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Yields of equatorially emitted light isotopes, 1 < Z

< 14, observed in ternary fission in the reaction **'Pu

(ny, ) are employed to determine apparent chemical equilibrium constants for low-temperature and low-density

nuclear matter. The degree of equilibration and the role of medium modifications are probed through a com-
parison of experimentally derived reaction quotients with equilibrium constants calculated using a relativistic
mean-field model employing a universal medium modification correction for the attractive o meson coupling.
The results of these comparisons indicate that equilibrium is achieved for the lighter ternary fission isotopes.
For the heavier isotopes experimental reaction quotients are well below calculated equilibrium constants. This
is attributed to a dynamical limitation reflecting insufficient time for full equilibrium to develop. The role of
medium effects leading to yield reductions is discussed, as is the apparent enhancement of yields for *He and

other very neutron-rich exotic nuclei.

DOLI: 10.1103/PhysRevC.102.064621

I. INTRODUCTION

A high-quality nuclear equation of state (EOS) applicable
over a wide range of density and temperature is an essential
ingredient for reliable simulations of stellar matter and astro-
physical phenomena. In recent decades many nuclear theory
efforts have been devoted to developing such equations and
many are available in the literature, see Refs. [1-14] and
references therein. The validation of these equations of state
usually rests on careful comparisons between the results of
theoretical simulations and astrophysical observations.

At the same time, laboratory studies of nuclear matter at
different densities, temperatures, and isospin content offer
some unique possibilities to address specific aspects of the
nuclear equation of state. Exploiting a variety of projectile
energies, projectile-target combinations, and reaction mecha-
nisms, nuclear experimentalists have probed cluster formation
and the composition of nuclear matter at different densities,
caloric curves, and phase transitions, the density dependence
of the symmetry energy and medium effects on nuclear bind-
ing energies, see Refs. [12—19] and references therein.

While isotope mass fractions are commonly used to
present the results of EOS composition calculations,
Refs. [13,14,18,19] employed chemical equilibrium constants
for production of Z = 1 (H) and Z = 2 (He) derived from the
experimental isotope yields. These are more robust quantities
for testing different equations of state since, at least in the low-
density ideal limit, they are less dependent upon the choice of
isotopes included in the EOS model calculations and upon the
source asymmetry.

The thermodynamic reaction quotient Q for the formation
of an isotope AZ with mass number A, atomic number Z, and
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neutron number N = A — Z, is defined such that

'z}
{pY{m"’
where curly brackets denote the fugacities of the chemical
species, i.e. the isotope 4Z as well as the protons p and
neutrons n. Fugacity depends on temperature, pressure and
composition of the mixture, among other things. The formu-
lation in terms of fugacities arises because components in
nonideal systems interact with each other. In nuclear EOS
models these interactions are modeled in a variety of ways
[1,2,4,6-11,13,14,19]. The right-hand side of this equation
corresponds to the reaction quotient for arbitrary values of
the fugacities. The reaction quotient becomes the equilibrium
constant K if the system reaches equilibrium. The equilibrium
constant is related to the standard Gibbs free energy change
for the reaction, AGY, as

AG® = —RT InK, )

Q ey

where T is the temperature and R is the gas constant.

If deviations from ideal behavior are neglected, the fu-
gacities may be replaced by concentrations or densities.
Employing square brackets to indicate concentrations or den-
sities at equilibrium we can designate this ratio as chemical
constant K,

K ['Z] 3)
c= T 7 N
[p)” [n"
K, is defined in an equivalent way to the thermodynamic
equilibrium constant but with concentrations or densities of
reactants and products, denoted by square brackets, instead of
fugacities.
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The experimental equilibrium constants reported in
Refs. [18,19] demonstrated clearly that, even at densities in
the 0.003 to 0.03 nucleons/fm3 range, interactions are im-
portant and experimental equilibrium constant data may be
employed to evaluate the various theoretical models.

II. ANALYSIS OF TERNARY FISSION YIELDS

In this paper we report extensions of the measurements of
isotopic equilibrium constants to a broader range of isotopes
at even lower temperature and densities. Specifically, we de-
rive isotopic equilibrium constants for isotopes produced in
ternary fission processes which occur in approximately 0.3%
of decays during the spontaneous or thermal-neutron-induced
fission of a heavy nucleus [20—45]. Such ternary fission is
characterized by emission of an energetic light particle or
fragment in a direction perpendicular to the axis defined by
the massive separating fragments, signaling their origin in the
region between the two nascent heavy fragments at or near
the time of scission. Collectively, such isotopes are typically
identified in the ternary fission literature as “scission” or
“equatorially” emitted particles.

This well-identified isolated mechanism facilitates explo-
ration of yields with minimal perturbations from collision
dynamics. This allows an experimental test of the chemical
equilibrium hypothesis. If that hypothesis is supported, de-
rived equilibrium constants provide information against which
various proposed equations of state may be tested in the
low-density limit. In this regard they constitute the exper-
imental counterpart of theoretical virial equations of state,
which serve as a low-density theoretical baseline for EOS
calculations [4,10]. Data of sufficient accuracy would allow
a careful evaluation of the density dependence of fragment-
fragment interactions and in-medium modifications of cluster
properties. See Ref. [46] for a recent discussion of such
effects.

The experimental results of Koester et al., obtained with
an on-line mass spectrometer, provide a comprehensive data
set for ternary fission yields for 42 isotopes determined in
the reaction >*'Pu(ny,, f) [28,29]. In addition, 17 upper limits
are also reported for yields of other isotopes. In Ref. [45],
these yields were compared with results of calculations made
using a model which assumes a nucleation-time-moderated
chemical equilibrium [47-49] in the low-density matter which
constitutes the neck region of the scissioning system. Nu-
cleation approaches have much in common with thermal
coalescence approaches previously applied to clustering in
low-density nuclear systems [50,51] but explicitly incorpo-
rate consideration of cluster formation rates. Coalescence of
nucleons into clusters is a dynamic process requiring time,
while the fissioning system exists for a limited time span. A
reasonably good fit to the >*'Pu(ny,, f) experimental data from
Refs. [28,29] was obtained with the following parameters:
Temperature T = 1.4 MeV, density p = 4 x 10~* fm 3, pro-
ton fraction ¥, = 0.34, nucleation time #,,c = 6400 fm/c, and
critical cluster mass A, = 5.4. We note that various previous
attempts to evaluate the temperatures appropriate to thermal-
neutron-induced ternary fission have led to temperatures in
the range of 1.0 to 1.4 MeV [52,53]. For the **’Pu com-

pound nucleus, the proton fraction Y, is 0.388. The derived
value of 0.34 indicates that the region between the separating
fragments, which dominates the production of the ternary
particles, is neutron enriched [45,54].

III. EQUILIBRIUM CONSTANT FOR “He

Since all yields in the Koester **'Pu(ny, f) data are refer-
enced to the yield of “He particles we began by establishing
the correspondent equilibrium constant for this particle. De-
termining this equilibrium constant requires accurate yields
of the neutrons, protons, and ‘He ejected at the time of
scission. The equatorial emission origin of these particles
must be well defined, and contributions from other sources
(e.g., pre-scission emission, polar emission, secondary par-
ticle emission) to the total yields be carefully removed.
Establishing the yields of equatorial emission requires careful
exploration of the particle angular distributions relative to the
scission axis. These measurements are difficult, particularly
for the neutrons because subsequent evaporation from the
fission fragments dominates the neutron yield. Fortunately,
very precise measurements of these yields have been made
by a number of extremely competent experimental groups
and absolute yields for many fissioning isotopes are, in fact,
available and tabulated in the literature [20-44]. The system-
atics of ternary fission yields have been extensively analyzed
in various evaluations and review articles [20-22,26]. Focus-
ing particularly on values reported for Pu isotopes we have
adopted for our calculations the experimental values indicated
in column 4 of Table I. The adopted value for the “He parti-
cle yield includes a 17% correction to remove “He particles
resulting from the decay of He nuclei emitted at scission
[37]. The adopted value for protons includes a 14.5% correc-
tion to remove polar emission protons [39—41]. For neutrons,
the adopted value is that determined for scission neutrons
[36].

Applying the thermal coalescence model of Mekjian [50]
to these data allows for the extraction of the coalescence
volume, 2937 fm*. With the absolute yields and this coa-
lescence volume, the relevant densities and the experimental
equilibrium constant K,.(*He) for direct formation of the “He
in its ground state is 3.02(+1.07) x 10'® fm”. As indicated
above, the largest contributor to the uncertainty is the neutron
scission yield. Note, however, that the apparent effective K&t
for the total experimentally observed “He yield (column 2,
Table I), which includes the >He contribution (as well as
possible smaller contributions from other particle unstable
isotopes) is 3.66(%1.30) x 10'® fm®. By convention, relative
yields in ternary fission are typically normalized to the total
“He yield.

In Ref. [13] Pais et al. reported a study of in-medium
modifications on light cluster properties, within the relativis-
tic mean-field approximation, where explicit binding energy
shifts and a modification on the scalar cluster-meson coupling
were introduced in order to take these medium effects into
account. The interactions of the clusters with the surrounding
medium are described with a phenomenological modifica-
tion, x;,, of the coupling constant to the o meson, g;, =
XicAigs. Using the FSU Gold EOS [12] and requiring that
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TABLE L. Adopted values of neutron, proton, and “He yields [21,22,35-44]. References are the primary sources. Measurements and
systematics of other data for adjacent isotopes were also employed in establishing these values. Uncertainties are 1o

Particle Total yield/fission Equatorial scission emission Adopted yield
n 2.96 £ 0.005 0.107 £0.015 0.107 £0.015
D 4.08 x 1075 £ 0.41 3.49 x 107 £0.35 3.49 x 107 £0.35
‘He 2.015 x 107* £ 0.20 2.00 x 1073 4+0.20 1.66 x 1073 £ 0.17

the cluster fractions exhibit the correct behavior in the low-
density virial limit [4,9,10], they obtained a universal scalar
cluster-meson coupling fraction, x;, = 0.85 £ 0.05, which
could reproduce both this limit and the equilibrium constants
extracted from reaction ion data [18,19] reasonably well. The
results are qualitatively similar to those obtained with other
approaches [4,6-9,19]. Employing the model of Ref. [13] with
T =14 MeV, po =4 X 10~* fm™3, and a scalar cluster-
meson coupling fraction x;, = 0.85 leads to K.(“He) =
2.99 x 10'® fm® for direct production, and K(*He) =
3.65 x 10'8 fm°.

In a more recent work [14], Pais et al. compared their
model results to equilibrium constants calculated from a new
analysis, where in-medium modifications are addressed, for
experimental data measured in intermediate energy Xe + Sn
collisions. This comparison leads to a higher scalar cluster-
meson coupling constant x; , = 0.92 &+ 0.02.

With this higher assumed value of the coupling constant,
the in-medium effects are reduced, and the predicted value
for K,.(*He) becomes 3.75 x 10'8 fm?, and for K:‘ff(“He) =
4.62 x 10" fm°,

IV. EXTENSION TO OTHER ISOTOPES

Using the adopted values of the equatorial neutron and
proton yields together with the measured yields for all iso-
topes, we have calculated the effective experimental reaction
quotients Q% for formation of the observed isotopes from the
nucleons, i.e.,

['Z]
[pV[n"
where “eff” denotes total observed yields including all contri-
butions from gamma-decaying and particle-decaying excited
states. Here we employ Q because, in our previous treatment
of these same data within the framework of a nucleation time
modulated statistical equilibrium model, we have presented
evidence that statistical equilibrium is not achieved for the
heaviest isotopes [45]. The term effective is used in recog-
nition of the fact that the final observed ground state yields
include contributions from deexcitation of short-lived gamma
or particle decaying states initially present in the primary
isotope distribution. The relative importance of such contribu-
tions will vary with temperature and density. For a system at
equilibrium, Q°" = K, the effective equilibrium constant. A
direct comparison between the experimental results and those
of theoretical calculations requires that the contributions from
relevant excited states be included in the theoretical treatment.

In the original formulation by Pais et al., only ground
states including particle unstable ground states were included

o = )

in the calculation. For the present calculation we have in-
cluded experimentally identified (excitation energy and spin)
gamma decaying excited states [55] which can have a sig-
nificant population at 7 = 1.4 MeV. We have also included
relevant particle unstable isotopes and states which can feed
the observed population [55]. With this ensemble of states
we performed some preliminary calculations to explore the
sensitivity of various results to the assumed density. We found
the final free neutron to free proton ratio to be very sensitive
to density. A comparison of the theoretical free n/p ratios
to the experimentally observed free n/p ratio for different
assumed total densities indicated a density of 2.56(40.20) x
10~* fm—3. This value, which is somewhat lower than the
4 x 10~* fm~3 derived from nucleation model fits, has been
adopted for the present calculations. In the recent treatment of
the emission of Z = 1, 2 isotopes in the spontaneous ternary
fission of 2Cf, a different approach suggests quite similar
values [46].

The experimentally derived reaction quotients are pre-
sented in Fig. 1. To more clearly present the data, we plot Q°If
against the isotope identifier parameter proposed by Lestone
[30], i.e., A + 8(Z — 1). For comparison to the experimental
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FIG. 1. Q% values vs A + 8(Z — 1). Triangles are experimen-
tal results. Open circles are theoretical results for KT with T =
1.4 MeV, Y, =0.34, p =2.56 x 107* fm~3 and coupling constant
X;» = 0.92. An auxiliary Z scale is shown at the top of the figure.
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FIG. 2. Ratio Q' (experiment)/Q°" (theory) vs A + 8(Z — 1).
Solid red circles represent results for odd-Z isotopes. Solid blue
triangles represent results for even-Z isotopes. An auxiliary Z
scale is shown at the top of the figure. All isotopes in the Koester
data table are considered. Isotopes for which only upper limits are
reported are excluded from this plot. See text.

Q° values, we also present theoretically calculated equilib-
rium constants, K, obtained using the model of Pais et al.
[13] with a scalar cluster-meson coupling constant x;, of
0.92. To carry out these calculations we fixed the temper-
ature to be 1.4 MeV, the total density to be 2.56 x 10~
nucleons/fm> and the proton fraction of the matter to be
0.34. Both the experimental and theoretical values are tab-
ulated in Appendix of this paper. Unlike the data employed
for the previous comparisons with this model, the present
data include isotopes as heavy as *°Si. Therefore the role
of excited states should be much more important in de-
termining the observed isotope yields. This is particularly
true for nuclei with lower energy gamma decaying excited
states with high degeneracies. Particle decaying excited states
are also included but many generally occur at relatively
higher excitation energies and thus are less populated at low
temperature.

As is observed in Fig. 1, the experimental and theoretical
trends are quite similar. For the heaviest isotopes there is,
however a clear indication that the experimental Q° values
fall well below the theoretically calculated equilibrium con-
stants. To better appreciate these differences we plot in Fig. 2
the ratios of the values of the experimentally derived reaction
coefficients to the K¢ values calculated theoretically using
the Pais et al. formulation [13]. Ratios for isotopes for which
measured experimental yield values exist are identified by tri-
angles. Those for which only upper limits to the experimental
yields are available are not included in this figure.

In Fig. 2 we see that, for the lighter isotopes, there is some
scatter about the ratio Rexp/eo = Qe /O = 1, but a gen-

TABLE II. Chemical constants for the isotopes of the light ele-
ments H, He. The experimental values Q° (expt) are compared with
calculated values K‘fff (calc).

Particle Qﬁff (expt) Kfff (calc)
’H 5.50(£0.99) x 10° 2.42 x 10*
H 2.84(+0.85) x 10° 3.29 x 10°
*He 1.43 x 10°
“He 3.66(£1.30) x 10'® 474 x 10'®
SHe 1.50 x 10%
®He 5.95(£3.50) x 10% 5.45 x 10%
"He 2.60 x 102
$He 2.60(+1.97) x 103 3.76 x 103

eral overall accord between the data and the theoretical values,
suggesting that chemical equilibrium has been achieved for
the isotopes with Z < 5. The experimental K, value reported
for H is well below the theoretical value. This appears to
reflect the very weak binding of the deuteron. Such reductions
in deuteron yield are a general feature in the production of
deuterons in heavy-ion collisions [13,18,56]. Interestingly, for
the light neutron-rich isotopes 8He, 9Li, 1°Be, and '*Be, the
ratio indicates significant excesses relative to the calculated
values in the region where there is a reasonable agreement for
the other isotopes.

Above that point the plotted ratios drop rapidly falling to
Rexpt/theo 1073 for the heaviest isotopes. Since the Pais cal-
culation includes medium effects through the cluster coupling
constant this decrease does not appear to reflect calculated
medium effects. Rather, the observed decline in the ratio of
experimental value to theoretical value indicates that equilib-
rium is not reached for the heavier isotopes. This is entirely
consistent with the conclusion reached in Ref. [45] where
it is attributed to a time moderated nucleation effect. The
possibility that finite-size effects may also contribute to this
decline is not ruled out.

V. Z =1 AND 2 ISOTOPES AND MEDIUM
MODIFICATIONS

Given the recent detailed analysis of Z =1 (H) and 2
(He) isotope production for 2>2Cf ternary fission [46] it is
interesting to focus explicitly on these results for the present
case. In Table II, the available measured equilibrium con-
stants for these isotopes are presented and compared with
the theoretical values calculated using a scaler cluster-meson
coupling constant x;; = 0.92. As already noted above, the
experimental Q. value based on the observed yield for the
2H is well below the theoretical value. (This is also true in
the 2Cf case [46].) This suggests a clear medium effect
for this very weakly bound nucleus [57,58]. *He was not
observed in the Koester experiment nor has a *He yield been
reported in any other ternary fission experiment [37,38]. The
theoretically calculated *He and >H equilibrium constants in
Table II are similar, as expected, the difference arising from
the small binding-energy difference for these A = 3 isotopes.
While some similar medium effect may operate on the A = 3
yields, the nonobservation of *He reflects the very small free
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TABLE III. Experimental [26,27] and calculated equilibrium
constants for light isotopes observed in the ternary fission of 2*?Pu.
Assigned upper experimental limits are indicated by **. See text for
details.

Isotope 0° expt. Q¢ calc. Upper limit
2y 6.61 x 10° 242 x 10

’H 3.39 x 10° 3.30 x 10°

‘H 3.63 x 108 474 x 10'8

%He 7.12 x 105 5.46 x 10%

$He 3.09 x 10% 3.76 x 1032

Li 1.54 x 10*? 2.52 x 1032

814 2.66 x 10 1.80 x 10%

oLi 1.44 x 104 3.18 x 10%

L 5.88 x 10% 7.87 x 10%

"Be 1.41 x 103 2.33 x 10%2 sk
Be 2.34 x 10% 2.76 x 10%

0B 6.72 x 10%° 2.20 x 10%

Be 2.37 x 1073 1.46 x 10°

2Be 3.08 x 10%7 1.14 x 10¥7

“Be 2.24 x 109 1.68 x 109

log 1.34 x 10% 1.08 x 10% s
g 1.97 x 10 2.65 x 10%

2B 3.37 x 10 6.49 x 10%

l4p 3.30 x 10°8 1.34 x 109

5g 3.21 x 107 422 x 107

7B 5.26 x 107 2.05 x 107 sk
e 9.82 x 107 1.65 x 107

5¢ 9.20 x 107 2.70 x 1078

e 2.94 x 1082 4.87 x 103

¢ 1.03 x 1086 4.58 x 1086

tls 1.24 x 10% 3.19 x 10%

e 3.04 x 102 9.05 x 10%

20¢ 1.20 x 1077 4.77 x 1077

5N 2.89 x 107 8.24 x 1080 sk
16N 1.42 x 1084 3.26 x 10%

TN 1.68 x 10% 1.92 x 10%

RN 2.17 x 10 2.74 x 10%

N 9.68 x 10”7 2.56 x 10%

20N 2.96 x 1010 1.22 x 10103

2N 7.01 x 101 1.77 x 10197

150 2.41 x 108 5.06 x 107 sk
Y0 2.97 x 101 8.11 x 10102

200 3.45 x 10100 4.22 x 10197

20 1.98 x 1010 3.20 x 1012

20 2.83 x 1014 1.14 x 1017

240 142 x 10'8 1.77 x 10'® sk
YR 7.00 x 10103 1.37 x 10'™

W 1.92 x 1017 4.74 x 101 sk
g 5.54 x 10112 1.09 x 10'

2p 2.17 x 10'18 1.31 x 1020

up 1.64 x 10'26 1.88 x 10'%

2Ne 6.69 x 10'® 7.84 x 10'32

?’Ne 2.77 x 10'*? 8.46 x 10'# ok
2Na 5.13 x 10'3! 3.36 x 1013 s
?’Na 5.30 x 104 4.68 x 10'% sk
2Na 1.75 x 10130 1.14 x 10"

ONa 1.75 x 10'%8 3.94 x 10'62 sk
Mg 3.90 x 10'48 2.19 x 10'%2 ok
BMg 1.61 x 10" 4.45 % 10'57 ok

TABLE III. (Continued).

Isotope Q0° expt. 0° calc. Upper limit
Mg 6.05%10'62 1.66x10'¢7

OAL 4.12%10'6 5.20x10'® ok

34si 3.94x10'%¢ 1.53x10'%2 o

38i 2.95%x10'"! 6.67x10'% %
%Si 1.08x10'%° 2.12x10%! ok

proton to free neutron ratio at equilibrium indicated in Table I.
Given that ratio, the He yield should be about four orders of
magnitude below the 3H yield. This low yield, together with
possible additional factors specific to individual experiments.
e.g., separation, identification and background discrimination,
offers a natural explanation for the absence of *He yield data
in the literature.

For 3H, *He, and ®He the tabulation indicates reasonable
agreement (within experimental errors) between experiment
and theory.

In contrast, the experimental value for the very neutron-
rich ®He is an order of magnitude higher than that calculated.
The large experimental yield of ®He is a general feature of
ternary fission experiments. This special nature of SHe may
reflect some feature of dynamics, e.g., time-dependent density
or temperature fluctuations or feeding from parent nuclei, or
of detailed structural features not yet understood. As noted
in the previous section the comparison of the experimental
equilibrium constants with those of the calculation (Figs. 1
and 2 and Table III) also indicates yield enhancements for the
other neutron-rich isotopes 9Li, '°Be, and '?Be. The cluster
structure of such neutron-rich nuclei has been discussed in
the framework of an extended Ikeda diagram [59]. Particu-
larly intriguing is the possibility that the yield enhancement
reflects the existence of strong neutron correlations in the
disassembling matter. In this regard, ®He is of special interest
as experimental evidence for a possible alpha-tetra-neutron
structure has been published [60], and some theoretical work
suggests that a tetra-neutron condensate might be formed in
low-density neutron rich stellar matter [61]. This subject war-
rants further investigation.

In a recent related paper on the spontaneous ternary fission
of 22Cf [46], we explored an alternative information entropy
based analysis to characterize the emission of Z = 1, 2 iso-
topes as a basis for evaluating medium effects. In that paper
it was proposed that relevant primary distribution of isotopes
formed in the ternary fission process could be characterized
by a few Lagrange parameters Az, A,, A, such that

27 K
Yrel x Rrel
AZ Az 8A.Z Ay

(NI

el BazH A=)+ Zhp) /Ay i 5)

where g4 7 denotes the degeneracy of the nucleus {A, Z} in
the ground state, B, 7 its binding energy, m is the average nu-
cleon mass. The Lagrange parameters A; are nonequilibrium
generalizations of the equilibrium thermodynamic parameters
T, tn, pp. Different approximations to treat the Hamilto-
nian of the many-nucleon system lead to different values for
these parameters. In particular all relevant excited states and
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continuum states have to be taken into account, and in-
medium mean-field and Pauli blocking effects must be
included. These effects are collected in a prefactor Rﬁf}z which,
in general, depends on the Lagrange parameters A;.

The relevant primary isotopic distribution is related to the
observed distribution via a nonequilibrium evolution, which
is described in the simplest approximation by reaction kinet-
ics where unstable nuclei feed the observed yields of stable
nuclei. As detailed in Ref. [46], taking into account all bound
states below the edge of continuum states, the primary dis-
tribution YA%’V can be obtained, with Lagrange parameters
1! obtained from a least squares fit to the observed final
yields of >H, 3H, “He, °He, and ®He. The correct treatment of
continuum states gives the virial expansion, which is exact in
the low-density limit. Using measured scattering phase shifts,
virial expansions have been determined for 2H, *H, °He, and
8Be (which feeds “He), see Refs. [4,62]. For the other isotopes
estimates are given in Ref. [46]. Such a treatment including
the continuum states leads to a significant reduction in the
calculated yields of the unbound nuclei ‘He, SHe, "He, and
9He. In the calculation the yield of %He is overestimated, and
the yield of ®He is underestimated. A possible explanation
may be in-medium corrections, in particular Pauli blocking.
®He is only weakly bound (the edge of continuum states is at
0.975 MeV which is small compared even to 2.225 MeV for
2H) so that Pauli blocking may dissolve the bound state at
increasing density. To reproduce the observed yields, we have
determined an effective prefactor R't5™". Both the effective
prefactor and the relevant primary yields required to repro-
duce the observed fyields are shown in Table IV. In detail,

the prefactor Rff"zef which represents the internal partition

function was taken from the virial expansion for 2H, 3H, 3He,
4He, He, ®Be, as well as the estimates for ®He and *He. The
corresponding observed yields are used to determine the three
Lagrange parameters Az, A,, A,. To reproduce the observed

(weakly bound) ®He, the effective factor Rgfl':ff was deter-

mined. For this, the contribution of the primary yields of *He
and "He must be known. We used the value Y7y, / Yope = 0.21
measured for 2>Cf in Ref. [35]. It would be of interest to
verify these predictions of Y/{%eff by measurements for **Pu

as were done for 22Cf. -

Interpreting the effective prefactors Rffl;“ as reflecting
in-medium corrections, we can use these inferred values to
estimate the density. These in-medium corrections are single-
nucleon self-energy shifts which may be absorbed into the
Lagrange parameters A,, A, if momentum dependence of the
single-particle self-energy is neglected. Then, the density de-
pendence of RY is governed by the Pauli blocking effects
which reduce the binding energies. A global reduction of
the binding energies is described in the generalized RMF
approximation (x; , = 0.92) given above by the effective clus-
ter coupling to the mesonic field. Within a more individual
calculation, the Pauli blocking acts stronger for weakly bound
states, eventually dissolving them, denoted as the Mott effect
[57,58]. We have performed an exploratory calculation assum-
ing that Pauli blocking is essential for *He because of its small
binding but neglect the Pauli blocking shift for the stronger
bound nuclei. The reduction factor jo;fff derived for ®He

TABLE IV. Properties and relative yields of the H, He, and Be
isotopes from ternary fission 2*'Pu(ny,, f) which are relevant for
the observed yields of H, He nuclei (denoted by the superscript
“obs”). Experimental yields ¥,’7" [29] are compared with the yields
calculated as described in the text. Observed yields are in column 2,
binding energy B, z/A is in column 3, ground state degeneracy is in
column 4, prefactor is in column 5, and calculated primary isotope
distribution is in column 6.

Isotope Y:"Z‘“ B’f‘T'Z [MeV]  gaz Rf:l'zeff Yf}'eff
Ar 1.2042
A ~2.9954
A ~16.633
n 0 2 1 588 200
'H 0 2 19.16
H 42 1.112 3 0.98 42
Sg™ 786 2.827 2 786
’H 2.827 2 0.99 779.51
‘H 1.720 5 00606 646679
3He 2.573 2 0.988  0.004 972
“He™ 10000 7.073 1 10000
“He 7.073 1 1 8485.89
SHe 5.512 4 0.7028 1508.81
SHe™ 260 4.878 1 260
He 4.878 1 0.8827 14.868
"He 4.123 4 06235 45.122
SHe™™ 15 3.925 1 15
$He 3.925 1 0.9783 14.72
9He 3.349 2 02604 0.27
8Be 7.062 1 1.07 2.65

is smaller than the expected value Rg‘;jg“ = 0.945 according
to the virial expansion. This leads to a shift of the binding
energy of about 0.9 MeV and a correspondent density value
of about n,, = 0.0006 fm~>. Note that this value has a large
error because of uncertainties in the observed yield of *He
as well as the estimation of the energy shift of ®He due to
in-medium corrections. Large deviations from the simple NSE
are predicted for the primary yields of >He, and it would be of
interest to observe it like in the case of 22Cf [46].

VI. SUMMARY AND DISCUSSION

In conclusion, experimentally reaction quotients have been
determined for equatorially ejected isotopes of Z < 14 ob-
served in the ternary fission of 2%Pu. The emission is
characterized by T =1.4 MeV, Y, = 0.34, and p = 2.6 x
10~4 nucleons/fm3. It should be noted that, since at equi-
librium the reaction coefficients are primarily sensitive to
temperature and to density through medium effects, extraction
of accurate densities remains a difficult problem. Here we
have used the observed free neutron to free proton ratio to
establish the density.

A comparison of the reaction quotients with those calcu-
lated using the EOS model of Pais et al. [13] with a scaler
cluster-meson coupling constant of x; , = 0.92 indicates a
reasonable agreement between the experimental results and
the model calculations for the lighter isotopes, indicating that
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chemical equilibrium is achieved for those isotopes and that
medium effects are quite small at this temperature and density.
A more detailed evaluation of possible medium effects at these
densities, addressing the properties of individual isotopes,
is presented in Ref. [46]. The experimental yield of *He is
much higher than predicted in the calculation. Other very
neutron-rich isotopes °Li, '°Be, and '*Be also give evidence
of being underestimated in the calculation. Whether this re-
flects the particular structural characteristics of these exotic
nuclei warrants careful investigation [60,61]. For the heavier
isotopes, the ratio of the measured reaction coefficient to the
theoretically predicted equilibrium constant exponentially de-
creases with increasing mass. This is attributed to a dynamical
limitation, reflecting insufficient time for full equilibrium to
develop [45]. An important point to be emphasized is that
valid comparisons of calculated equilibrium constants to those
derived from experimental data demand that the actual exper-
imental ensemble of competing species be replicated as fully
as possible in the calculation.
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APPENDIX

Table 111 contains the QI values presented in Fig. 1 of this
paper. We note that Q. values far above the calculated values
are derived for the isotopes "Be (parameter value 31) and 170
(parameter value 71). Both values are based upon assigned
upper limits. This comparison suggests that the actual yields
for those two isotopes are well below these assigned values
for upper limits.
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