Ho'% was not measurable in this experiment.
Since the increase in width for ¢Sm (due to several
isotopes) as compared to its monoisotopic neighbors
(e.g., &/Ho') is measurable, we conclude that the
natural level width of the isobaric counterpart of ¢Ho!®
is <150 keV. This is in reasonable agreement with the
calculations of Lane and Soper!® who predict no
appreciable increase in level width as a function for
4 for A>80.

IV. DISCUSSION
Coulomb Displacement Energies

Extensive use has been made of mirror-nuclei beta-
decay energies to determine Coulomb displacement
energies.># For mirror nuclei the Coulomb displacement
energy is identically the (p,%) Q value. For nonmirror
nuclei the isobaric (p,n) reaction proceeds as follows:
The incoming proton reacts with an “excess neutron”

16 A. M. Lane and J. M. Soper, Nucl. Phys. 37, 663 (1962).
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(a neutron corresponding to an unfilled proton state),
exchanges its charge, and is emitted as a neutron. It is
assumed that all the nuclear interactions within the
initial and final nucleus are the same and thus the Q
value for the (p,n) reaction leading to the isobaric state
is the Coulomb displacement energy. The equivalence
of the nuclear interactions has been discussed qualita-
tively by Ikeda et al.,'” more quantitatively by Pink-
ston,'8 and is a natural consequence of the charge-
independent optical-model formulation of Lane.’%:%

The Coulomb displacement energies derived from
the (p,n) reaction on nonmirror nuclei are shown
plotted in Fig. 2. The additional measurements around
A=90 seem to indicate the presence of some shell
effects. The relative errors on the data points are
somewhat smaller than the 150-keV absolute errors
which are shown. The measurements from Ba (4 =137)
to Ho (4=165) also tend to deviate from the average
Z/AY3 dependence. It is clear from the rather large
errors on the measurements that no quantitative
remarks about shell effects on Coulomb displacement
energies can be made.

Uniform Radius Parameter

To extract the uniform radius parameter from the
Coulomb displacement energy we use the semiclassical
expression of Sengupta.’® Assuming a uniform charge
distribution within a sphere R=7,4'3, he obtains

AE(Z41, Z)=[0.60(2Z+1)—0.6132'3
— (=1)%0.30](¢*/r0d?), (1)
where Z is the charge of the nucleus, 4 is the atomic

weight, 7 is the uniform radius parameter, and é* is
1.440 MeV —F. The first term is the classical Coulomb
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Fic. 2. The Coulomb displacement energies derived from
the isobaric (p,n) reaction are plotted versus Z/A4'3. The previ-
ous measurements are from Ref. 2.
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A ELECTRON SCATTERING DATA
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displacement energy while the second term comes from
the exchange- and self-energy term in the Coulomb
energy. The third term is a pairing term which is
neglected for the (p,n) data since it is small compared
to the error on the measurements.

In Fig. 3, 7o is plotted versus Z. For Z less than 20
the values of 7o are taken from Ref. 6, and for Z>20
they are obtained from the present experiment. The
uniform charge radii obtained from electron-scattering
data”8 are also shown. If one assumes that the only error
in the radii derived from the present experiment is the
uncertainty in the Q value measurements, then Az, is
approximately 1 to 29,. The errors on the electron-
scattering results are comparable. The good agreement
between the two sets of data may be fortuitous. It has
been pointed out® that neither the Coulomb-energy nor
the electron-scattering results are uniquely determined
by the root-mean-square radius of the charge distribu-
tion. Although the preceding comparison is consistent,
i.e.,, a uniform charge distribution has been assumed
throughout, a different assumption for the charge
distribution may alter these results.

Semiempirical Results

Janecke? has described the Coulomb energy difference
for T=1/2 and T'=1 nuclei by a semiempirical expres-
sion as follows:

AE¢(i shell)= E1(§)(Z/AY3)+ Eo(§)+8Es+6'Eqs, (2)
where Z is the average charge, i.e.,
Z=%(Zinitiar+Ztina1) -

The coefficients Ey and E, are shell-dependent while 6E;
and &'E,4 represent the difference in the Coulomb part
of the proton pairing energy for the T=1/2 and T=1
nuclei, with

E3=0.120 MeV,
E,=0.060 MeV,
26=1+4(—1)Z+12, 3)
=41 for A=4n+2,T=1,Tz=10,
=—1 for A=4n+2,T=1,T2=0 —1,
=0 for A#4n+2.
The expression 0E;+8E4 takes on the values 0, 60,
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and 120 keV. Since, as previously discussed, the shell
effects which were so pronounced in mirror nuclei are
barely discernible in the (p,#) data, and since the errors
on the (p,n) data are larger than the proton pairing
effects, it would seem reasonable for the (p,n) data to
use the simple form:

AE¢=E\(Z/AV3)+E,. 4)

The results of a weighted least-squares analysis of
the (p,#) and mirror nuclei data are listed in Table II.

TasLE II. Coefficients of the semiempirical expression for the
Coulomb displacement energy, AE.=FZ/AY3+E,, obtained
from a least-squares analysis.

AE, Data E; E,
(pym) 1.4434-0.011 —1.1240.11
T=1/2 144340026  —1.0220.12

All data [include T=1/2,

T=1, and (p,n)] 1.4364-0.006 —1.05+0.05
“Adjusted T=1/2" 1.4414-0.018 —1.080.08
All data [include “adjusted

T=1/2,T=1 and (p,n)] 1.4444-0.005 —1.134+0.04

To circumvent the problems of shell and pairing effects,
the mirror data were assigned an arbitrary error of
150 keV or the actual error on the measurement—which-
ever was larger. It is clear that a “best fit” to the (p,n)
data agrees very well with the mirror nuclei data. The
analysis revealed that for all cases the external error
(based on the difference between the calculated and
the observed value) was larger than the internal error
(based on the assigned error on the measurement). The
errors listed in Table IT are based on the external error.

Since pairing effects are important for mirror nuclei
the Coulomb pairing energies (8E;+8'Es) were sub-
tracted from the Coulomb displacement energies and
the calculations were repeated with the ‘“‘adjusted”
data. Although there is little change in the coefficients
of the least-squares fit to the data, the external error is
reduced. The “adjusted” T=1/2and T'=1 data*and the
(p,m) isobaric reaction data from Table I are shown
plotted in Fig. 4 along with the result of this least-
squares analysis. From Fig. 4 it is seen that the largeness
of the ratio of the external error to the internal error
(~3) is not due to the presence of quadratic terms in
the energy expression but is rather due to the large
fluctuations of the data points around a “best” straight
line. It is clear that for the mirror data the large external
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. Fic. 4. The “adjusted” T'=1/2, T'=1 (see text) and the
isobaric (p,n) Coulomb displacement energies are plotted versus
Z/A3, A least-squares fit to the data is also shown. For the
“adjusted” data, only errors larger than 150 keV are shown.

error is due to shell effects, and the large external error
for the (p,n) data may indicate the presence of shell
effects.

V. CONCLUSIONS

The Coulomb displacement energies from mirror
nuclei data and those derived from the nonmirror (p,1)
isobaric reaction are seen to be in excellent agreement.
Although the (p,n) data analysis tends to indicate the
presence of shell effects, the prominent shell effects
displayed by mirror nuclei are surely reduced in the
(pm) process in that all neutrons corresponding to
unfilled proton shells can contribute. The observation
of isobaric states from proton capture reactions by
Fox et al®® and from the (p,d) reactions by Sherr
et al?® should in the future supply Coulomb displace-
ment energy measurements that show a significant
improvement in accuracy as well as being more amen-
able to a specific shell-model description.
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