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DISTORTION OF NUCLEAR SPECTRA BY FINAL-STATE COULOMB INTERACTIONS*
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When charged-particle nuclear spectra are used to determine the location and width
of an energy level in a nucleus with a moderately short lifetime for charged particle de-
cay, corrections for final-state Coulomb interactions can sometimes be very important.
The effect is illustrated by application to the 16.62- and 16.92-MeV levels in Be pro-
duced by the reaction Lie(Lie, o. )Be .

With the help of the magnetic spectrograph,
charged-particle energy spectra are now being
measured with great precision. Subtle interfer-
ence effects are studied by measuring the differ-
ence between the actual shape of a peak and that
predicted by the Breit-Wigner formula. '~' It is
therefore important to recognize all potential
sources of distortion of an energy spectrum.
The effect described below can change the appar-
ent width and location of an energy level, and in
some cases cause a noticeable distortion in the
shape of a peak in the energy spectrum. The ef-
fect may be different for different reactions lead-
ing to the same nuclear level and may be a func-
tion of bombarding energy and sometimes even
of angle.

One can see how a final-state Coulomb interac-
tion changes the energy spectrum by referring
to Fig. 1. The two particles P, and P2 are charged.
The average time delay between the emission of
P, and the later emission of P, is related to the
width of the state. For the motion of P2 to affect
the motion of P„it is not necessary for the two
particles to "collide, " although the effect is in-
creased by making the angle 8 smaller. To get
a large effect the velocity V~ should not be too
much smaller than V, . The energy of particle
P, is changed because it experiences a larger
Coulomb repulsion when P, follows along behind
it than it would if P2 were not emitted at all.

The shift in energy of P, was demonstrated
with the reaction Li'(Li', o.)Be'. Particle P, was
an alpha particle which was detected at a labora-
tory angle of 15 . The intermediate nucleus was
Be' in the 16.62- or 16.92-MeV state, which de-

cayed to produce P, and the residual nucleus,
both alpha particles. The angle 6I was deter-
mined by detecting the residual nucleus in a posi-
tion-sensitive detector. The position detector
spanned an angular range of 35 which was divid-
ed up after the experiment into small segments.
Figure 2 shows two of the P, spectra which were
collected simultaneously, under identical condi-
tions except that the data shown as crosses rep-
resent a smaller value of e. The vertical scale
has been adjusted so that the area under the
16.62- and 16.92-MeV peaks is the same for
both sets of data. The difference in height be-
tween the peaks in the two sets reflects the dif-
ference in width. The lines drawn through the
points were calculated as described below. It
can be seen that the calculated curves fit the ex-
perimental points quite well. The poor fit to the
low-energy side of the dot data was caused by
Be' breakup particles getting into the P, energy
detector. At all angles 0 between 10' and 90',
the positions of the 16.62- and 16.92-MeV peaks
agreed with the calculations within an experimen-
tal uncertainty which was never more than 30
keV. For 8 less than about 10', the distortion
of the peaks was so great that it was difficult to
separate the Coulomb shifts from the distortion
of the spectrum caused by both P, and Pm hitting
the same detector.

The calculation of the final-state Coulomb in-
teraction begins with the assumption that the en-
ergy level of the intermediate nucleus has a
sharp energy equal to its central value and that
it decays exponentially with a mean life of k/F.
At t =0, the particle P, starts out from a dis-
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FIQ. 1. The final-state Coulomb interaction changes the energy of particles P~ and P2.

1178



VOLUME 20, NUMBER 21 PHYSICAL RK VIEW LKTTKRS 20 MAY 1968

I I I I

)
I I I I

)
I I I I

(
I I I

l6.92

(0l-
Z
O

x"Qx„
I I

7.50 8.00
ALPHA ENERGY (MeV)

8.50

FIG. 2. Alpha-particle spectrum at 15' (lab) from
Li (Lie, n)Be with a beam energy of 6.0 MeV and 5.2
mg of Ni over the detector. The dot and the cross data
were collected simultaneously in the same detector.
They differ only by the location of another detector
which looked at Be breakup particles and which was
used to gate the first detector. The angle in the figure
is the angle & in Fig. 1. The vertical scale has been
adjusted so that the total area under the 16.62- and
16.92-MeV peaks is the same for both the dot and
cross data. The lines were calculated from the theory.

tance of 6 F with a kinetic energy E-V. E is the
energy it would have at infinity in the absence of
a breakup of the intermediate nucleus, and V is
the electrical potential energy. At some radius
R, the intermediate nucleus emits P~ at an angle
0 with respect to the direction of P,. The time
of emission of P2 is calculated' and this time
used to determine the fraction of the intermedi-
ate nuclei that remain. The paths of the three
final charged particles, P„P„andthe recoil-
ing final nucleus, are determined by a numerical
integration of F =ma where F is determined by
Coulomb's law. The integration program applies
the Nystrom' scheme to the six coupled equa-
tions for the x and y components of the position
and velocity vectors for the three particles. The
integration continues until the potential energy
between the three particles is down to about 1
keV. At this distance, electron screening ef-
fects are comparable in importance with the ef-
fect being calculated. The final kinetic energy
of P, is the chief object of the calculation. The
other velocities are used to check for overall
momentum and energy conservation as an indica-
tion of the accuracy of the numerical integration.

For small values of 6, the shift in the energy
of P, can be substantial even when the radius R
is large compared with nuclear dimensions.
For the reaction we studied, V, is about 1.5 ~10'
cm/sec and V~ is l.2 x10' cm/sec for the 16.62-
MeV state. For 0=15' and a radius R of 100 F,
at which time about half of the Be' have decayed,
P, is shifted by 212 keV. The momentum ex-
changed between P, and P, is very small. The
large energy shift comes from the cross term
that arises when the kinetic energy is calculated
from the momentum. The change in the direc-
tion of P, is generally small. In the example
just discussed, it is about 1'. Both this small
change of angle and the recoil of the residual nu-
cleus introduce additional details into the defi-
nition of the angle ~. These are readily treated'
but will not be dealt with here.

The calculation is repeated for selected values
of the breakup radius R ranging out to 1500 F.
The energy shifts for intermediate values of R
are found by interpolation. This list of energy
shifts is then transformed into a curve that rep-
resents the energy spectrum one would observe
if the unshifted energy spectrum could be repre-
sented by a delta function. This curve is folded
into a realistic unshifted spectrum, which in-
cludes both the natural width and the experimen-
tal broadening, to produce curves such as are
shown in Fig. 2.

The calculated curves fitted the width and loca-
tion of the peaks, but they showed a high-energy
tail that was not in agreement with the experi-
ments. We found we could get a better fit to the
data by not allowing any Be' breakups until P,
had reached a radius of 30 F. The first 15% of
the events, which were eliminated in this man-
ner, produced large energy shifts for small an-
gles ~ because P, and P~ were initially close to-
gether with similar velocities. The high-energy
tail should not appear in a quantum mechanical
calculation where the positions and velocities
cannot be so well defined.

If P2 i.s now observed so that the P, energy
spectrum reflects all values of 8, the effect on
the P, energy spectrum is quite small, although
still significant, if the energy measurements
are made with high precision. In this case, it is
necessary to average over all values of L9, with

due regard for the sin'6I weighting factor and for
angular correlations between P, and P2. Our ex-
perimental measurements were not sufficiently
precise to measure these small averaged shifts,
so we calculated the shifts to be expected in the
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reaction B' (d, o.)Bea which has been the subject
of extensive measurements with a magnetic spec-
trograph. ' The calculations were for the 16.62-
MeV state in Be' with a 12-MeV deuteron beam
and the detector at a laboratory angle of 30'.
For an isotropic breakup of the Be', the energy
0f P j was shif ted down by .abo ut 9 keV . Kith angu-
lar correlation patterns such as have been ob-
served in a similar reaction, ' the negative ener-
gy shift varied from about 7 to 10 keV. This is
the same order of magnitude as is caused by the
interference between the two Be' states. '~' When
final-state Coulomb interaction effects are likely
to be important, one should report the detector
angle and beam energy along with the energy lev-
el parameters, as has been done by Kroepf1 and
Browne. '

The negative energy shift can be understood by
consulting Fig. 1 again. If P~ moves rapidly
away with a large angle |9, particle P, gains less
energy from electrostatic repulsion because of
the charge carried away by P,. When the inter-
mediate nucleus is Be', the symmetry of the nu-
cleus limits the effective 8 to 90'. Even though
the negative shift is small, it overpowers the
larger positive shift in the integrated curve be-
cause of the sine factor.

Our experiments were not sufficiently precise
to allow a measurement of the negative energy
shift. Because of its importance in determining
the location of energy levels, this measurement
should be made as soon as possible. One might
expect the classical calculation to be better for
the negative shift since it depends only on P, and

P, being far apart and does not require precise
localization.

A proper quantum mechanical treatment of the
final-state Coulomb interaction which included
angular-momentum effects should give a quantita-
tive description of the peak shapes to be expect-
ed. If this theory were checked once with a high-
precision coincidence experiment, it could then
be used to calculate corrections for the Coulomb
shifts in all other experiments.
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A "spin filter" for selecting metastable hydrogen, deuterium, or tritium atoms with
a given nuclear spin magnetic quantum number (mi) has been built and tested. With the
device installed in the Los Alamos "Lamb-shift" polarized-ion source, we have ob-
tained a deuterium negative-ion beam with -55% spin-state purity for mr=1, 0, or -l.
An improved magnetic field homogeneity in the apparatus is expected to increase the
purity to 75%.

In connection with the development of a "Lamb-
shift" —type source of polarized negative hydro-
gen, deuterium, or tritium ions, ' we have devel-
oped and tested a device through which metasta-
ble atoms with a particular nuclear spin orienta-
tion (m~) may be transmitted while the remain-

ing atoms are quenched to the ground state. The
device exploits the "three-level interaction" phe-
nomenon which was discovered by Lamb and
Retherford', a rather complete discussion of the
relevant theory has been given in a report. ~

In this method, a longitudinal rf electric field


