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Fission-fragment mass distributions for 23 nuclei (34237, 236-2Np, 28-241py, 240-283 A, 22-25Cm, and
244-246BK) were measured using the multinucleon transfer approach in the reaction of '*0 4+ 2’Np, and their
excitation-energy dependence was obtained up to a maximum of 70 MeV. Among them, the low-energy fission
of Z6Np, 8Py, and ***Cm is reported for the first time. The experimental data for all the studied nuclei were
compared to the Langevin calculations. The calculation which takes into account the effects of multichance
fission well reproduced the peak-to-valley ratio and mass-asymmetric peak positions of the distributions. The
angular momentum given to the fissioning nucleus is also discussed.
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I. INTRODUCTION

Experimental data on the fission-fragment mass distribu-
tion (FFMD) are the ingredients of primary importance for
fission theory and are crucial for many applications includ-
ing usage of atomic energy. We have recently developed a
method to obtain FFMDs using the multinucleon transfer
(MNT) channels available when bombarding actinide target
nuclei with an 80 beam [1,2]. This unique approach can
produce a variety of fission data for several nuclides as a
function of excitation energy in one reaction at a single beam
energy setting, which allows for investigation of multichance
fission (see, e.g., [2,3]). The advantage of the MNT reaction
technique in normal kinematics is that it has the potential to
extend fission data towards neutron-rich heavy-element nuclei
which is currently not possible in experiments in inverse kine-
matics, such as SOFIA at GSI [4-6] and the VAMOS setup
at GANIL [7-10], relying on the use of an accelerated 233U
beam. For example, by the use of heavy exotic target material
23%Es, we can study fission in the fermium region where a
sharp transition from asymmetric to symmetric-fission modes
happens in >*’Fm and 2**Fm nuclei [11].

In this paper, we report a measurement of FFMDs for
nuclei produced in the '®0+2’Np reaction which ex-
tends the series of previously conducted experiments [1,2].
The FEMDs of 23 nuclides (334237, 230-2¥Np, 238-241py,
20283 A, 242-25Cm, and 2**~2*Bk) have been obtained
at the excitation-energy range up to 70 MeV. Among them
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fission of 236Np, 238py, and 2 Cm is reported for the first time.
The present data set contains several nuclei that have already
been studied by us in the 30 4 23?Th [1] and/or 80 + 238U
[2] reactions. Therefore it becomes now possible to examine
the effect of different transfer channels on the FFMDs, and
these results will be discussed in this paper.

Recently, Langevin calculations have been extensively
adopted for the study of low-energy fission [3,12-20]. In
particular, thanks to the high predictive power for the FFMD
calculation, the Langevin approach was used to discuss the
importance of the multichance fission at high excitation en-
ergies [2,3]. In this paper, we calculated the FFMDs for all
nuclei studied in this paper. The calculation was extended
to include the angular momentum of the fissioning nucleus
which is a sensitive parameter influencing the probability for
each fission chance, thus allowing us to estimate its impact on
the FFMDs.

II. EXPERIMENTAL METHODS AND RESULTS

The experiment was performed at the tandem accelerator
facility of Japan Atomic Energy Agency (JAEA) using a
162.0-MeV 80 beam (E, ,, = 150.5 MeV) with an intensity
of ~0.5 pnA. The target was prepared by electrodeposition of
a75-;ug/cm? layer of 2’Np on a 300-g/cm? nickel backing.
The experimental setup is almost the same as in [1,2], so only
the most pertinent details will be described here. The setup
consists of a multidetector AE-E silicon telescope, to detect
ejectiles, and four multiwire proportional counters, to detect
fission fragments (FFs).

©2020 American Physical Society


https://orcid.org/0000-0002-6884-2736
https://orcid.org/0000-0002-9526-2251
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.102.054610&domain=pdf&date_stamp=2020-11-20
https://doi.org/10.1103/PhysRevC.102.054610

M. J. VERMEULEN et al.

PHYSICAL REVIEW C 102, 054610 (2020)

21-18
100 oy

L 19160 >
L 236-239Np*

80 —
L 714N >
L 238-241Py"
S\ 60 ; 15"120 9 ;
[} 240-243Am*
é L Am
w | 1>
< 40 242-245Cm
[ 119Be >
244-246BK

o %Li >
246-249Cf 4

0 20 40

60 80 100 120 140 160
Eejectile (MeV)

FIG. 1. An example of identification of ejectile nuclei (labeled
in blue) by the silicon AE-E telescope (data collected in one AE
segment and one E strip only) obtained in the '3Q + *"Np reaction.
The corresponding fissioning compound nuclei are shown in red.

Specific particle-transfer channels were determined by
identifying the ejectiles using the AE-E silicon telescope. An
ejectile passing through one of the 12 AE detectors (75 um
thick) is stopped in the 16-strip annular E detector (300 um
thick) to measure the residual energy (E..s). Thus, the ejectile
kinetic energy Ecjeciile is Tepresented by AE + Eies. The direc-
tion of a scattered ejectile was determined by the combination
of a AE segment and one of the strips in the E detector.

Considering the binary kinematics event by event, the
method allows us to determine the total excitation energy of
the exit channel EY,, as being the sum of the excitation energy
of the fissioning nucleus and of the ejectile. Fission-fragment
masses were deduced using the momentum conservation,
where the velocity and direction of the recoiled fissioning
nucleus were determined using the information on the co-
incident ejectile nuclide. Good energy resolution of the AE
detectors, achieved using silicon wafers of highly uniform
thickness (<1.3% variation), has allowed us to distinguish
not only the ejectiles of different elements (e.g., F, O, N, C,
B, Be, and Li), but also different isotopes of each element,
as shown in Fig. 1. In this figure, ejectiles of 2!~13F, 19-16Q,
17-14y, 15-12 1310 and 11-%Be are cleanly separated, cor-
responding to the population of the excited recoiled nuclei of
4237 236239y 238-241pyx 240-243 A 202-245 0
and 24~ 246Bk* respectively, the ﬁsswn of Wthh was studied
in the present paper. We also see the signature of fission-
ing nuclei 2*6~2*Cf* (corresponding to the *~°Li ejectiles).
As the thickness of the annular E detector was insufficient
to stop the *7CLi ejectiles, the respective data set was not
evaluated.

Figure 2 shows the yields of fission fragments as a func-
tion of their mass and of the total excitation energy of the
system (E7,). The fragment masses were determined with a

resolution o4 = 6.5u. The data were derived from the anal-
ysis of coincidences between two FFs and an ejectile. It is
clearly seen that the nuclei 2*4=237y, 236-2%Np, 233-241py, and
240241 Am show a dominant mass-asymmetric fission. This is
because, for the mentioned nuclei, the bulk of the measured
data falls into a rather low excitation-energy range of E,
10-40 MeV. Indeed, the E}, distributions (red solid lines in
Fig. 2), obtained by projecting the E} -FF mass plots on the
EY, axis, have the maxima around 10-45 MeV. In contrast
to this, the heavier fissioning nuclides, 2223 Ay 24272450y,
and 2*-2%Bk, exhibit a symmetric shape, primarily because
the data Were recorded only in the higher excitation-energy
region of Ef > 30MeV. The latter is clearly demonstrated
by the respective projections on E;, in Fig. 2. As the
proton and neutron number of the fissioning nucleus in-
creases, 252 Pyt (+1p 4+ xn) — 2028 Am* (42p + xn) —
M2W5Cm* (43p + xn) — HHOBK* (+4p 4 xn), the system
tends to have a larger excitation energy on average, with
a significant drop of the yield in the low excitation-energy
region. This behavior will be discussed in Sec. III A. Note that
the abrupt drop of the yield populating the uranium nuclei
(B4=237y*, —1p £ xn channels) at Ef, > 55MeV is due to
the fact that the low-energy fluorine isotopes are stopped in the
AE detector, and thus truncates the deduced excitation-energy
distribution.

In the very low-energy region of the E.

spectra in Fig. 2,
234-237yy 236238239\, 238-200py 4 240 211
b

Am show a sud-
den drop in the yield due to the fission barrier, marked by the
arrows in Fig. 2. The fission barriers labeled by the magenta
arrows are taken from the RIPL-3 library [21], and those
labeled by the blue arrows are obtained in our MNT approach
[22]. The drop associated with the fission barrier is not visible
for 2’Np due to a chance coincidence of fragments with
strong elastic-scattering events, as found in the strong yield
at zero excitation energy of the channel 2*’Np*. The structure
originating from the fission barrier is invisible for 2>24* Am
and 2**72Cm because of the low statistics arising from the
MNT reaction mechanism and presence of a non-negligible
number of random coincidence events.

The FFMDs for the studied nuclei and their Ef, depen-
dence are shown in Fig. 3. Here, the excitation-energy binning
is chosen to be AE; = 10MeV, and the yield is normal-
ized so that the total area becomes 200%. At the lowest
excitation-energy bin of 7.0-20.0 MeV, the FFMDs show a
predominantly asymmetric shape for all studied nuclei. The
double-peak structure of the FFMD gradually smears out at
higher excitation energies, and the shape becomes nearly mass
symmetric with a Gaussian-like distribution. The systematic
change of the FFMDs with respect to the mass and atomic
number of the fissioning nucleus, as well as their evolution
with excitation energy, are discussed in the next section.

III. DISCUSSIONS

A. Most probable total excitation energy

The trend of excitation-energy distributions shown in Fig. 2
will be examined more quantitatively using a calculation
based on the momentum matching condition [23-25].
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FIG. 2. The yield of fission fragments as a function of their mass and total excitation energy (E ), obtained for each MNT channel. The
solid red lines with error bars plotted on the right-side panel of each channel provide the projection from the E;% —FF plot on the E;}, axis. Here,
the projected spectra are normalized so that the total area accumulated in the excitation-energy range 0 < Ef, < 65MeV becomes 100%.
The horizontal dash-dotted line in the right-side panel shows the most probable total excitation energy E op Calculated using the momentum
matching condition (see Table I and Sec. III A). Fission barrier heights B from the RIPL3 library [21] are shown by the magenta arrows, where
By values of 234233236(J correspond to the outer barrier of the double-humped fission barrier and others refer to the inner barrier. Barrier data
of 2*Np, 2**Pu, and 2*°Pu derived by the MNT approach in [22] are shown by the blue arrows.

The excitation-energy distributions in Fig. 2 were derived We consider the MNT reaction a +A — b+ B, i.e., the
from the coincidence spectra between ejectile and fission frag- reaction between projectile (a) and target (A) nuclei result-
ments, thus they represent the quantity proportional to the ing in ejectile (b) and recoiled (B) nuclei, by transferring
probability to create a compound nucleus (CN) with excita- m nucleons from a to A and n nucleons from A to a. The

tion energy E*, Pon(E™), multiplied by the fission probability momentum matching condition [23] gives an optimal Q value
P:(E™). As the excitation function of P is nearly constant of the reaction Qqp, as shown in the Appendix from which the

above E* 2 10 MeV [26], the shape of the excitation-energy most probable total excitation energy E, can be calculated as
distribution in Fig. 2 should practically conserve that of the
Pcn(E™) distribution. Opt = Qg — Oopt (1)
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are shown on the right-hand side. Red and black curves are the
calculation using the Langevin approach with and without assuming neutron evaporation before fission (multichance fission), respectively.
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TABLEI. Most probable total excitation energy E;, from Eq. (1)
in MeV, estimated from the momentum matching condition for each
transfer channel in the reaction of '*0 + 2"Np at E ,, = 150.5 MeV.
O, is the ground-state Q value (in MeV) obtained from the mass
table of [27]; m and n are the number of transferred nucleons from or
to projectile. See the Appendix for explanation of Qyp values. For the
channel to give a compound nucleus **’Np, two cases of m =n =0
(Row 1) and m = n = 1 (Row 2) are shown.

Channel Qgs (m,n) m+n Qopt ESy

2p 4 234y +5.99  (0,3) 3 —36.69 42.69
0p 4 25 +3.19 (0,2 2 2828 3147
19F 4 2365 +3.13 (0,1 1 —16.63 19.76
18R 4 237(3 —2.17 (1,1 2 —29.95 27.78
190 4 BNp —2.62  (0,1) 1 —16.63 14.00
804 %"Np (Row 1) 0.00 (0,0 0 —0.00 0.00
180 +%"Np (Row 2) 0.00 (1,1) 2 —29.95 29.95
170+ 28Np -2.56  (1,0) 1 —17.36 1481
160 + 2Np —048 (2,0) 2 3045 2997
1N + 238py -9.95 (1,0 1 ~17.36  7.42
1oN + 2Py —10.18  (2,0) 2 —3045 2027
15N 4 20py —6.14  (3,0) 3 —4031 3417
14N + 2#1py +11.73  (4,0) 4 —47.73 3601
15C 4240 Am —17.29 (3,0 3 —40.31 23.01
4C 4+ Am —11.87  (4,0) 4 —47.73 3587
Be+22Am —14.50  (5,0) 5  —53.32 3882
2C+*Am —13.09 (6,0) 6  —57.52 4444
BB +22Cm —27.28  (5,0) 5  —53.32 26.05
2B 4 283Cm —26.46  (6,0) 6  —57.52 31.06
B 42%Cm —23.03  (7,0) 7 —60.68 37.65
OB 42%Cm —28.96  (8,0) 8  —63.04 34.08
1Be + 2#Bk —-36.80  (7,0) 7  —60.68 23.88
1°Be + 24°Bk -30.33  (8,0) 8  —63.04 3271
9Be + 246Bk -31.23  (9,0) 9  —64.81 3358

using the Q value of ground-state to ground-state transition,
QOge. In general E;‘pt increase with the total number of ex-
changing nucleons, m + n. Results of the calculation for the
30 +2¥'Np reaction are summarized in Table I. Here,
the (m, n) values cannot be uniquely determined. We used the
values of the least number of exchanged nucleons to produce a
particular CN, min(m + n). In Fig. 2, the estimated E:pt values
are shown by the horizontal dash-dotted line in the right-side
panel of each nuclide section. It is seen that the calculated
Ej, value increases with the total number of transferred nucle-
ons, thus reproducing the experimentally observed trend (see
Fig. 2). The most probable excitation energies of the measured
spectra, however, show higher values than the calculated ones,
for +3p + xn and +4p + xn channels. For uranium isotopes,
no clear trend is obtained in experiment in terms of the number
of transferred neutrons, in contrast to the calculation that
predicts large EJ, with respect to m 4 n. We also note for the

channel 80 +%"Np — 80 + 2*’Np* that the model without
nucleon transfer predicts zero excitation energy as shown
by the Row 1 in Table I. The experimental data, however,
show a significantly high excitation energy. If we assume
m = n = 1 for this channel, EJ, = 29.95MeV is predicted as
shown by the Row 2 in Table I, and by the horizontal dotted
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FIG. 4. Peak-to-valley (P/V) ratios of the FFMDs for uranium,
neptunium, plutonium, americium, and curium isotopes (solid rect-
angle with error bar), obtained from the measured FFMDs in Fig. 3
for three excitation-energy ranges: (a) 10-20 MeV, (b) 20-30 MeV,
and (c) 3040 MeV. The solid curves are from the Langevin
calculation.

line in Fig. 2. As the largest yield in the E, spectrum for
80+ 2"Np — 80 + 2"Np* is found at 2220 MeV, a mixture

of m =n =0and m = n = 1 processes would be implied.

B. Fission-fragment mass distributions

The FFMDs in Fig. 3 show an interesting trend in terms of
their dependence on atomic and mass numbers of the fission-
ing nucleus.

First of all, we have characterized the measured FFMDs
by the light- and heavy-fragment peak positions and the peak-
to-valley (P/V) ratio, defined as the ratio of the yield at the
asymmetric peak position to the one at symmetric fission.
They were determined by fitting the experimental data points
around the peak and valley regions with a quadratic func-
tion. The obtained P/V ratios are shown in Fig. 4 for the
excitation-energy ranges of (a) E} = 10—20MeV, (b) 20—
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FIG. 5. Light-fragment (L) and heavy-fragment (H) peak posi-
tions (open and solid circles, respectively) of the fission-fragment
mass distributions derived from Fig. 3 for uranium to curium
isotopes, as a function of mass of fissioning nucleus and for
excitation-energy bins: (a) 10-20 MeV, (b) 20-30 MeV, and (c) 30—
40 MeV. The solid lines are the Langevin calculation. In panel (a),
the dash-dotted curve is the best-fit value for all the heavy-fragment
data, and the dashed line is the fit to the light-fragment group.

30 MeV, and (c) 3040 MeV, as the regions where the isotope
and excitation-energy dependence clearly shows up. In the
same fitting procedure we also obtained the light-fragment
(L) and heavy-fragment (H) peak positions as shown in
Fig. 5.

The P/V ratios at the lowest energy in Fig. 4(a) signifi-
cantly depend on the atomic number of the fissioning nucleus,
by showing the light-element isotopes to have larger values.
It is seen from the spectra of Figs. 4(b) and 4(c) that the
P/V ratios decrease with excitation energy, and also exhibit

an increasing trend with the mass of the CN for neptunium,
plutonium, and americium isotopes.

Our measurement revealed an interesting trend in the light-
and heavy-fragment peak positions, shown in Fig. 5. At the
lowest energy in panel (a), the heavy-fragment peak maintains
nearly the same value for all the studied nuclides, and mass
number Ay = 136.8 fits almost all the data within uncertainty
(see dash-dotted curve). Contrary to the stable heavy-peak
position, the average light-fragment mass linearly increases
with the CN mass (Acn) with the slope of AAL/AAcN =
1.0, as shown by the dashed curve. However, for the higher
excitation energy of E} = 30-40MeV in panel (c), an in-
verted trend appears. The heavy-fragment peak exhibits a
moderately increasing behavior with Acy by showing a clear
separation between the neighboring elements, whereas the
light-fragment peaks in the same element member sustain the
same peak position.

We note that these peak positions do not necessarily in-
dicate the properties of the Standard fission mode [28] when
FFMD has a relatively large mass-symmetric yield. Presence
of the symmetric-fission mode automatically moves the peaks
of asymmetric fission to larger mass asymmetry, which does
not coincide with the maximum yield positions that we have
determined. We should also mention the possible shift of the
peak positions caused by the present mass resolution (o =
6.5u). A simple calculation demonstrates that the peak shift
is less than 1 u when the P/V ratio of the original FFMD is
larger than 1.7. For the data **?*Cm at E, = 20-30 MeV
and %22 Am at E}, = 30-40 MeV, having the P/V ratio of
1.1-1.2, the peaks would shift to the symmetric region with
about ~3 u. Still this is within the error bars.

To shed a light on the observed trend of the P/V ratio and
light- and heavy-fragment peak position, we have performed
the Langevin calculations, adopting the formalism described
in [3,12,13,20]. Here, we mention only basic model ingredi-
ents. Nuclear shape is defined by the two-center shell model
parametrization [29,30], which has three shape parameters z
(distance between two potential centers), o (mass asymme-
try of fragments), and § (deformation parameter). Potential
energy is defined by the sum of the liquid-drop part and the
microscopic energy term (shell correction and paring energy).
Here, the shell correction energy depends on nuclear tempera-
ture (7'), determined by multiplying the following factor ®(7)
to the value at zero temperature:

aT?
O(T) =exp <—E—d>. 2

The well-accepted shell damping energy Eg = 20 MeV was
employed [31]. We adopted the level density parameter a as
in [13,32]. To calculate the potential energy in the two-center
shell model, a neck parameter € must be given. We adopted
the optimal € value [20] according to the following expression
using the mass of a CN (Acn):

€(Acn) = 0.01007Acn — 1.94. 3)

In the present calculation, we also introduced the multi-
chance fission (MCF), i.e., fission after neutron evaporation
[2,3]. By evaporating neutrons prior to fission, fission starts
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FIG. 6. FFMDs and their evolution with the total excitation en-
ergy (shown on the right-hand side) for 2*®U* calculated by the
Langevin model (thick red curves), to the experimental data (solid
circles with error bars) [2]. Angular momentum of the compound
nucleus introduced to calculate the competition between neutron
emission and fission in the multichance fission process is shown on
the top of each column. Calculation excluding the MCF effect is
shown by the thin blue curve.

from lower excitation energy than the initial CN. This ef-
fect revives the shell energy responsible for mass-asymmetric
fission, causing the FFMD to have a more pronounced double-
humped structure with the larger P/V ratio. To evaluate the
probability for each fission chance (first, second, third, etc.)
a competition between neutron evaporation and fission was
calculated using the GEF code [26]. In the MCF process, mass
of the fissioning system decreases in accordance with the
number of emitted neutrons. To make an easy comparison of
the FFMD with the experimental data, we transformed the
mass asymmetry « to fragment masses by using the initial
compound-nucleus mass Acn.

For the calculation we assume that all the excitation en-
ergy Ep available after the MNT reaction is stored only in
the fissioning CN. Thus the CN excitation energy becomes
E* ~ E},. This assumption is reasonably justified by the first
measurement of the excitation of light outgoing nuclei after
the MNT reaction, reported in the reaction of B8y +12¢ [9]
at VAMOS. There, decays from the first excited states of the
ejectile nuclides, 120 B and 10Be, were observed with a
probability of only 0.12-0.14.

The calculated FFMDs are presented in Fig. 3 with and
without including the MCF concept, shown by the red and
black lines, respectively. While the former approach explains

25 r ‘ T ! ]
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& 5 - 40h g
5 :
E 10 - g
e " |
5 st ]
A
N ]
= 10 20 30 40 50 60
2 160 ‘
: : ]
3 : ]
2 140 ; |
5 r :
2 : ]
2 120 - ]
z : ]
3 r :
2 100 - ]
2 7 ]
T | |
L | | | | ]
§ 8000 20 30 a0 30 60

Excitation Energy (MeV)

FIG. 7. (a) Peak-to-valley (P/V) ratios (solid squares) and
(b) light-fragment (L) and heavy-fragment (H) peak positions (solid
circles), for fission of 2**U [2], are shown as a function of excitation
energy. Blue lines with different styles are the results from Langevin
calculation using the different angular momentum, from zero to 40 .
Calculation without introducing the MCF is shown by the black
dotted curve.

data well, a clear discrepancy between experimental and theo-
retical data is seen when MCF is excluded from consideration.
These FFMDs exhibit the P/V ratio that rapidly diminishes
with excitation energy, and the double-peak structure becomes
hardly pronounced already at £}, = 30-40 MeV for uranium,
neptunium, and plutonium isotopes, contradicting the experi-
mental data. By including the MCEF, the decreasing P/V ratio
of FFMD toward the heavier-element isotopes is nicely repro-
duced (see, e.g., the data corresponding to E, = 20-30 and
30-40 MeV). These trends involve two ingredients. One is the
reduction of the MCF effect due to smaller number of emitted
neutrons before fission as discussed in [3], and the other is
the shrinking of the light- and heavy-fragment peak-position
distance.

The P/V ratio and the light- and heavy-fragment peak
positions from the calculated FFMDs are compared to the
experimental data in Figs. 4 and 5, respectively. We show
only the calculation including the MCF effects. For the P/V
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FIG. 8. Fission-fragment mass distribution for 2>-237(j*, 2*Np*, and 2*'Pu* obtained in the present '*Q + 2’Np reaction (blue circles)
compared to that from the MNT channels in '30 4 2*2Th [1] (green squares) and '30 4 232U [2] (red triangles). The number of transferred
neutrons and protons is shown for each CN on the upper part, where the positive sign means the movement of the nucleon from the projectile
to the target nucleus and the negative sign represents the opposite direction. Total excitation-energy (E,) ranges are shown on the right-hand
side. Solid curves are the Langevin calculation including the MCF process.

ratio, the calculation well reproduces the rapidly decreasing
trend toward the heavier atomic number of the CN at the low
excitation energy of £ = 10-20 MeV, whereas at the higher
energies of 20-30 and 30-40 MeV the increase of the P/V
ratio with the CN mass for each element is explained.
Concerning the light- and heavy-fragment peak positions
in Fig. 5, the calculation well reproduces the experimental
data. The behavior of the light- and heavy-fragment positions
with excitation energy can be explained by the effects of MCF.
Toward high excitation energies, the FFMD tends to approach
a single Gaussian shape due to smearing of the shells. This
causes the light- and heavy-fragment peaks to shift to the
symmetric fission. On the other hand, emission of neutrons
revives the shells of a nucleus, which acts to maintain the peak
position. A number of evaporated neutrons before fission, vy,
has a close correlation with the neutron binding energy as
shown in Table I of [3]; a CN with lower neutron binding
energy has larger vy.. For a certain atomic number of the
CN (ZcN), Vpre 18 larger for the heavier-mass isotope. For a

fixed mass number (Acy), the heavier element has smaller
Vpre Values. Thus, the trend of the peak positions in Fig. 5
with the total excitation energy E can be explained by the
Vpre (ZeN, AcN)-

In the data analysis we always adopted the initial com-
pound nucleus mass Acy to be conserved in the masses of
both fragments, as we cannot experimentally determine the
number of emitted neutrons on the event-by-even basis. A
possible shift of the light- and heavy-fragment peak positions
generated in this assumption is estimated to be small: 1.3 and
1.8 u, respectively, for fission of " U*(E;, = 55MeV) having
the largest v value of 3.06 studied in this experiment (Vpre is
given in Table I of [3]).

In order to have a hint on the angular momentum given in
the present MNT reaction, we also carried out a calculation
of the FFMD by changing the initial spins of the CN from
0 /1, which was used in the calculation shown in Fig. 3. Larger
spins will increase the fission probability competing with neu-
tron evaporation, as demonstrated in the GEF code, thus the
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FFMD at high excitation energy will be altered accordingly.
For the discussion we use the data of fissioning nucleus 2815*,
taken in our previous MNT experiment of 80 + 23%U in [2],
where enough statistics up to £, = 60 MeV is available. As
shown in Fig. 6 the calculation for 0 /i gives better agreement
with the experimental data, and the results deviate for spins
higher than 20 /. This is more clearly examined in Fig. 7,
where the changes of the calculated (a) P/V ratio and (b) light-
and heavy-fragment peak positions are shown. We consider
that the angular momentum smaller than 20 7 is the com-
mon characteristic to other MNT channels of the 80 4+ 2*"Np
reaction populating uranium, neptunium, and plutonium iso-
topes, as the Langevin calculation with O 7/ shown in Fig. 3
reproduces the experimental data up to Ef, ~55MeV. For
americium nuclides, the same is confirmed in the spectra
of E, =20-40MeV. For the CN of curium and berkelium
isotopes, the calculations with and without the MCF grow
closer to each other, so that quantitative discussion on angular
momentum cannot be given in the present data. Angular mo-
mentum in such a large number of transferring nucleons can
be studied with a reaction involving a lighter target to produce
a CN with smaller Zcy which still has large MCF effect.

C. FFMDs from different MNT channels leading to the same CN

Systematic fission studies made at the JAEA with the MNT
reaction technique using the '*0Q beam and different actinide
targets allow for direct comparisons of the FFMDs for a num-
ber of nuclei produced in different transfer channels. In Fig. 8,
FFMDs from the present paper for nuclides >>~237y*, 2Np*,
and 2*'Pu* (blue circles) are compared to those from the
reactions of 80 + 2*2Th (green rectangles) [1] and 180+ 28y
(red triangles) [2]. For all the nuclei and the measured ex-
citation energies, the general shape of the FFMD remains
apparently insensitive to the number of transferred nucleons,
i.e., insensitive to the way the CN is produced. In particular,
a good agreement of the light- and heavy-fragment peak po-
sitions for excitation energies up to £, = 35-45MeV can be
noticed, as shown in Fig. 9. Looking at exact details in fission
of 2%-237*, a small difference is seen in terms of the yields in
symmetric fission and the maximum yield in the range of 10 <
Ey < 40MeV. This is more quantitatively found in Fig. 9,
where the P/V ratios obtained from the FFMDs of Fig. 8
are given. For example, fission of 22°U* and Z®U* from the
130 4+ 2%’Np reaction leads to a larger P/V ratio than the one
obtained from the '8Q + >*?Th reaction [1] in the excitation-
energy range 10 < E¥, < 40 MeV. For 2*"U*, in contrast, the
P/V ratio from '*0+2¥Np is systematically smaller than
the reaction 80 + 23U up to E, = 50 MeV. Thus, for some
nuclei, the difference in the P/V ratio is observed already
at low excitation energies of 10-20 MeV. At low excitation
energy, the MCF effect is not important, thus the results may
be associated with the fission mechanism. One plausible ex-
planation could be different angular momenta given to the
CN, depending on the number of transferred nucleons. This
is implied in the fission-fragment angular distribution rela-
tive to the rotational axis of the CN, found in the present
setup [33]. To produce 25* and 23°U*, three (+2p + 1n)and
four nucleons (+2p + 2r) must be moved from 80 to 232Th,

®1801237Np -1p-1n -1p+0On -1p+1n +0p+2n  +1p+3n
A 1804238 +0p-1n +1p+0On  +2p+1n
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FIG. 9. Heavy-fragment peak positions (upper panels) and the
peak-to-valley (P/V) ratios of the FFMDs for 2>~27(*, 2*Np*, and
2'Pu* as a function of total excitation energy (E;). The data are
from the present '80 + 2*’Np reaction (blue circles), '*0 +2*>Th [1]
(green squares), and 80 +2%2U [2] (red triangles). The number of
transferred neutrons and protons is shown for each CN on the upper

part (see caption of Fig. 8).

respectively, whereas two nucleons (—1p — 1In) and one nu-
cleon (—1p) are transferred from >’Np to '80. Among three
reactions to produce 2*"U*, the reaction using the 233U target
has the minimum number of transferred nucleons (—1n), in
comparison to the other two, 30+ 2'Np (—1p + 1n) and
830 +22Th (4-2p + 3n). In the Langevin calculation [34]
for fission of 2*°U* at the excitation energy of 10 MeV, a
small enhancement of the symmetric-fission yield with the
amount of ~1.0-1.3% is predicted by changing the spins
from zero to ~10-20 7. Considering the difference up to only
~1.0% in the symmetric-fission yield of 23~2"U* at E}, =
10-20 MeV, detected as the largest difference, the experimen-
tal data indicate the angular momentum difference of about
10 A. This difference would be preserved to a CN with high
excitation energy, implied from the observed difference in the
symmetric-fission yield of ~0.5 % (see FFMDs of 2»~237y*
at £ =30-40 MeV in Fig. 8), which is equally predicted
when the angular momentum difference 10 % is adopted in
the Langevin calculation shown in Fig. 6.

IV. SUMMARY

Multinucleon transfer channels of the 80 +2*’Np reac-
tion were used to obtain FFMDs of 234-237*, 236-239Np*,

238241k 240243 5 ok 242-245~ % 244-246 31 *
Pu Am Cm*, and Bk*. Among
b 9 b .
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them the low-energy fission data of »**Np, 2**Pu, and **Cm
were reported for the first time.

The most probable total excitation energy, revealed from
the coincidence spectrum between FFs and the ejectile nu-
cleus, tends to increase with the increasing mass and atomic
number of the fissioning nucleus. This general feature can
be explained on the basis of the optimal reaction Q value
estimated from the momentum matching condition when the
number of transferred nucleons is not larger than ~6.

FFMDs of all the studied nuclides are found to show a
pronounced double-humped structure with mass-asymmetric
fission at low excitation energies. This structure gradually
evolves to the mass-symmetric one when moving to higher
excitation energies. The change in the FFMD is addressed
by the peak-to-valley ratio and the light- and heavy-fragment
peak positions. They showed a clear trend in terms of the
mass and atomic number of the CN. The measured FFMDs
are reproduced by the Langevin calculation only if the effect
of MCF is introduced. The results also support the assumption
that all the excitation energy available after the MNT reaction
is stored only in the fissioning CN. From the results angular
momentum given in the CN is suggested to be smaller than
20 h.

The effect of different transfer channels on the FFMDs was
examined using three '80Q-induced MNT reactions involving
232Th, 238y, and **"Np as target nuclei. The FFMD data for the
nuclei produced with different targets were found to generally
agree with each other for all studied excitation-energy ranges.
A tiny difference observed in the symmetric-fission yield
would be due to the population of different angular momenta,
which might depend on the number of transferred nucleons.
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APPENDIX: OPTIMAL Q VALUE IN THE MNT REACTION

The calculation procedure to determine the optimal Q value
Qopt in the MNT reaction is shown [23]. We consider the MNT

reaction a + A — b + B, where a reaction between projectile
(a) and target (A) nuclei results in ejectile (b) and recoiled (B)
nuclei, by transferring m nucleons from a to A and n nucleons
from A to a. Then the relation a — m = b — n holds. At the
point of closest approach, the momentum matching conditions
require the relation

(AD)

- = = =

Pa — Pm = Pb — Pn-
Here p,, and p,, are the momenta of the transferred nucleons,
represented using the momenta of a ([72) and A (172):

Pn = (n/A)pi.

The kinetic-energy loss is determined using the initial (i) and
final (f) kinetic energies, €; = p2/2u; and €; = p?/2us:

(A2)

Pm = (m/a)Ds,

A€ = ¢ — ¢ = —(sin® Bei (A3)

where p;r are the reduced mass of the entrance and exit
channels. Using incident projectile energy in the c.m. frame
(E;) and Coulomb energy (V;°) at the closest distance at which
the multinucleon transfer process dominates, the optimal Q

value (Qop) is determined using €; = Ej — V"

Qopr = —(sin® B)[E; — V], (A4)

where

2 ) m _n m_n
cos“f =1—sin ﬁ_(l p )(1 b>'
(A5)

Coulomb barrier V,° was calculated to be 81.08 MeV
for the 80+ 2'Np reaction using the expression V¢ =
Z1Zy€*/[ro(A? + A3)] with rg = 1.5fm [23]. For a reaction
using a heavy target and relatively small projectile mass, the
approximation
n
b
holds. This means from Eq. (A4) that the |Qqy| value in-
creases with the total number of exchanging nucleons m + n.
The optimal Q value becomes more realistic by introducing
a friction effect [23]. Using the friction parameter o, the Qqpy
value is represented by

Oopt = —[1 - cos’ Bexp(—a sin® B)lei.

Here, we use the o parameter of 3.8 in the present calculation
to give better agreement with experiment. Finally, we can
calculate the most probable total excitation energy E, by the
expression Eq. (1) in Sec. IIT A.

sin? B~ 142 4 (A6)
a

(A7)
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