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Abstract. The systematic study of fission fragment yields under different initial conditions has provided
valuable experimental data for benchmarking models of fission product yields. Nuclear reactions using
inverse kinematics coupled to the use of a high-resolution spectrometer with good fragment identification
are shown here to be a powerful tool to measure the inclusive isotopic yields of fission fragments. In-flight
fusion-fission was used in this work to produce secondary beams of neutron-rich isotopes in the collisions
of a 238U beam at 24 MeV /u with °Be and '2C targets at GANIL using the LISE3 fragment separator.
Unique identification of the A, Z, and atomic charge state, ¢, of fission products was attained with the AE-
TKE-Bp-ToF measurement technique. Mass, and atomic number distributions are reported for the two
reactions. The results show the importance of different reaction mechanisms in the two cases. The optimal
target material for higher yields of neutron-rich high-Z isotopes produced in fusion-fission reactions as a

function of projectile energy is discussed.

1 Introduction

1.1 In-flight separated fusion-fission as a new
mechanism to produce rare isotope beams

Fission of heavy nuclei is a useful tool to produce neutron-
rich isotopes of interest for basic research. The production
of fission fragments by light-ion or neutron bombardment
of heavy targets in so-called normal kinematics suffers
from difficulties with fragment extraction from the target
and identification of the slow moving fragments. On the
other hand, in-flight fission using inverse kinematics can
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be a useful production method in which the fast moving
fragments are relatively easy to separate and identify. Pio-
neering in-flight fission experiments at high energy at GSI
explored neutron-rich isotopes with Z = 28-60 [1]. Since
that time, in-flight fission has been widely used to produce
rare neutron-rich nuclei and experiments have used differ-
ent mechanisms to induce the fission process at relativis-
tic energies [2]. At large impact parameters with high-Z
targets, the long-range Coulomb force prevails (Coulomb
fission). For slightly smaller impact parameters, periph-
eral nuclear collisions take place and the fissile projectile is
left abraded and excited. During the de-excitation process,
it can undergo fission with a high probability (abrasion-
fission) [2,3]. This paper explores the use of fusion-fission
in inverse kinematics to produce beams of rare isotopes.
Recent experiments using the VAMOS spectrometer to
measure fission fragment yields from the reaction of 233U
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with '2C at near Coulomb barrier energies have demon-
strated the advantage of this approach [4], and the abil-
ity to measure general properties of transfer- and fusion-
induced fission fragment distributions [5-7].

Experiments in inverse kinematics using fragment sep-
arators or magnetic spectrographs have the problem that
it is difficult to collect all fragments in a limited solid angle
and the observed yields strongly depend on the magnetic
system used. In the present work a new simulation based
on a recent model [8] was developed to carry out fast calcu-
lations of the fusion-fission (FF) fragment yields including
the cross sections, reaction kinematics, and spectrometer
acceptances in order to facilitate studies of fusion-fission.
The model was implemented in the LISETT package [3]
and incorporated existing analytical descriptions of fusion-
evaporation and fission fragment production mechanisms.
The advantages of in-flight fusion-fission in inverse kine-
matics to explore the neutron-rich 55 < Z < 75 region are
shown in comparison to the abrasion-fission and Coulomb
fission processes. An important feature of inverse kinemat-
ics is that the excitation energy delivered to the heavy
nucleus can be relatively low even though the laboratory
kinetic energy is high. The predictions are compared to the
results of an experiment performed with the LISE3 spec-
trometer [9] to separate and identify such fusion-fission
products, and the comparisons generally agree with the
LISE*T* simulation with the recent fusion-fission model.

1.2 Reaction mechanism and fusion-fission isotope
yields

The cross section for the complete fusion of two colliding
nuclei forming a compact excited compound nucleus (CN)
at an excitation, £*, and angular momentum, J, can be
written as

OCN (E*vj)zacapture(E*aj)PCN (E*,J), (1)

where 0¢qpture is the cross section for the formation of the
dinuclear system (capture), and Poy is the probability
to form a CN with a compact shape. The complemen-
tary process to the CN formation in the heaviest nuclei is
quasifission (QF) with probability 1— Pe . Quasifission is
a transitional mechanism between deep-inelastic collisions
and complete fusion in which the composite system sep-
arates in two large fragments without forming a CN [10].
The excited CN formed in a fusion reaction can undergo
fission, or through particle emission produce evaporation
residues (ERs)

O'CN(E*,J):UFF(E*,J)+UER(E*,J>. (2)

Fragment mass distributions from fusion-fission (FF)
reactions have been extensively investigated for many
years [10,11] as they provide important information on
fission dynamics. Along with QF reactions [10,12-14], FF
is the most important reaction mechanism present in re-
actions with the heaviest nuclei. In fact, the formation
probability of super heavy elements in fusion reactions is
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thought to be determined by the fusion-fission process [10,
14,15]. The present work describes a method to obtain ad-
ditional information on the isotopic fission-fragment yields
over the entire atomic-number range of the fission frag-
ments (i.e., from Z = 30 to Z = 64) using inverse kine-
matics coupled with a fragment separator. Recent data
from the LISE3 separator was used in the present case.

The FF reactions were induced by a 233U beam at
an energy of 24 MeV /u impinging on a 15mg/cm? thick
9Be metal or natural carbon target. The main reaction
channels and their general characteristics are listed in ta-
ble 1 as a function of characteristic angular momenta as-
sociated with each reaction. The table provides a frame-
work for describing the yields observed in FF experi-
ments. Note that the beam energy was approximately
20 MeV /u in the middle of these targets so that the exci-
tation energies of the compound nuclei are moderate due
to the large center of mass motion, as seen in table 1.
FF clearly dominates over ER at these high excitation
energies and fissilities (e.g., E* = 140-200 MeV and 170-
250 MeV, CN fissility parameters [16] xcny = 0.804 and
0.823 for CN formed with Be and C targets respectively).
The extreme entrance channel asymmetry of these reac-
tions o = (Ag — A1) /(As + A1) = 0.927 (0.904), and low
atomic-number product Z,Z; = 368 (552) for Be (C) tar-
gets generally hinders dissipative effects in the collision
stage of the reaction and strongly suppresses the QF mech-
anism [14,17,18].

2 Experimental measurement

A 238U%F beam was accelerated to 24 MeV /u with an
intensity on the order of 10° ions/s with the CSS1 and
CSS2 cyclotrons at GANIL. The beam was directed onto
the LISE3 target at an angle of 3° to prevent the unre-
acted beam from entering the spectrometer, as indicated
schematically in fig. 1.

Considering the high kinetic energy of the excited
heavy nuclei produced in the collision, most of the reac-
tions lead to the emission of fission fragments in a cone of
approximately 10° around the beam direction. The small
proportion that entered the LISE3 spectrometer, due to
the finite solid angle, were then identified by the combi-
nation of magnetic-rigidity Bp, time-of-flight (ToF), total
kinetic energy (T'KFE), and energy-loss (AFE) measure-
ments. The identification of heavy ions using this tech-
nique was described in detail in the appendix of ref. [19].
Two position-sensitive micro-channel plate detectors [20]
were used to measure the position of the particles at the
intermediate dispersive plane, X371, and at the final focal
plane, Xgo, as indicated in fig. 1, to deduce the magnetic
rigidity of the particles.

The spectrometer sections before and after the in-
termediate focal plane (slits 31) were set to the same
magnetic rigidity. The position calibrations of the micro-
channel detectors (Gallote 31, Gallote 62) were performed
using slits placed in front of each detector. The spectrom-
eter’s ion-optical parameters (dispersions and magnifica-
tions) were calibrated by measurements of the positions
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Table 1. Angular momenta that separate reaction channels and characteristic parameters for reactions of 2**U (20 MeV /u) with

°Be and '2C. The values of the classical angular momenta [21,22] were calculated by the LISET

code for the fusion reaction

mechanism [23]. The Sierk model [24] was used to estimate the dependence of the fission barrier, By;s, on angular momentum.
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Fig. 1. Schematic layout of the LISE3 spectrometer with the detection equipment for the identification of fission fragments.

of different charge states of the primary beam. A stack
of four silicon detectors was installed after the second mi-
crochannel plate detector (Gallote 62) to measure the en-
ergy loss rate and the total kinetic energy of the ions. Four
Time-of-Flight (ToF) measurements of each fragment were
performed during the experiment using;:

— Gallote 31 and Gallote 62;

— Gallote 31 and 1st silicon detector at the final focal
plane (FFP);

— 1st silicon detector at FFP and the arrival time relative
to the phase of the cyclotron rf-signal;

— 2nd silicon detector at FFP and the arrival time rela-
tive to the phase of the cyclotron rf-signal.

The flight paths were assumed to be independent of
the measured positions on the detectors and taken to be
35.003, 35.243, 42.828, and 42.838 m [9], respectively, for
the combinations listed above. The first and second mea-
surements both gave excellent timing resolution providing
good mass resolution, but the highest efficiency for low-
Z fragments was obtained with the second method (Ga-

lotte31 wvs. 1st silicon detector at FFP) and was used in
the analysis.
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Fig. 2. (a) Ionic charge, q, versus A — 3¢ particle identifica-
tion (PID) diagram measured for the nominal magnetic rigidity
Bp = 1.9 Tm with the Be target. (b) Proton number, Z, versus
A — 2q PID diagram for the same spectrometer settings.

The particle identification (PID) diagram with the
ionic charge ¢ wersus the quantity A — 3¢ deduced
from measured values, where A is the mass number,
measured with the Be target for the nominal mag-
netic rigidity Bp = 1.9Tm is displayed in fig. 2(a).
This figure demonstrates mass and ionic charge resolu-
tion of FWHM(A)/A(A:1OO,14O) = 055%7 049%, and
FWHM(q)/q(q=s52)y = 1.1%, which provided adequate
identification of the products. The atomic number Z
of each fragment was identified with the energy-loss
measurement in the first silicon detector of the silicon
stack (69 pm thick). The atomic number Z wversus the
quantity A — 2¢ particle identification (PID), shown in
fig. 2(b), demonstrates the atomic number resolution
FWHM(Z)/Z(z=44,51) = 1.68%, 1.61% due to the use of
a thin detector.

The isotopic identification was confirmed by the ob-
servation of the gamma-ray decay of short-lived isomeric
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Fig. 3. Gamma-ray spectrum observed in coincidence with
128 Te. The characteristic gamma lines of 314, 742 and 752 keV
from the decay of the known T}, = 370 ns isomeric state.

states in several fission fragments observed in two ger-
manium detectors placed near the silicon stack. Figure 3
illustrates the confirmation of the PID by observation of
gamma rays from 2™ Te decay, following implantation of
identified '2®Te ions in the stack.

2.1 Beam charge-state distribution

Prediction of the charge state distribution of the various
fragments was important and a series of auxiliary mea-
surements was carried out as part of this work. The mo-
mentum dispersion of 1.8cm/% at the Gallote 31 posi-
tion allowed the measurement of several charge-states of
the uranium beam at a single magnetic-field setting and
allowed a determination of the beam charge-state distri-
bution after passing through various materials. The exact
rigidity differences between the observed charge states also
provided an absolute calibration of the spectrometer. The
magnetic rigidity of the spectrometer was scanned in or-
der to cover the charge-state distribution of the beam.
The resulting distributions are displayed in fig. 4 and
are compared to three different parameterizations typi-
cally used to describe heavy-element charge state distri-
butions at this energy [26-28]. Note that the beam en-
ters the foils with ¢ = 58 while the equilibrium charge
state is near ¢ = 80. Panels (a) and (c) in fig. 4 show
the beam charge-state distributions after passing through
a thin carbon (40 ug/cm?) and an 15 ug/cm? Mylar foil
with 20 ug/cm? Al respectively. It is clear that these thin
carbon foils only slightly increase the charge state of the
incoming beam, while the Mylar foil produced a distri-
bution that was almost halfway to the equilibrium value.
Note that the three parameterizations assume that the
material is thick enough to attain the equilibrium charge
state and thus show a large discrepancy with the data.
Panels (b) and (d) show the beam charge state distri-
butions after passing through a 3mg/cm? aluminum and
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Fig. 4. Primary beam charge state distributions measured after passing through various materials. (a) 40 ug/cm?® C; (b)
3mg/cm? Al (c) 15 ug/cm? Mylar foil with 20 ug/cm? Al; (d) 1.4mg/cm? Be. The data are compared to parameterizations of
the charge-state distributions in the literature: Schiwietz [27] (solid blue line), Leon [26] (dot-dashed red line), and Winger [28]
(black dashed line). The uncertainties in the relative yields are generally smaller than the points in this figure due to the very
large number of events observed for each charge state of the beam.

a 1.4mg/cm? beryllium foil, respectively, that are thick
enough to reach the equilibrium charge-state. The widths
of Gaussian functions fitted to these distributions are
0y, = 224, op = 1.79, 0. = 2.24, and 049 = 1.78. In
cases (b) and (d) the narrow distributions indicate that
equilibrium was reached, and the calculations show better
agreement with the data. The Leon parameterization [26]
gives excellent agreement with data from the thick Al foil,
whereas the predicted mean charge state is too high in the
case of the Be foil. In both cases, the Schiwietz model [27]
gives a fair prediction of the average charge state, while
the width of the predicted distribution is too large. The
Schiwietz parameterization gives the best description of
the distribution from the thick foil (d) and with the frag-
ment charge state distribution measurement (described in
the next chapter) was used in the analysis of the rest of
the data.

3 Reconstruction of the fission fragment
yields

The angular acceptance of the separator only allowed a
fraction of the full angular distributions of the fission frag-
ments to be collected at one time. A related limit existed
for fragment momentum distributions due to the limited
separator momentum acceptance. The angle-aperture of
the spectrometer was +1°, the beam was incident off-axis,

and the momentum acceptance was set to £0.8% by Slits
31 in the dispersive focal plane in front of Gallote 31 (see
fig. 1). Fragment production was measured at four differ-
ent rigidity values and, in order to span as much as possi-
ble of the fragment momentum distribution, the four cen-
tral momenta were separated by approximately 5% each.

Figure 5 shows a comparison between the experimen-
tal charge-state distribution measured for a “6Zr and a
12081 fragment from the ensemble of spectrometer set-
tings along with the results of the simulation. The good
agreement between the simulated and measured charge-
state distributions gives confidence that the simulation of
the kinematics and the charge state distributions are rea-
sonable and should result in an overall error of less than
20% in the final cross sections.

The yields measured at the four different spectrome-
ter settings were normalized to the average incident beam
intensity using measurements at the start and end of each
run with a Faraday cup inserted at the target position.

Fragment transmission through the separator was cal-
culated with the LISET*T code. Abrasion-Fission and
Complete Fusion-Fission reactions were used to predict
the fission cross sections at each magnetic rigidity setting.
Due to the fact that the step size in magnetic rigidity be-
tween the measurements was the same, weighting the mea-
sured data by the transmission values is equivalent to inte-
gration of the data over the full rigidity range. Abrasion-
Fission reaction kinematics [29] was chosen to simulate the
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Fig. 5. Red dotted lines: charge state distributions of %6Zr
and '?°Sn from a 15mg/cm? Be-target in panels (a) and (b),
respectively, measured at a magnetic rigidity of Bp = 1.9 Tm.
Dark blue solid lines are the results of the simulation described
in the text.

transmission of fast-fission (FA) products due to the simi-
larity of the characteristics of the products (see table 1) as
both sets of fissile nuclei are slightly lighter than the pro-
jectile and have very broad excitation energies. It should
be noted that the LISET™ fast analytical mode was used
and the reaction was assumed to take place in the middle
of the target. Therefore, in order to avoid too much av-
eraging in transmission calculations with the rather thick
target (15 mg/cm?), the target was divided into 5 sections
in the calculations. This method of combining transmis-
sions for different reaction channels in different slices of
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the target to obtain cross sections should be valid when
there are very similar contributions from both channels
(here FF and FA).

4 Results and discussion
4.1 Fission cross sections

The fission cross sections were summed over all isotopes
and found to be (3.6+£1.0) and (2.4+0.7) barns for the Be
and C target, respectively. The large errors arise primarily
from the method of beam current measurement used in
this experiment that had a large uncertainty for relatively
low primary beam intensities (< 20 enA). For comparison,
the total fission cross sections measured in this work at
20MeV /u energy in the middle of the target are higher
than the 2.00+0.42 and 1.53£0.15 barns observed in high
energy interactions of 2**U (1 GeV /u) with deuterium [30]
and hydrogen [31], respectively.

4.2 Elemental and neutron distributions

Observed normalized yield distributions are shown as a
function of the atomic and neutron numbers of the fission
fragments in fig. 6. The general features of the distribu-
tions are listed in table 2. These results are also compared
to those obtained for the reactions of 233U (1 GeV /u) with
deuterium [30] and hydrogen [31] targets in the figure. The
new results show that heavier fission fragments are pro-
duced at low energies and that this tendency is especially
true in the case of the beryllium target: on average being
approximately 9 and 13 mass units heavier compared to
those from the hydrogen [31] and deuterium [30] targets,
respectively. Also, the shape of the elemental distribution
of fission fragments produced with the beryllium target is
somewhat trapezoidal with a plateau from Z = 46 to 52
as compared to the more Gaussian shapes obtained with
the other targets.

The widths of the fission fragment distributions pro-
duced by uranium in this work are shown as a function
of atomic and neutron number and compared with high
energy results with light targets [30,31] in fig. 7. The
mean N/Z ratios are shown in fig. 8 and clearly indi-
cate that more neutron-rich isotopes of elements below
Z = 48 are produced with the beryllium target at low en-
ergy. This target has a lower energy in the center-of-mass
compared to the other cases that results in a lower exci-
tation energy of the fissioning nuclei and therefore lower
excitation energies of the fission fragments. For example,
the calculated weighted-average excitation energies of Zinc
(Z = 30) fragments after fission of the excited compound
nuclei 24"Cm (E* = 167 MeV) and 2°°Cf (E* = 204 MeV),
and of the nuclei fissioning after abrasion of 23U by a
light target are 58, 70, 125 MeV respectively. Similarly for
Bromine isotopes (Z = 35) the excitation energies are 69,
82 and 106 MeV, respectively. In addition to these high ex-
citation reaction channels (FF, FA, abrasion-fission), the
asymmetric low-energy fission component (IF with a high
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Fig. 6. Atomic (a) and neutron (b) number distributions of fis-
sion fragments produced by uranium at 24 MeV /u in this work
with Be (solid dot) and C (open square) targets, along with
those previously observed at 1GeV/u with deuterium (open
diamonds) [30] and hydrogen (cross) [31].

N/Z contribution [30]) was found to be significantly larger
with the beryllium target compared to other cases.

4.2.1 Fission exit channels

As illustrated in table 1, the characteristics of fission prod-
uct distributions can be attributed to different reaction
mechanisms with different fissile nuclei and excitation en-
ergies. Hence, it is interesting to see if the LISETT model
can describe the observed distributions. The previous de-
scriptions [30,31] of the high energy reactions simply di-
vided the intermediate fissioning nuclei into two groups:
a small component with an asymmetric mass distribution
from low energy fission and a large, single broad distri-
bution created by a wide range of fission channels. The
present low-energy data appear to be more complex. A
two-step y2-minimization was used to fit the magnitudes
and centroids of the predicted fission fragment distribu-
tions to the experimental data. In the first step of the
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analysis, only two high energy excitation fission channels
were included for the carbon target: 1) complete fusion
forming the compound nucleus with a finite fission bar-
rier (fusion-fission, FF) and fission fragments centered at
Z =49, plus 2) capture at higher angular momenta lead-
ing to a dinuclear system without a fission barrier (fast-
fission, FA) creating fission fragments centered at Z = 44
as seen in previous results from the high-energy [30,31].
In the case of the beryllium target with the expectation
of a low FA yield, only FF was included in the first step,
with fission fragments centered at Z = 48. Normal dis-
tributions with a width oz = 6 were used with the con-
straint that the yield should not exceed the experimental
results. This constraint allowed one to then determine the
positions of the low-energy asymmetric peaks (IF) after
subtraction of FF and FA components in the case of the
carbon target. The deduced centroids of Z of the asym-
metric fission component at 40.0 and 53.5 (for carbon and
beryllium targets, respectively) with oz = 2.0 were used
in the second fitting step along with variation of the FA
and IF distribution parameters. The deduced Z-position
of the FA component at 46.0 was used for beryllium tar-
gets with o0z = 2.5. The second minimization step gave a
reduced x? value of 4.0 for the beryllium target data in
which all centroid positions were conserved (FA at 45.5,
IF at 40.8 and 53.2), whereas for the carbon target some
shifts in the centroids were observed (FA at 43.8, IF at
42.0 and 53.4) with x? value of 2.3. It is necessary to
note that an asymmetric shape of the IF-left distribution
was used for the minimization in the case of beryllium
target.

The contributions to the elemental distributions of the
fission fragments from the different fission channels from
this fitting procedure are shown in fig. 9 and the parame-
ters are given in table 3. For the heavy asymmetric frag-
ments produced at low excitation energy reactions, the
maximum positions for both targets were found to be near
Z = 54, which is in agreement with the previous analysis
by Schmidt et al. [32]. Note that the sum of low-energy
peaks at Z = 93.5 and 94.5 for Be and C targets, re-
spectively, slightly exceeds the number of protons in the
projectile (Z = 92), which indicates a significant contri-
bution from nucleon transfer (or incomplete fusion) from
target to projectile in this energy domain.

As can be seen from fig. 9 the fusion-fission mechanism
appears to be responsible for high Z isotope production
(Z > 60) with both targets, as discussed previously [8] and
thus shows that in-flight fusion-fission is advantageous for
exploring the neutron-rich high Z regions of the nuclear
chart using the heavier fissile nucleus.

Asymmetric fission at this energy, as well as at high
energies, produced with light targets represents a small
fraction of the total fission cross section. The main com-
ponent in high energy experiments is sequential fission af-
ter abrasion of the projectile (abrasion-fission), whereas
in the current work fission after the complete fusion
(FF) highly dominates over other channels with the
Be target, and fusion—fast-fission dominates with the C
target.
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Table 2. Mean values and widths of the atomic and neutron number distributions (see fig. 6) of fission fragments produced
with uranium beams measured in the present work and compared with high energy results.

Target Energy (Z) oz (N) oN Ref.
Be 24 MeV /u 48.01 £ 0.22 6.03 £0.17 68.29 + 0.18 9.30 £0.14 this work
C 24 MeV /u 45.75 + 0.21 6.40 £ 0.16 64.16 = 0.17 10.22 £0.13 this work
P 1GeV/u 44.93 £+ 0.20 7.00 £0.15 62.60 + 0.16 11.18 £0.12 [31]
d 1GeV/u 43.54 £+ 0.20 7.44 £0.15 59.83 £ 0.18 12.03 £0.12 [30]
a(N) (@) <N>/Z
5 1.42
5 1.38
1.34
3
1.30
2
1.26
1 28
28 33 38 43 48 53 58 Z
N/<Z>
o(Z)|| —Be | (b)
-y -d X
¥
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Fig. 7. Distributions of the neutron widths on (a) and atomic
number widths oz (b) of fission fragments produced by ura-
nium with energy 24 MeV /u in this work on Be (solid dots) and
C (open squares), and with energy 1GeV/u with deuterium
(open diamonds) [30] and hydrogen (crosses) [31].

4.3 Comparison with calculations

The LISET* code was used to calculate the overall con-
tribution of each reaction channel in these reactions based
on the partial wave description [23] and compared to the
experimental results. No quasi-fission is expected in such
very asymmetric systems with light targets and hence the

30 40 50 60 70 80 % N

Fig. 8. Mean (N(Z))/Z and N/{Z(N)) ratios as a function
of Z (a) and N (b) for fission fragments produced by uranium
with energy 24 MeV/u in this work on Be (solid dots) and
C (open squares), and with energy 1GeV/u with deuterium
(open diamonds) [30] and hydrogen (crosses) [31].

fission channel completely dominates in the de-excitation
process. The partial cross sections at low angular momen-
tum are predicted to go into the complete fusion-fission
channel (FF). The distributions of partial wave cross sec-
tions calculated by the LISE™™ code for the reaction of
2387 primary beam at energy 20 MeV/u with beryllium

and carbon are shown in fig. 10, and their values are given
in table 4.
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Fig. 9. Elemental fission yields (large blue solid circles) measured in the current work with beryllium ((a), (c)) and carbon
((b), (d)) targets. Top panels represent the elemental yields with a linear scale of vertical axes, while bottom panels display
the results on a logarithmic scale. The different fission channel contributions obtained from the fitting procedure are given in
table 3. Thick solid lines are sums of fission channels. Fitting details are discussed in the text.

Table 3. Contributions of the independent fission channels determined in this work (see fig. 9), and corresponding cross sections
values obtained with use of the total measured fission cross sections.

Be target C target
Fission Channel contribution | cross section (mb) | contribution | cross section (mb)
Complete fusion-fission (FF) 76.4 +2.5% 2750 £ 770 26.8 +2.6% 650 + 200
Fast-fission (FA) 4.5+ 4.0% 160 £+ 150 66.8 +5.5% 1620 +£ 480
Incomplete fusion-fission (IF) | 19.1 &+ 4.5% 690 £ 250 6.4 +4.8% 155 4+ 100
Ratio FF/(FF+FA) 94.4 +7.2% 28.6 + 3.3%
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Fig. 10. Partial cross sections calculated by the LISET code
for the reaction of a 2*®U primary beam at energy 20 MeV /u
with beryllium (a) and carbon (b). Channel designation and
angular momentum values are given in table 1. Cross section

values are summarized in table 4.

In general, the main trends of the experimental data
(see fig. 9) are fairly well reproduced by the LISE*™ cal-
culations. The calculations show that (76%) fusion-fission
should dominate fast-fission in the case of Be-target,
whereas the picture changes rapidly if the target becomes
a little bit heavier as in the carbon target case: domi-
nation of fast-fission (59%) over complete fusion-fission
due to the drastic increase of the fast-fission contribution
(see fig. 10). This analysis indicates that the difference
in elemental experimental distributions of fragments pro-
duced with two different light targets could be explained
by larger a fast-fission component with the carbon target
due to the formation of a significant number of nuclei with
a vanishing fission barrier.

4.4 Compound nucleus formation and yield as a
function of a primary beam energy

The present work shows that different reaction mecha-
nisms are important for the same projectile velocity with
two light targets that are relatively close in mass number.
Reaction parameters that are not energy dependent such
as the Bass interaction radii [21] (Be: 11.9 and C: 12.1 fm)
and the angular momenta where the fission barriers vanish
(Be: 67 h and C: 63 fi, see table 1) are very similar. Com-
parison of the partial cross section distributions in fig. 10
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indicates that the difference comes from the energy depen-
dence of the maximum angular momenta and the slope of
the partial cross sections function. The same effect was
seen before in “direct” kinematics with light projectiles
and heavy target [33] but is a much stronger effect when
observed in inverse kinematics as in this work. For exam-
ple, the moment of inertia of two nuclei at the interaction
distance R;y; in the case of light targets A, > A; can be
written as

I= MR2 = mtR?nt’ (3)

int —

where is p = mymp/(my + my) is the reduced mass of
the projectile and target system and is very nearly equal
to the mass of the target in the present cases. The maxi-
mum angular momentum using the approximate moment
of inertia from eq. (3) is

Lz = myRintv, (4)

where v is the projectile velocity in the laboratory sys-
tem. The ratio of maximum angular momenta of two light
targets at the same projectile velocity with the additional
assumption that R;n; 1 = Rineo is then proportional to
the target masses. Designating Ep,—o as the beam energy
corresponding t0 Lz = Lp,;=0 and assuming that the
capture cross section, ocapture, does not change at ener-
gies above Fp,—o, the CN formation cross section can be

written as )
Lp,—o
OCN = < ! O capture- (5)

The ratio of CN formation cross sections in the case of
two light targets with a single heavy primary beam at en-
ergies above Ep,—o is proportional to the square of their
mass ratio (see fig. 11) neglecting small differences be-
tween Lp,—0, and capture for the two cases

geNa (m“>2 (6)

OCN_2 my_2

This ratio is not a function of projectile energy as can be
seen in fig. 11, where the LISETT calculated CN formation
cross sections for the reaction of 238U projectiles with light
targets are shown as a function of primary beam energy.
In the present case of carbon and beryllium targets this
ratio is equal to 1.8.

Given this simple geometrical picture of the limita-
tion to CN formation, one can try to identify the best
bombarding energy for a given target to produce the
CN. Note also that the high atomic number of the beam
leads to a relatively large energy loss in the target. The
number of target atoms, ng, in the thickness that corre-
sponds to a 1MeV/u loss of primary beam energy can
be calculated using the inverse stopping power function
(dE/dz)~! (mg/cm?)/MeV as

Ny (dE\ "
ng = Tf <dx> MeV_l, (7)

where N4 is Avogadro’s constant, and A; is the target
mass number. One can then calculate the CN yield with
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Table 4. Partial cross sections (in mb) calculated by the LISET™ code for the reaction of a **¥U beam at energy 20 MeV /u
with beryllium and carbon targets (see fig. 10). The Sierk model [24] has been used to estimate a fission barrier dependence

from angular momentum.

Reaction channel Be target C target
Complete fusion-fission (FF) 1987 1016
Fast-fission (FA+DI) 643 (494 + 149) 1455 (913 4 542)
Quasi-elastic (QE) 878 1013
Ratio FF/(FF+FA) 75.5% 41.1%
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Fig. 11. LISE™™ calculated CN formation cross sections for
the reaction of ?**U projectiles with various light targets as a
function of a primary beam energy (curves) and the results
with Be and C targets obtained in the current experiment
(points with uncertainties).

a beam particle fluence, @, as

Y(E) = &no(E)ocn(E)MeV ™. (8)
The calculated CN formation rates from the reaction of
238U projectiles with a variety of light targets are shown as
a function of a primary beam energy in fig. 12 for a beam
fluence of 10°. The excitation energy values corresponding
to maximum yields are given in the figure legend. Each
yield curve has a maximum value that depends on the
angular momentum value where the fission barrier goes to
ZEro.

The fusion-fission elemental distribution also becomes
broader with increasing primary beam energy since the
CN excitation energy increases and the products become
less neutron-rich (see fig. 13). Therefore, the production
of high-Z, neutron-rich nuclei depends more on the exci-
tation energy factor that the overall CN formation cross
sections and target thickness.

For example, fig. 13 shows that the production
more neutron-rich isotopes in fusion-fission reactions with
238U beam and a Be-target is highest at an energy of
~ 15MeV /u, which is close to the energy corresponding
to the maximum yield with a beryllium target. The exci-
tation energies corresponding to the maximum yields are

10 50 100
238 beam energy (MeV/u)

Fig. 12. Calculated CN formation rates in reaction of 23U
projectiles with various light targets as function of a primary
beam energy. See text for details.
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Fig. 13. Reduced yield of rhenium (Z = 75) isotopes calcu-
lated by the LISE™™ code for fusion-fission fragments produced
in reaction of the 2*¥U ions at energies 10, 15, 20, 25 MeV /u
with a Be target.

indicated in the legend of fig. 12 and are generally sim-
ilar for these targets which suggests similar distribution
shapes (position and width) for rhenium isotopes would
be observed at energies corresponding to the maximum
yields in fig. 12.
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5 Summary

Fusion-Fission reaction products produced by a 238U
beam at 24 MeV /u on ?Be and "*"alC targets were mea-
sured in inverse kinematics with the LISE3 fragment sepa-
rator. Identification of fragments was done using the AE-
TKE-Bp-ToF method. Germanium gamma-ray detectors
were placed in the focal plane near the Si stopping tele-
scope to provide an independent verification of the isotope
identification via isomer tagging. The experiment demon-
strated excellent resolution in Z, A, and ¢. The results
demonstrate that a fragment separator can be used to
produce radioactive beams using fusion-fission reactions
in inverse kinematics, and further that in-flight fusion-
fission can become a useful production method to identify
new neutron-rich isotopes, investigate their properties and
study production mechanisms. Mass and atomic number
distributions are given for both reactions.

The comparison of the experimental atomic and neu-
tron number distributions combined with a partial-wave
cross section analysis indicates that the reaction mecha-
nism changes substantially between the “Be and "#alC
targets, evolving from complete fusion-fission to fast-
fission.

The current analysis using two exit channels and a
combined transmission shows only fair agreement between
experimental data and calculations by LISET+. The anal-
ysis was expanded to include a large contribution from
fast-fission that occurs when the fission barrier vanishes
due to increasing angular momentum in the case of the
carbon target.

The data suggest that complete fusion-fission is mostly
responsible for the production of fragments with Z > 60
in the case of Be and C targets at 20 MeV /u and this re-
action may be used to produce neutron-rich rare-isotope
beams in future studies. Geometrical calculations of the
CN formation cross-section with light targets as a func-
tion of 23U projectile energy show that the target mate-
rial determines the yields of neutron-rich high-Z isotopes
through the excitation energy distribution.
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