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fluence of nearby particle thresholds must be
properly taken into account. However, the ma-
trix elements we calculate are in reasonable
agreement with published experimental values.'?

We conclude by noting that although the pure
isovector one-particle INC matrix elements are
substantially larger than the two-particle INC
matrix elements, isospin mixing of antianalog
states [see formulas (1)-(4)] invariably involves
differences of these matrix elements which are
of similar size for both types. This explains why
isospin-forbidden particle decay widths indicate
comparable isotensor and isovector matrix ele-
ments in light nuclei where antianalog mixing is
important.

The success of this simple model based on the
Coulomb force alone makes it unlikely that iso-
spin mixing in these light nuclei can provide un-
ambiguous evidence for charge dependence in the
short-range nuclear force.
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Nuclear Excitation Rate
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(Received 27 February 1978)

The rate at which the first nuclear excited state becomes populated is calculated as a

function of temperature and compression for

When a nucleus in its ground state is placed in
a high-temperature environment, the excited
states of the nucleus approach an equilibrium
population whose ratio to the ground-state popula-
tion is given by

(2J;+1) exp(-E,;/kT)
(2J4,+1) ’

(1)

where J; and J, are the spins of the ¢th excited

state and the ground state, respectively. E;is

the energy of the excited state above the ground
state, 7T is the temperature and % is the Boltz-
mann constant,

The objective here is to examine the processes
by which equilibrium is obtained and to calculate
the nuclear excitation rate of a nucleus. I define
the nuclear excitation rate as the initial rate at
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which ground-state nuclei become excited to the
first excited state when the pure isotopic material
is compressed to ¢ times its normal density and
heated to a temperature 7. As an example, I
consider the isotope 22®U with 0.3 <¢ <100 and
0.05 keV < T <30 keV,

Two physical processes dominate the nuclear
excitation rate. One process is radiation excita-
tion in which a photon from the blackbody spec-
trum is absorbed by the nucleus. The radiation
excitation depends on the radiation temperature
and the nuclear wave functions for the two states
involved in the transition, The other process is
inverse internal conversion, in which an electron
in the continuum or an excited state makes the
transition to a lower-energy state and gives its
transition energy to the nucleus. The inverse
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internal conversion process in addition depends on the electronic wave functions, which are sensitive

to compression as well as temperature.

The nuclear decay rate and its modification for tempervature dependence.—The total nuclear transi-
tion rate (excluding pair production, etc.) for decay of a nuclear excited state is’

L+1

Ty —gp=87 2 {( o AL+D)
L=1
™

Here w is the nuclear transition energy, |{7L,J;
- J;) [? is the reduced transition probability
(which contains the nuclear information), 7 and L
are the parity and angular momentum of the tran-
sition, and J; and J; are the initial and final nu-
clear spins. The term, anoko(nL), is the internal
conversion coefficient (which contains atomic
electron information). The atomic orbital is
specified by the quantum numbers, ng, The
term 1, in [1+25, .. @], is associated with a
purely radiative transition,

Equation (1) requires modification when the
atom is in equilibrium with a blackbody radiation
field and electron field at temperature 7. First,
note that the nuclear matrix element y(7L, J; ~Jf)
does not change. It depends on the expectation
value of a nuclear operator between nuclear wave
functions which are not significantly affected by
the temperatures or compressions considered
here. Second, the radiative term, 1, is replaced
by the term »n +1, where n is the number of pho-
tons in the sample with energy equal to the dif-
ference in energy between the initial state, J;,
and the final state, J;. Since n is positive this
factor always enhances the transition probability
and decreases the half-life.

Third, the term containing the internal conver-
sion coefficients becomes modified. The original
sum, 25, , @, . , describes the bound-free elec-
tron transition in which a bound electron is eject-
ed into the continuum, At high temperatures, the
bound states have a probability less than one of
being occupied. I call this probability P, ok The
energy state into which the bound electron is
ejected also has a finite probability of being oc-
cupied. I call this probability P,. Because of
the Pauli exclusion principle, which forbids two
electrons with the same quantum numbers, we
must multiply Qporo by the probability of the final
state being empty, 1- P,. Hence the original
sum, Z"o’“o Fngko? becomes Z>”okcu a"oko,P"oko
x(1-P,). Iplace a prime on the a because the
electron bound and continuum wave functions de-
pend on the compression and the temperature.
The calculation of these modified «’s will be de-
scribed later,
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Fourth, a new type of term arises which is
added to this sum over @, Physically this term
is due to the appearance of free-free electronic
transitions, The free-free transitions describe
the excitation of continuum electrons to energies
which are higher than the original energies by an
amount equal to the energy of the nuclear transi-
tion. The excitation rate to the first excited state
can be shown to be (2J,+ 1)(2J,+ 1) exp(~ E, /R T)
times the decay rate of the first excited state.

Calculation of the temperature and compression-
dependent excitation vate.—In order to calculate
the excitation and de-excitation rates, a model
for the electron wave functions must be adopted
which describes their behavior at high tempera-
tures and compressions. The model chosen here
is a modified Thomas-Fermi Model.? Briefly,
the Dirac equation is solved in a Thomas-Fermi—
like potential which goes to zero at the surface
of an atomic sphere whose radius is determined
by the compression, The continuum is assumed
to be depressed to E,, the average of the poten-
tial seen by an electron over the atomic volume,
The number of free electrons, N, is determined
from

2 s/2(¥o Sfoo z"dz
Ny =37 (*T) <a0> b lexplZ-(a+E,)/kT]"

This equation assumes a uniform continuum elec-
tron density. Here, 7, is the atomic sphere ra-
dius and a, is the Bohr radius, The chemical
potential, «, is determined by taking a Fermi-
Dirac distribution of all electrons and requiring
neutrality of the atom, Z=N;+Ny,ynq.

The program CATAR® was used with minor cor-
rections to calculate the internal-conversion co-
efficients for 2*®U, The coefficients related to the
LI, LII, LI, MI, MII, MIIl, MIV, MV, and NI
shells were calculated at the temperatures 0,05,
0.5, 1.0, 1.5, 2.0, 4.0, 7.0, 10.0, 20,0, and
30.0 keV for compressions of 0.3, 1,0, 3.0, 10,0,
30.0, and 100. The corresponding variation of
the LIII internal-conversion coefficient is pre-
sented in Fig. 1. This coefficient is one of the
largest in the sum in Eq., (2). At high tempera-
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FIG. 1, The L III internal-conversion coefficient for
the 45-keV transition of %3%U as a function of tempera-
ture and compression.

tures fewer electrons are bound so that the LIII
electron is shielded less from the nucleus and is
more tightly bound so that its wave function has
more overlap with the nucleus, At the higher
compressions, more electrons are forced back
into bound orbits causing greater shielding and
decreasing the coefficient. The internal-conver-
sion coefficients do not scale with the probability
of finding the electron at the nucleus as happens
at lower ionization levels, This is partly due to
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FIG. 2. The 238U bound-free plus radiative de-excita-
tion rate from the 2% 45-keV excited state to the 0*
ground state.

large changes in binding energy which cause a
corresponding change in the available electron
phase space.

The de-excitation rate from the first excited
45-keV 2% state in #°U as calculated using the
appropriately modified form of Eq. (2) is present-
ed in Fig, 2. Only bound-free transitions are in-
cluded in the sum over internal-conversion co-
efficients. The rapid decrease of the rate by a
few orders of magnitude is caused mostly by the
change in the occupation probability of the elec-
tron orbits. The half-life at a compression of 1
increases from 0,21 to 76 ns.

The excitation rate from the 0* ground state to
the first excited state is presented in Fig, 3 at
compressions of 1, 3, 10, 30, and 100. Here
also only the bound-free transitions are included.
The compression-1 curve is dominated by radia-
tion excitation which is independent of compres-
sion, The other curves have a peak caused by
the maximum occurring in the number of elec-
trons available at 45 keV above the electron
bound-state energies.

The free-free contribution to the excitation
rate, calculated in the Born approximation, is
indicated in Fig. 4. It will begin to dominate at
higher temperatures. It is expected that the Born
approximation is an underestimate of the actual
free-free rate.

It has been shown that the low-lying excited
states of nuclei can approach their equilibrium
populations rapidly under extreme temperature
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FIG. 3. The *%U free-bound plus radiative excitation
rate from the 0* ground state to the 2% 45-keV excited
state.
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FIG. 4. The %%V free-free Born approximation exci-
tation rate from the 0+ ground state to the 2% 45-keV
excited state.

and compression conditions and that the lifetimes
of these excited states can increase by a few or-
ders of magnitude.
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Protons, Deuterons, and Tritons Emitted from the Reaction of 192-MeV !2C with 5°Fe

J. B. Ball, C. B. Fulmer, M. L. Mallory, ‘® and R. L. Robinson

Oak Ridge National Labovatory, Oak Ridge, Tennessee 37830
(Received 28 October 1977)

Energy spectra and yields of Z =1 particles from bombardment of an iron target with
192-MeV 12C jons were measured at a number of angles between 8° and 65°. The spectra
extend to energies far above the energy per nucleon of the incident projectile. The ob-
served yields are consistent with an interpretation that projectilelike products of the nu-
clear collisions are excited sufficiently to evaporate one or more light particles subse-

quent to the collision.

We report here the results of an experiment to
measure the spectra of light particles (Z=1) pro-
duced by reactions of 16-MeV /nucleon carbon
ions with a medium-weight target. These results
provide information on the spectral distribution
of light particles emitted during intermediate-
energy heavy-ion collisions.

The observation of nonstatistical emission of
protons from heavy-ion-induced reactions has
been noted previously in studies at 8.6 MeV /nu-
cleon® and at 10.5 MeV /nucleon.? In the work of
Galin ef al.,* a forward-peaked “direct” compo-
nent was subtracted from the proton spectra be-
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fore treating the observed angular distributions
in terms of a statistical decay of the compound
system. Britt and Quinton® reported a similar
forward-peaked component in the proton spectra
and concluded that the major process involved in
producing this direct component was the breakup
of the incident projectile during a grazing colli-
sion with the target nucleus. Such a fragmenta-
tion process does not explain the light-particle
spectra observed in the present study of the *2C
on *®Fe reaction at 16 MeV /nucleon. For exam-
ple, the protons were found to have energies up
to 4 times the average laboratory energy of the



