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Excitation functions have been measured for production of isotopes of Th through Fm in bombard-

ments of Cm with 231- to 323-MeV Ca ions and for the production of isotopes of Th through Cm in

bombardments of ' Cm with 230- to 291-MeV Ca ions, respectively, using radiochemical methods.

Upper production cross section limits were established for nuclides that were not positively detected.

The experimental data were compared with the results of previous reaction studies in the systems

Ca+' 'Cm and 'Ca+ 'Cm. The half-widths of the Gaussian isotopic distributions were about 2.5

mass numbers for above-target elements and 5 to 5.5 mass numbers for below-target elements in all three

systems. The majority of the cross section for the production of above-target nuclides was assigned to

predominantly quasielastic reactions, whereas below-target nuclides were formed in deeply inelastic and

asymmetric quasifission reactions. The maxima of the isotopic distributions were shown by others to

closely follow the minimum of the potential energy surface in experiments with 'Ca, whereas in reac-

tions with Ca and Ca we found that a transfer of 4 to 5 protons in either direction was required to

reach the minimum in potential energy. The different neutron numbers of Ca, Ca, and 'Ca are only

partly reflected in the target-like reaction products. Based on a simple model, excitation energies and

the maxima of the excitation functions were calculated and compared with the actual data. The yields

for production of the below-target elements Th, U, and Pu were found to be two orders of magnitude

smaller in the reaction of Ca with Cm than with Ca. The differences for production of above-target

elements were largest between the reactions of Ca and 'Ca ions with Cm. Differences in below-

target yields have been attributed either to losses of reaction products due to prompt fission, and/or to

dynamic effects due to fusion hindrance. The data for above-target elements seem to confirm the pres-

ence of a strong isospin driving force, which in combination with favorable reaction energies results in

surprisingly high yields in reactions with Ca projectiles.

PACS number(s): 25.70.Hi, 25.70.Jj, 27.90.+b

I. INTRODUCTION

In recent years much interest has been focused on
heavy-ion-induced transfer and fusion reactions. Heavy-
ion reactions of actinide targets ranging from U to

Es with a variety of projectiles ranging from ' 0 to
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U have been studied [1—17]. The fact that Cm is the
heaviest long-lived and neutron-rich nuclide available in

multimilligram quantities has rendered it a very popular
target material [3—7,9,10,15—17]. One reason for these
studies is the possibility of transferring large numbers of
nucleons between the projectile and the target nucleus or
even fusing the target and projectile. As a result,
neutron-rich and neutron-deficient actinide and transac-
tinide nuclides may be produced for study of their decay
properties as well as their chemical behavior. These nu-

clides are inaccessible with other types of reactions, such
as neutron-capture or light-ion stripping reactions. How-

ever, the production of these exotic nuclides by means of
transfer reactions is rather unspecific. Usually extensive
radiochemical separations must be applied to isolate
them. The present study is part of a continuing effort to
systematically investigate various projectile-target com-
binations, and to broaden the present understanding of
transfer reactions. As yet, the quantitative description of
the evolution of a heavy-ion reaction is beyond the reach
of present transport theories [18—21].

Another reason for these studies is the hope of using
heavy-ion transfer or fusion reactions to produce new,

very heavy or even superheavy elements in the vicinity of
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the predicted island of stability at Z =114 and N=184.
So far the most promising attempt to fuse the doubly

magic projectile Ca with the magic heavy neutron-rich
Crn failed to yield evidence for fusion evaporation resi-

dues. Cross section limits for these reactions of
10 —10 cm were found, within a half-life window
between microseconds and years [22]. This result allows
a number of interpretations. It may be that the resulting
compound nucleus is entirely lost by prompt fission, or,
that the fusion of this system is dynamically hindered at
energies near the Coulomb barrier. The fusion probabili-
ty of this system at the Bass model fusion barrier may be
calculated to be on the order of 3X10 (Ref. [23]),
which corresponds to a considerable fusion hindrance.
Many authors have shown that with increasing hindrance
of fusion a new reaction channel opens, the so-called
"quasifission" or "fast-fission" channel. Then, at energies
near the barrier, a strong transfer of mass from the pro-
jectile to the target nucleus occurs, resulting in nearly
equal mass products [24—29]. A radiochemical study of
target-like prpducts in reactipns pf Ca ipns with Cm
showed a strong tendency for massive transfers of nu-
cleons from target to projectile [9]. Evidence was put for-
ward that in asymmetric quasifission reactions these
below-target nuclides are produced with very little excita-
tion energy, whereas the complementary light fragments
seem to be highly excited [28]. The production cross sec-
tions for above-target nuclides were highest for transfers
of a few nucleons and decreased rapidly with an increase
in the number of nucleons transferred. These results
were compared with a study [6] of the reactions of the
neutron-deficient, but also doubly magic projectile, Ca,
with Crn. Similar maximum production cross sections
resulted for the above-target elements. The eight fewer
neutrons in the Ca projectile were only partially
reflected in the mass distributions for a given Z. In con-
trast, so far unpublished results for below-target elements
obtained by Lerch [30] indicate that the production cross
sections rapidly drop off to a level about 100 times lower
than the yields observed with Ca projectiles. This unex-
pected behavior seems to indicate a pronounced one-
directional transfer of protons from the neutron-deficient
projectile to the target nucleus in the early stages of the
interaction. A similar result has been observed by de
Souza et al. [18] in the reactions of Ca with U.

The primary product mass and charge distributions are
thought to be strongly influenced by the underlying po-
tential energy surface (PES} [18—20]. The PES reflects
the potential energy between the initial target-projectile
combination (the injection point in the PES) and a vast
number of possible transfer reaction products. The most
probable product mass arrangement should occur when
the density of states in the dinuclear complex is largest,
which corresponds to a minimum of the potential energy
in the system [31]. Thus, the strongest driving force for
nucleon transfer should point from the injection point in
the PES in the direction that minimizes the potential en-
ergy of the system. The use of Ca projectiles introduces
a steep gradient in the charge and mass degree of free-
dom in the vicinity of the injection point [18], whereas
the PES with Ca projectiles exhibits a rather small local

gradient [9,20]. In fact, the injection point coincides with
a local minimum in the PES. Nucleon transport theories
fail to predict quantitatively the evolution of the mass
and charge distributions when steep gradients in the po-
tential energy surface are involved [18,21].

The aim of the present research was to complete the
unpublished results of Lerch [30] for below-target yields
in the reactions of Ca+ Cm and to investigate the
new reaction system Ca+ Cm, which exhibits only a
moderate local gradient in the charge and mass degree of
freedom of the PES at the injection point and, therefore,
can be regarded as a transition system between the two
extremes. In addition, Ca has a neutron number of 24,
which is half way between the magic neutron numbers 20
and 28, of the doubly magic nuclei Ca and Ca, respec-
tively. Therefore, Ca can be used to study the influence
of neutron shell effects on the final isotopic distributions
of the actinide products. Using radiochemical separation
techniques, excitation functions have been determined for
isotopes of Am in the reactions of Ca+ Cm at ener-
gies between 0.98 and 1.24 times the nominal Coulomb
barrier (Ec,„~).Upper limits on the production cross sec-
tions have been established for nuclides that have not
positively been detected. In the system Ca+ Cm ex-
citation functions for isotopes of Th through Frn have
been measured at energies between 0.98Ec,„& and
1.37Eco

&

II. EXPERIMENTAL

A. Target arrangement

Irradiations of Cm with Ca and Ca ions were per-
forrned at the Lawrence Berkeley Laboratory 88-Inch
Cyclotron, which is specially equipped to safely irradiate
highly radioactive target materials. The isotope Ca has
a natural abundance [32] of 2.09 atom% and 600 mg
were obtained from Oak Ridge National Laboratory as
separated Ca (98.6 atom%} in the metallic form. Typi-
cal beam intensities were & 100 particlenA. The target
arrangement used for the irradiations has been described
previously [15]. The beam, after being collimated by a
water-cooled graphite ring, passed through a 1.8-mg/cm
Havar foil (composition Co 42.5%, Cr 20.0%, Fe 17.9%,
Ni 13.0%, W 2.8%, Mo 2.0%, Mn 1.6%, C 0.2%, Be
0.04%), which isolates the target chamber from the vacu-
um of the beam line. The beam then passes through a
volume of 0.2-mg/cm nitrogen cooling gas and the 2.75-
mg/cm Be target backing before interacting with the
Cm target. The target contained 644 pg/cm pf Cm in
the form of Cm20& (97.44% Cm, 0.010% Cm,
2.53% Cm, 0.025% Cm, and 10 % Cm) and was
prepared as a 7-mm-diameter circle by stepwise electro-
deposition of Cm(NO&)& from an isopropanol solution on
the Be foil. Each deposited layer was converted to the
oxide by heating to 300 C. The thickness of the Cm tar-
get was monitored by alpha spectroscopy.

Reaction products recoiling from the target were
stopped in 5.7—7 mg/cm Cu catcher foils that were pro-
cessed immediately after the irradiations. The catcher
foils subtended laboratory angles between 0 and 60 to
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the beam axes [0' to 130' in the center of mass (c.m. ) sys-
tem]. The thickness of the catcher foils was calculated to
be sufficient to stop all reaction products with full for-
ward momentum transfer. Unreacted beam ions passed
through the catcher foil and were stopped in a water-
cooled beam stop. The sum of the electrical current de-
posited in the Havar isolation foil, the target, the recoil
catcher foil, and the beam stop was measured with an in-

tegrating electrometer and recorded periodically in order
to reconstruct the irradiation history. Typical irradiation
times were from 6 to 8 h.

The energy lost by the projectiles while passing
through the Havar isolation foil, the nitrogen cooling gas,
the Be target backing, and the target material was calcu-
lated using the range and stopping power tables of Hu-
bert et al. [33]. Since only values for pure elements are
tabulated the stopping power of Havar and Cm203 have
to be approximated. The stopping power of Havar was
approximated by the tabulated values for Ni, whereas for
Cm the values tabulated for U were used. No corrections
were made for the energy straggling, which occurs upon
passage of the projectiles through the Havar window, the
nitrogen cooling gas, and the Be target backing.

In order to ensure that all target-like reaction products
were collected, a detailed calculation of the involved re-
action parameters was performed. First, the probability
of a reaction product recoiling from the circular target
area hitting the catcher foil must be considered. This
problem has been treated in Ref. [16] and only the results
of these calculations will be discussed here. The proba-
bility of a product nucleus hitting the catcher foil in this
target arrangement is 1 if it is emitted between 0' and 51

to the beam axes. The probability then decreases mono-
tonically to 0 between 51 and 71 . Secondly, the grazing
angles in the laboratory system of projectile-like and
target-like reaction products have to be calculated. This
was done using the "sharp cutoff" approximation [34],
assuming a grazing collision with no mass transfer and a
loss of total kinetic energy (TKE) of 10 MeV throughout
the interaction. A summary of calculated reaction pa-
rameters for the investigated systems is provided in Table
I. With increasing bombarding energy the target-like re-
action products are emitted closer to the acceptance an-
gle of the target arrangement; however, even at the larg-
est calculated emission angle of 54', the probability of a
recoiling target-like nucleus hitting the catcher foil is still
0.95. Thus, all reaction products emerging from quasi-
elastic interactions with a small net transfer of nucleons
and a small loss of TKE are collected with near 100%%uo

efficiency. The collection efficiency for deeply inelastic
reaction products, which involve large transfers of nu-
cleons and finite interaction times, has to be considered
more thoroughly. If the reacting nuclei stick together
and rotate for a certain interaction time, the scattering
angle 0, decreases and the fragments no longer recoil
at the calculated grazing angles. Projectile-like frag-
ments are emitted at laboratory angles 6z ~,b smaller than
the calculated grazing angle, whereas the target-like reac-
tion products recoil at angles QT ~,b larger than the calcu-
lated grazing angle and are eventually lost due to the ki-
nematic limitations of our target arrangement. The
scattering angle also depends on the net number of nu-
cleons transferred, the transfer direction, and the TKE
loss throughout the interaction. Our calculations indi-

TABLE I. Summary of reaction parameters for the interactions of Ca, " Ca, and 'Ca projectiles with 'Cm.

Projectile

"ca
"ca
"ca

Elab

(Mev)

230.0—235.5

251.5-256.8

286.2—291.3

E b

(MeV)

198.1-202.8

216.6—221 ~ 1

246.6—250. 8

/E

0.98—1 ~ 00
1.07- l.09
1.22-1.24

g cl

—c.m.
4

(deg)

173
119
87

~T lab

(deg)

3

30
46

~P lab

(deg)

172
110
78

"ca
"ca
"ca
44ca
"ca
"ca

230.8—236.5

251.2-256. 7
273.6-279.0
284.7—290.5

295.9-301.1

318.0—323. 1

196.0—200.9
213.3-218.0
232.4—237 ~ 0
241.8-246. 7
251.3-255.7
270.1-274.4

0.98—1.00
1.06-1.09
1 ~ 16-1.18
1.20-1.23
1,25-1 ~ 27
1.34-1.37

178
121
97
89
82
71

1

29
41
45
48
54

177
111
86
78
72
62

"ca
48c
48Ca

"Ca

223.0-239.0
247.0—263.0
272.0—288.0
304.0—318.0

186.8 —200.2
206.9—220.4
227.9—241.3
254.7—266.4

0.94—1.01
1.04-1.11
1 ~ 15-1.21
1.28-1.34

164
122
95
76

8

29
42
51

160
111
84
66

'The energy range of the beam in the target material in the laboratory system, E„b(MeV). Energies for Ca from Ref. [6].
The energy range of the beam in the center-of-mass system, E, (MeV).

'The ratio of c.m. energy and interaction barrier, E, /E&,„l,Ec,„l=Z, Z2e'/R;„, (MeV), R;„,=CT+Cp+4. 49 (CT+Cp)/6. 35
(fm) (Ref. [49]), where Cr and Cp are the matter half-density radii of the target and the projectile, respectively. Ec,„,=202. 3, 200.6,
and 198.9 MeV for interactions with Ca, Ca, and Ca projectiles with Cm, respectively.
The calculated quarter point angle in the c.m. system, 0, ~4, (deg), 0,- =2arcsin[nk/(R;„, —nK)] where n represents the Som-

merfeld parameter and X the de Broglie wavelength.
The calculated grazing scattering angles in the laboratory system for the target-like and the projectile-like fragment, respectively, as-

suming no mass transfer and a kinetic energy loss of 10 MeV during the interaction, QT l b 5p] b (deg).
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cate that all above-target reaction products are sti11 col-
lected with near 100% efficiency. However, with increas-
ing bombarding energies considerable losses of below-
target reaction products, such as U and Th, corre-
sponding to transfers of 18 and 21 nucleons, respectively,
cannot be excluded. It was not possible to account for
these losses. For the cross-section calculations, we as-
sumed that all detected reaction products were collected
with 100%%uo efficiency, which is a valid assumption for re-
action products heavier than the target nucleus, and reac-
tion products emerging from quasielastic interactions at
near barrier energies.

B. Chemical separations

The chemical separation procedure yielding fractions
of individual actinide elements suitable for the determina-
tion of gamma and/or alpha and spontaneous fission (SF)
activities had to meet several requirements. In order to
save beam time, a simple and fast procedure was required
that separates all elements of interest. Furthermore, high
decontamination factors for individual elements are re-
quired since actinide products are formed in small yields
in heavy ion transfer reactions. Production cross sections
range from several nanobarns to a few millibarns only.
Large quantities of unwanted activities are due to reac-
tions of the projectiles with components of the target
chamber, i.e., N2, Be, 0 (in Cm203), and Cu (catcher foil).
Interfering activities also originate from prompt fission of
target-like reaction products. In an attempt to determine
relatively short-lived products below the target in the re-
actions of Ca+ Cm, the fast separation procedure
outlined in Ref. [35] was applied. The production cross
sections for the above-target nuclides formed in these re-
actions have been measured previously [6]. In the experi-
ments with Ca projectiles, the separation procedures for
below-target elements described in Ref. [35] were
modified and combined with separation procedures for
the above-target elements [36] in order to measure pro-
duction cross sections for all elements from Ra through
Md from the same irradiation. The irradiated Cu catcher
foils (up to 50 mg) were dissolved in concentrated HNO3
containing traces of HC104 and yield tracers of 'Am,

Pu, and Np in equilibrium with Pa, U, and
Th in equilibrium with their daughters. The chemical

yield of the heavy actinides Bk through Fm was deter-
mined by the addition of ' Tm tracer before the element
separation. The detailed separation procedure is given in
Ref. [37].

The chemically separated fractions containing elements
Bk through Am, and Pu/Np were coprecipitated with
LaF3, filtered, and assayed by gamma-ray spectroscopy.
Fractions of Pa, Th, and U were gamma counted as
liquids in small vials. Elements U and Th were later elec-
trodeposited [38] on platinum disks for alpha spectrosco-
py. The fractions of Cf, Es, and Fm were each dried on
platinum disks and assayed by gamma-ray spectroscopy
as well as by alpha spectroscopy and SF counting.

When four to six experimenters cooperated on the sep-
aration, purification, and preparation of the samples, the
complete procedure required 3.5 h from the end of the

bombardment (EOB) until the start of the measurement
of the last sample. The first samples containing relatively
short-lived nuclides were separated and prepared for
counting in about 30 min after EOB. Chemical yields as
determined with yield tracers ranged from 40%%uo to 9S%.

C. Data acquisition and analysis

The various fractions were counted for gamma-ray ac-
tivities, each with one of five Ge(Li) or high purity Ge
detectors. Alpha-particle and SF activities were detected
using Si(Au) surface barrier detectors.

Gamma-ray spectra were analyzed using the SAMPO

[39] or the NEWFIT [40] code. Very small peaks, that
were not identified by the automatic peak search routine,
were integrated by summing the peak channels and sub-
tracting a linear background. Complex alpha spectra
were analyzed with the NEWFIT [40] code, which uses
tabulated alpha-branching ratios. Very small peaks with
only a few counts were integrated by summing the ap-
propriate channels.

Decay-curve analyses were performed with the ExFIT
[41] code, which yielded the activities at EOB. Half-lives
from Ref. [32] were used. In the case of growth and de-
cay, the initial activity of the daughter was fixed at zero
at the time when a separation of mother and daughter
products was performed. Since the production cross sec-
tions for below-target elements were small in the experi-
ments with ' Ca projectiles, some nuclides could not be
detected. For these cases upper activity limits were es-
timated with the method of Ref. [42]. The activities at
EOB were corrected for the detector efficiency, the abun-
dance of the specific radiation, and the chemical yield.
Production cross sections were calculated using the ac-
tivities at EOB corrected for decay during the irradiation,
the nuclide half-lives, and the target thickness and the ir-
radiation history. A 100% collection efficiency for
transfer products was assumed for all experiments. The
following statistical errors have been included in the
cross section calculations: (i) errors in the initial activi-
ties after EOB resulting from the decay curve analysis, (ii)
errors in the detector efficiency function, (iii) errors in the
chemical yields, and (iv) errors in determining the target
thickness, which were assumed to be 5%. Errors in the
quoted half-lives and radiation abundances were neglect-
ed. No error was included for the electrometer readings
of the beam intensity. All errors were treated and pro-
pagated as standard deviations (lu) to give the total er-
rors of the cross sections.

III. RESULTS

The cross sections (do /dZ dN) measured in this work
and in Ref. [30] for the production of below-target ele-
ments (Z~, d~Z„,„)in the reactions of Ca ions with

Cm at three different bombarding energies are given in
Table II. The results of our measurements for bombard-
ments of Cm with Ca projectiles are given in Tables
III and IV, respectively. Table III summarizes the mea-
sured cross sections for isotopes of below-target elements
(Z~„d~ Z„,„)Th, U, Np, Pu, Am, and Cm at four
different energies, whereas the measured production cross
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sections for isotopes of the above-target elements
(Z „d)Z„,„)Bk, Cf, Es, and Fm are given in Table IV.

In order to allow a comparison of the actinide yields
from the reactions of ' ' Ca+ Cm, Fig. 1 summa-
rizes all existing data from this work and other studies

[6,9,30] at an interaction energy corresponding to about
1.1EC,„&. At this bombarding energy the most complete
set of data exists. The shapes of almost all above-target
isotope distributions in the reactions of ' ' Ca+ Cm
are quite similar and can be represented by Gaussian dis-

tributions with a full width at half maximum (FWHM) of
=2.5 mass numbers. The distribution of the Fm isotopes
in the experiment with Ca appears to be asymmetric.
The decay of 2s6Md contributes to 256Fm since 2s6Md de-

cays 90.7% by electron capture. Assuming that all Fm

is due to the decay of Md, an upper production cross
section limit of Md can be estimated at 0.2 pb. The
FWHM's of below-target isotopic distributions in the re-
actions of Ca+ Cm have been determined by
Gaggeler et al. [9]. They reported a FWHM of = 5 mass
numbers for the distributions of Pu and U isotopes and
slightly broader distributions with FWHM =5.5 mass
numbers for Th, Ac, Ra, and Rn. Even though the data
for below-target elements are rather fragmentary in the
experiments with Ca, and especially with Ca projec-
tiles, FWHM of =5 mass numbers and =5.5 mass num-
bers, respectively, also seem to apply. The isotopic distri-
butions for elements with fragmentary or no measured
data have been reconstructed using further assumptions
that will be discussed in Sec. IV. The cross section of

TABLE II. Cross sections for the production of actinides with Z„„d~Z$
g $

in bombardments of
' 'Cm with Ca projectiles of different energies.

Nuclide 230.0—235.5 MeV
Cross section' s

(pb) (%)

251.5 —256. 8 MeV
Cross section' sb

(pb) (%)

286.2—291.3 MeV
Cross section' s

(pb) (%)

Cm 249 & 130 & 148 696 44

Am 247
246m
246g
245
244g
240
239

& 55.6
& 48.3

& 8.3
32.2
10.7

& 3.8

48
16

& 49.5(40.3
10.0
73.9
25.6
12.7

& 7.2

15
24

9
12

& 77.4
& 55.3

29.9
135
49.9
14.8

& 15.7

12
17
11
47

PU 246
245
243
236'

& 16.8
& 11.8

& 6.6

(23 ~ 1

& 16.5
& 8.4

0.87 67

& 86.6
& 37.3
& 17.5

0.34 35

Np 240g
239
238
234

& 17.9
& 5.4

& 13.1
& 21.1

& 17.9
& 7.0

& 18.2
& 26. 1

& 30.5
& 16.1
& 45.9

& 106

U 240
239
237
230'

& 18.7
& 18.4

& 5.5
0.11 18

& 31.0
& 28.8

& 6.1

0.34 38

& 22.3
& 13.3
& 10.8

0.013 15

Pa 234g
232
230
228

& 32.9
& 38.5
& 77.8
& 84.2

& 23.4
& 29.8
& 93.8
& 70.5

& 40.6
& 51.0

& 214
& 130

Th 228'
227'

4.3
0.36

35
31

16.0
0.26

25
42

2.1

0.25
24
40

'Detection limits are indicated with &.
Standard deviation (lo.). The calculation of the errors is described in the text.

'Data from Ref. [30] measured with a thicker Cm target. The energies incident on target in Ref. [30]
were 221 —234, 246—259, and 281 —294 MeV, for Pu, U, and Th, respectively. The cross section for

Th is partly due to Pa, since the irradiated catcher foil was not processed immediately after the
bombardment.
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TABLE III. Cross sections for the production of actinides with Z~„d Zt g t in bombardments of Cm with Ca projectiles of
different energies.

Nuclide 230.8 —236.5 MeV
Cross section' s

(~b) (%)

251.2—256.7 MeV
Cross section' s

(pb) (%)

284. 7—290.5 MeV
Cross section' s

(pb) (%)

318.0—323.1 MeV
Cross section' s
(pb) (%)

Crn 249 772 15 2850 22 4710 18 5410 38

Am 247
246m
246g
245
244g
240
239

& 102
& 67.9

& 9.7
86.3
31.4
9.3

& 3.1

19
8

31

264
256
67.0

294
117
29.4

& 11.2

52
25
15
13

8

28

994
507'
152
512
183
21.0
9.6

15
19
10
17
7

27
25

1430
& 1135

210
544
173
25.4

& 9.4

37

24
25
10
29

Pu 246
245
243
236

& 5.1

& 1.9
12.7

& 0.22
31

& 11.9
7.7

19.1
& 2.2

25
19

7.4
12.7
40.8

& 4.0

40
20
10

22.2
32.9
56.7

& 8.4

35
36
11

Np 240g
239
238
234

& 14.2
& 48.3

& 114

& 66.1

10.5
& 18.8
& 41.9

20
& 21.6

11.5
& 21.6
& 27.1

29
& 252
& 184
& 209
& 139

237
230

1.0
0.28

72
15

3.5
0.79

31
22

4.0
& 0.27

26 6.6
& 0.22

74

Th 227 9.3 18 6.9 24 2.3 19

'Detection limits are indicated with &.
Standard deviation (1cr). The calculation of the errors is described in the text.

'Corrected for contribution of Pu parent.
Corrected for contribution of 'Pu parent.

Th( Pa) determined in the reactions of Ca+ Cm
(Ref. [30]) appears to be too high to be consistent with
the measured cross sections for the nuclides Th and
230U

At the same bombarding energy above the Coulomb
barrier, the yield of below-target elements is about one
order of magnitude higher in the reactions with Ca pro-
jectiles compared to Ca projectiles and about two or-
ders of magnitude higher compared to Ca projectiles.
Differences also exist in the yields of above-target ele-
ments, but they are far less pronounced than for the
below-target products. The yield of Fm is about five
times higher in the reactions with Ca projectiles com-
pared to Ca projectiles and about one order of magni-
tude higher compared to Ca projectiles.

IV. DISCUSSION

The observed mass distributions in heavy ion reactions
are secondary distributions. They differ from the pri-
rnary ones due to deexcitation by either particle emission,
mostly neutrons, or, in the case of very heavy fragments,
by particle emission and/or sequential fission. These fast
processes prevent the detection of primary reaction prod-
ucts. The reconstruction of the primary reaction product
distribution from the observed mass distributions, which

is essential for the discussion of processes occurring dur-
ing the interaction, strongly relies on the proton number
Z, the neutron to proton ratio N/Z, the excitation ener-

gy E*, and the angular momentum l of the primary frag-
ments.

In order to compare the results of previous reaction
studies [6,9,30] with the present work, the rather incom-
plete data, especially in experiments with Ca, have to be
supplemented by reconstruction of isotopic distributions.
This can be done with a knowledge of (i) the FWHM for
this type of reaction and (ii) the most probable mass num-
ber of the secondary distribution ( A')z. The assign-
ment to a certain type of reaction (quasielastic, deeply in-
elastic, quasifission) is based mainly on the observed
FWHM of- the measured secondary mass distribution,
which is different [19]for each type of reaction.

Several authors [9,10,14,18—21] have shown that the
equilibration of the N/Z ratio is related to the TKE loss
and strongly governed by the underlying PES. PES's are
therefore useful tools for inferring the most probable
mass number of the primary distribution ( A )z. In addi-
tion to the published PES [9] of the system Ca+ sCm,
PES's for the two other systems ' Ca+ Crn have
been calculated.

Examination of the measured excitation functions for
the reactions of ' Ca with Cm reveals some informa-
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tion about the distribution of excitation energy among
the complementary reaction partners and the conversion
of excess kinetic energy into internal excitation of the re-
action products. The excess energy available for product
excitation is estimated on the basis of a model introduced
by Hoffman and Hoffman [43,44].

A. FWHM of mass distributions

The widths of secondary isotope distributions in dissi-

pative heavy ion reactions can be deconvoluted [14,45]
into three contributions: (i) the primary width; (ii) contri-
butions due to fluctuations in the excitation energy, and
the number of evaporated neutrons; and (iii) the intrinsic
width of the neutron evaporation process at fixed excita-
tion energy. In addition, the width should also depend
on the curvature of the PES. As mentioned above, the
secondary isotopic distributions in the reactions of

Ca with Cm can be represented by Gaussians
with FWHM =2.5 mass numbers. In fact, similar
FWHM values ranging from 2 to 3 mass numbers have
been reported in experiments with light heavy ions, such
as ' ' 0 and Ne (Refs. [4,5]), medium weight projec-
tiles such as 'P and Ar (Refs. [15—17]), as well as with
heavy projectiles like Kr, ' ' ' Xe, and ~ U (Refs.
[3,7, 10]). These relatively narrow widths are characteris-
tic for quasielastic transfer reactions with small kinetic
energy losses [19] and indicate that the detected nuclides
are produced with little excitation energy.

The broader distributions for below-target elements
(i.e., FWHM=5 —5. 5 mass numbers) indicate that these
reactions must be attributed to predominantly inelastic
interactions [45] (deeply inelastic and quasifission) with
considerable conversion of kinetic energy into excitation
of the fragments.

TABLE IV. Cross sections for the production of actinides with Zp d )Zt g t in bombardments of Cm with Ca projectiles of
different energies.

Nuclide 230.8—236.5 MeV
Cross section' s
(pb) (%)

251.2 —256.7 MeV
Cross section' s"
(pb) (%)

273.6—279.0 MeV
Cross section' s"
(pb) (%)

295.9—301.1 MeV
Cross section' s"
(pb) (%)

318.0—323.1 MeV
Cross section' s
(pb) (%)

Bk 244'
245
246
248m
250
251

8.1

116
380

1000
153

& 28.3

18.7
315
870

2080
513

& 94.3

17
6

10
17
6

27.2
391

1220
2990

858

6
11
4

14
7

29.0
503

1360
3350
1050

15
7

12
27
10

21.2
322
972

2710
1380

6.6

16
14
25
25

7
74

Cf 246
247
248
250'
252'
253

41.5
168
580

1690
368

1.2

5

10
8

28
24
14

113
254

1630
7040

856
5.1

8
18
7
9

10
11

131
330

2380
5490
1710

8.5

7
20

5

4
10
11

126
250

1808
5340
1410

7.6

10
18

8

5

12
20

19.3
& 142

647
5500

231
1.1

14
8

10
28

Es 249
250g
250m
251
252
253 g

254m

34.4
26.5
43.7
52.4
18.4
10.3
0.27

10
5

25
26
15
11
20

49.1

35.2
87.3

127
45.3
9.9
0.66

13
8

22
22
13
10
17

38.0
32.0

176
250
118

9.2
0.86

5

17
25
10
21
14
12

28.5
122
160
69.9
12.0
0.74

9
26
18
24
15
15

9.1

& 48.4
41.6
15.3
2.1

0.15

14

27
34
13
15

Fm 250
252"
253
254'
256

& 0.46
8.1

3.3
1 ' 5

0.19

8
16
11
15

& 3.9
20.9
13.0
4.5
0.34

8

12
9

30

13.9
13.2
3.3
0.18

9
9
3

10

& 19.5
7.9
6.2
1.4
0.11

6
6

14
8

& 5.9
3.6
1.2
0.26
0.04

25
14
20
40

'Detection limits are indicated with &.
Standard deviation (lo.). The calculation of the errors is described in the text.

'An intensity of 100% was assumed for the measured 891.5-keV gamma ray of ' Bk.
Corrected for contribution from decay of Bk, and Fm parent.

'Corrected for contribution from decay of Bk, Es, Es, and Fm parent.
Corrected for contribution from decay of ' Es parent.
gCorrected for contribution from decay of Cf parent.
"All activity observed from 7.0-MeV a particles in the Fm fraction was assigned to ' Fm.
'Corrected for contribution from decay of Es parent.
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B. Potential energy surface calculations

The average drift of the heavy fragment charge and
mass distributions away from the initial charge and mass
of the target nucleus is strongly influenced by the local
gradient [(bEp/bZ) +(bE /bN) ]'~ in the underlying
PES [9,10,14,18—21]. On the basis of PES calculations
the most probable mass ( A )z of the isotopic distribu-
tions can be predicted. Gross et al. [31]predict ( A )z at
the configuration for which the density of levels is highest
in the dinuclear complex. This configuration corresponds
to the highest excitation energy and to a minimum in the
potential energy (PE) of the system [31]. The PE of a
given product pair, Ep„d, is given by the Coulomb
(Ec,„&),nuclear (E„„„),and centrifugal (E„„,) potentials
evaluated at its interaction radius:

104

103

102

101

100

10 i

104

Z «3
0

102
V
LU 10 i
CO

10o0)0 10 -1

D
104

Fm

Es

+ Cf

~ Bk

a Am

Pu

Np

V

m

Pa Ca +248C
103

Th

10'

100
Fm

10 2

210 220

I I I

230 240 250

MASS NUMBER (A)

260

FIG. 1. Isotopic distributions of actinides in reactions of Ca
isotopes with Cm. Ground state isomers or metastable iso-
mers are denoted with "g" or "m", respectively. Arrows indi-
cate detection limits. Top: Reactions of 247 —263-MeV Ca
projectiles with Cm (Refs. [6,9]). Middle: Reactions of
251.2—256.7-MeV Ca projectiles with Cm (this work). Bot-
tom: Reactions of 251.5 —256.8-Me V Ca projectiles with' 'Cm. The data of Ref. [6] (above-target nuclides) and the data
of Lerch et al. (Ref. [30]) ( ' Th, U, and Pu) are from
reactions of 246 —259-MeV Ca.

prod Ecoul + nucl + cent

The mathematical forms of the Coulomb, nuclear, and
centrifugal potentials used are from Ref. [46]. A phe-

nomenological Coulomb potential was developed by Bon-
dorf et al. [47]; the nuclear potential used is a proximity
potential [48]. The interaction radius R;„twas calculated
for each product pair according to a semiempirical for-
mula by Wilcke et al. [49], which has been derived frotn
a fit to a compilation of experimental R;„tvalues. The
PES is a plot constructed from the differences in PE
(b,E ) between specific product pairs and the reactants
(E„,«), evaluated at their respective interaction radii,
minus the ground state Q value (Q ) for that reaction:

p Eprod react Qgg (2)

The computer code HEAVI [10] was used to calculate
PES's, neglecting angular momentum effects (I =Oui).
The masses used in the calculation of the PES were
Myers-Swiatecki liquid droplet masses [50) with shell
corrections. The even-odd term in the liquid droplet
masses was neglected in order to give a smoother PES
contour map representation. The calculated liquid drop-
let masses of actinide nuclides are often 1.0—1.5 MeV
less than the actual ground state masses [32]; therefore,
the computer code HEAVI [10] includes corrections for
liquid droplet actinide masses, based on the actual
ground state masses. Since the liquid droplet model is
unable to accurately predict the masses of very light nu-
clei, actual ground state masses (where available) were in-
corporated into the code for nuclei with Z or N (10. No
frictional forces or nuclear deformations occurring dur-
ing the interaction are considered and incorporated in the
code.

In Fig. 2 the PES's of the three systems Ca+ Cm,
Ca+ Cm, and Ca+ Cm are represented by con-

tour maps. As already shown by Gaggeler et al. [9] the
maxima of the mass distributions in experiments with" Ca closely follow the bottom of the PES valley. The in-
jection point is located close to 1V/Z equilibrium and

- there is no strong local gradient that would indicate an
energetically preferred transfer direction. The evolution
of the system towards fusion is energetically hindered at
the Coulomb barrier, since the Businaro-Gallone saddle
point [51]at Z = 106 and N = 166 is at + 15.7 MeV. The
development of the interaction towards symmetry is
therefore favored. The fact that the maxima of the mass
distributions ( A')z of the elements Rn through Fm are
close to N/Z equilibrium indicates that these nuclides
are produced with very little excitation energy [9]. This
leads to the conclusion that the primary mass distribu-
tions of the elements Rn through Fm are only slightly or
not altered by neutron evaporation processes. However,
a deexcitation of primary reaction products by sequential
fission cannot be excluded. Maxima of mass distributions
that have not been measured were interpolated on the
basis of the existing data, the calculated minimum of the
PES and FWHM of the Gaussian mass distributions.

In the experiments with Ca, the Cm injection point
is displaced by =4 mass numbers to the neutron-rich side
compared to N/Z equilibrium. A strong local gradient
of 4.8 MeV/mass number favors the production of Bk.
Then the energetically most favorable drift direction
points to Bk and from there to Am towards symme-
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try. The evolution of the system towards compound nu-
cleus formation is energetically slightly hindered at the
Coulomb barrier; the saddle point of this system at
Z=106 and N=162 is +4.7 MeV. A transfer of 4 pro-
tons from the projectile to the target nucleus is needed to
reach the line of N/Z equilibrium for the above-target
products. The same number of protons and about 16
neutrons need to be transferred from the target nucleus
to the projectile to reach the line of N/Z equilibrium for
below-target products. The maxima of the experimental-
ly determined distributions are located on the neutron-
rich side of the N/Z equilibrium minimum of the PES
valley. This result can be interpreted as follows: Starting
with quasielastic transfer reactions about 4 protons are

transferred to reach the region of the N/Z-equilibrated,
deeply inelastic interactions in either direction. All the
maxima of the transcurium elements are located near the
N=152 closed neutron shell of the target nucleus, which
might account for this effect. The maxima of the below-
target isotope distributions are displaced between 3 and 4
mass units towards lower neutron numbers with each
proton transferred from the target nucleus to the projec-
tile. Maxima which were not measured have been inter-
polated.

With the Ca projectile, the injection point falls on a
very steep gradient of the PES. The injection point is dis-
placed by 8 mass numbers to the neutron-rich side of the
PES. A very strong local gradient of 8.9 MeV/mass

105

l I I

rn 1o5—

115 120 125 130 135 140 145 150 155 160 165 170 175

NEUTRON NUMBER (N)

FIG. 2. Contour map representation of the calculated PES for the reactions of 'Ca projectiles with ' 'Cm at an angular
momentum of 1=(Hi. The dashed lines denote the equipotential contour lines at 0 MeV. The injection points ( Cm) are represented

by +. The dotted lines connect the minima of the potential energies calculated for each Z. The Businaro-Gallone saddle point is in-

dicated by X. The filled circles represent the position of the experimentally determined maxima of the isotopic distributions for each
Z, whereas the open circles represent the estimated maxima. 'Ca data from Refs. [6,9] and Ca data partly from Refs. [6,30].
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number points towards the production of Bk. The en-

ergetically most favorable drift direction continues, still
with a strong gradient of 4.9 MeV/mass number, to Cf
and Es before it turns around towards symmetry. The
evolution towards compound nucleus formation is ener-

getically no longer hindred at the barrier; the saddle
point at Z=106 and N=158 now is at —10.6 MeV.
Similar to the Ca+ Cm system, a transfer of about
4—5 protons is needed to reach N/Z equilibrium for
above-target elements. For below-target elements only
the maximum of the Am isotope distribution was deter-
mined. The maxima of the missing below-target elements
have been estimated assuming that as in the Ca+ Cm
system about 4—5 protons are transferred in either direc-
tion to reach N/Z equilibrium. This results in a displace-
ment of the maxima of about 4 mass numbers towards
smaller neutron numbers with each proton transferred
from the target to the projectile. The calculated most
probable mass numbers ( A )z, the experimentally deter-

mined and the estimated maxima of the secondary distri-
butions ( A ') z, are summarized in Table V.

The different neutron numbers of Ca, Ca, and Ca
are only partly reflected in the target-like products. The
differences between the positions of the maxima of the
mass-yield curves for Bk, Cf, and Es are smaller than 1

mass number between the reactions of Ca and Ca, and
about 1 —2 mass numbers between those of Ca and Ca.
The maxima of the Fm mass-yield curves differ by less
than 1 mass number between the Ca and Ca reactions,
but by about 3 mass numbers between those of Ca and

Ca. This may be due to the particular shapes of the
N/Z-equilibrium lines, which are similar in all three sys-

tems. In the reactions with Ca and Ca this line is dis-

placed by about 4 and 8 mass numbers towards lower
neutron numbers, respectively, compared to the reactions

with Ca. In the reactions with Ca the maxima of the
above-target mass distributions closely follow this line,
which results in neutron-rich Es and Fm isotopes. In the
case of the Ca and Ca projectiles, where the N/Z-
equilibrium line is achieved only after the transfer of 4 to
5 protons, the displacement of the isotopic distributions
toward neutron-rich reaction products should become
noticeable for the transfermium isotopic distributions. It
is very remarkable that the equilibration of the N/Z ratio
for above-target products gradually occurs by the
transfer of protons and not by neutrons which would re-
sult in a strong shift of the maxima of the mass distribu-
tions towards the line of N/Z equilibrium. The transfer
of protons to the target nucleus seems to be the dominant
reaction path in the reactions of Ca and Ca whereas
with Ca the system shows no preferential transfer direc-
tion.

The maxima of the isotopic distributions of the below-
target elements differ by no more than 2-4 mass numbers
between the three different projectiles, due to the fact
that N/Z equilibrium is only gradually approached by
the transfer of 4 or more protons in the case of Ca and
"Ca.

C. Calculated excitation energies

In a radiochemical experiment with one thick catcher
foil all information about the kinetic energy of the frag-
ments is lost. Thus, assumptions have to be made about
the conversion of excess kinetic energy into internal exci-
tation energy, the deformation of the fragments in the
exit channel, and the partition of the excitation energy
among the fragments.

TABLE V. Calculated most probable primary mass numbers ( A )z in the PES and measured maxi-
ma of the secondary mass distributions (A')z in the reactions of 'Ca projectiles with ' 'Cm at
bombarding energies corresponding to 1.1Ec,„].

Element
Z

100
99
98
97
96
95
'94

93
92
91
90
89
88
87
86

(A),
249.0
247.0
244.0
241.0
240.0
239.0
237.0
233.0
230.0
227.0
223.0
221.0
218.0
215.0
212.0

40Caa

251.4
250.2
248.4
247.3

244.0
240.0'
236.0'
232.0'
228.0'
224.0'

252.0
249.0
246.0
245.0
243.0
241.0
238.0
235.0
233.0
231.0
228.0
223.0
221.0
219.0
213.0

Projectile
"Ca

& A'),

252.0
250.5
249.5
247.6

244.9
241.9
238.2'
234.5
230.0'
227.5'

254.0
251.0
250.0
249.0
247.0
243.0
240.0
237.0
235.0
233.0
231.0
229.0
224.0
221.0
216.0

48Cab

(A'),
254.2
251.7
249.9
248.5

245.6'
242.6
239.6'
236.6'
232.1'
227.7
225.2
221.8
218.0'
215.8

'Based on data from Refs. [6,30] and this work.
Based on data from Refs. [6] and [9].

'Estimated ( A')z.
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l. Excess energy available for prodttct excitation

Two limiting cases, namely, touching spheres and de-
formed nuclei, will be discussed in the following.

a. Touching spheres. Under the assumption that the
primary fragments reseparate as touching spheres, the ex-
cess energy available for product excitation, E', is relat-
ed to AE by

E *=Ere, In Ez, out EEP (3)

where Ez;„andEz,„,are the residual kinetic energies of
the reactants and the products in the c.m. frame, respec-
tively, before and after the nucleon transfer process has
occurred. In the present calculations, it was assumed
that the kinetic energy converted into internal excitation
is proportional to the number of nucleons exchanged
[43]. The entries in Table VI are solutions of the equa-
tion

Ac
(4)

where E, is the kinetic energy in the c.m. system, Ac,
is the mass of the projectile, and N,

„

is the number of
protons and neutrons exchanged. Again, the code HEAvI
[10] was used to compute excitation energies. Contrary
to the PES calculations, the calculated excitation energies
are very sensitive to the Coulomb potential and the in-
teraction radius. As in the PES calculations, the
semiempirical radius R;„,of Ref. [49] was us'd.

The comparison (Table VI) of the calculated excitation
energies in the three systems ' ' Ca+ Cm at an ener-

gy of 1a 1Ec,„~shows that the lowest excitation energies
result for the reactions with Ca and the highest for the
interactions with Ca. The calculations for Ca lead to
excitation energies of the above-target nuclides of up to
29 MeV and up to 47 MeV for the below-target nuclides.
Depending on the division of the excitation energy
among the fragments, such high excitation energies may
lead to considerable losses of target-like fragments due to
sequential fission and/or neutron emission. The problem

of how the excitation energy is distributed between the
fragments will be addressed later in this section.

In the reactions of Ca+ Cm the formation of
above-target nuclides results in calculated excitation en-
ergies that are positive by 6—12 MeV for most of the ob-
served products; this may favor the production of above-
target nuclides, without introducing too much excitation
energy. The formation of below-target products results
in maximum calculated excitation energies of the frag-
ments between 14 and 28 MeV depending on the Z and A

of the product nuclei. The calculated excitation energies
are about 10 MeV higher than those from interactions of
48C +248Cm

In the system Ca+ Cm, reactions leading to
above-target nuclides result in calculated excitation ener-
gies between 1 and —4 MeV, Negative excitation ener-
gies mean that in the frame of this model a higher injec-
tion energy than 1.1EC ] would be needed to form these
nuclides. The excitation energies for the formation of
below-target nuclides are positive by 1 —16 MeV. This in-
dicates that all products are formed essentially cold. This
finding agrees well with the conclusions from the PES
calculations. The considerable differences in the calculat-
ed excitation energies between the three systems

Ca+ Cm are mostly due to the differences in the

Qss values.
b. Deformed nuclei Prolat.e deformations of the nuclei

and neck formation may considerably increase the energy
available for product excitation. Toke et al. [27] have
shown that the average kinetic energy release in

quasifission reactions for symmetric mass divisions obeys
similar systematics as determined by Viola [52] for the
average kinetic energy release in fission. The average ki-
netic energy release in symmetric quasifission reactions
[27], (E„*„),„y'follows the expression

(Eq„),„=0.1240
Z2

A 1/3

where Z is the proton number and A is the mass of the

TABLE VI. Calculated excitation energies available for product exitation in the reactions of Ca, Ca, and 'Ca+' 'Cm at bom-
barding energies of 1.1Ec,„~.The calculation of E* and Ey„is described in the text [Eqs. (4) and (6)].

Element'
Z

100
99
98
97
96
95
94
93
92

90

249
247
244
241
240
239
237
233
230
227
223

" Ca

(MeV)

19
21
25
29
32
32
33
35
39
42
47

( E!is )sayam

(MeV)

76
79
86
89
95
94
96
97

102
102
107

252
249
246
245
243
241
238
235
233
231
228

Projectile
"Ca

(MeV)

6
7

10
12
14
14
17
20
22
25
28

(Efiss )asym

(MeV)

63
64
71
73
75
77
81
80
83
86
92

254
251
250
249
247
243
240
237
235
233
231

"Ca
E g

(MeV)

—4
—2

0
1

1

3
5

8
11
13
16

( E tsss ) asym

(Mev)

54
56
63
64
66
66
71
71
74
78
82

'Z & 96: above-target elements, Z (96: below-target elements.
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compound nucleus. The average kinetic energy release in
asymmetric quasifission reactions, ( Efis, )„„,can be cal-
culated by scaling (Efi„„),„proportional to the ratio of
the Coulomb energies for asymmetric (Ec „&„y) and
symmetric (Ec,„„„)mass and charge divisions:

Coul asym
fiss ~asym c.m. ( fiss ~sym ECoul sym

(6)

In Table VI the energy available for product excitation
including deformations of the fragments in the exit chan-
nel was calculated, assuming that all excess kinetic ener-

gy was completely converted into internal excitation.
The results in Table VI show some 60 to 70 MeV of exci-
tation energies added to the values calculated with the
touching spheres model.

2. Distribution of excitation
energy between the fragments

A problem that has not been discussed so far is the
division of excitation energy among the fragments. Usu-
ally the excitation energy is divided in damped collisions
assuming equal nuclear temperatures in the fragments.
In other words, the excitation energy is divided in pro-
portion to the fragment masses. However, several
researchers have found that temperature equilibrium is
reached only for strongly damped reactions. In the reac-
tions of 8.5 MeV/nucleon Fe+ U a temperature equi-
librium is not reached up to TKE losses ) 100 MeV [53].
For small energy losses the excitation energy is divided
almost equally among the heavy and the light fragment
(Efi*/E&* = 1). In the system 8.5 Me V/nucleon

Ge+ ' Ho it was found [54] that for the initial phase of
the mass drift from the target to the projectile the depos-
ited excitation energy in the projectile is directly propor-
tional to the net number of nucleons transferred. %ith
increasing mass transfer, the one-directional mass Aow

becomes increasingly randomized, so that an equal share
of the total excitation energy is gradually approached.
Both systems were investigated at energies well above the
Coulomb barrier. In experiments close to the Coulomb
barrier, where the two nuclei interact with almost zero
relative velocity, the correlation between the division of
excitation energy and the net nucleon transfer must be
very pronounced.

In the reactions of 248 —263 MeV Ca+ Cm (Ref.
[9]) the authors had to assume either spherical shapes of
the fragments or a division of the excitation energy far
beyond equipartition to explain the high and constant
yields of below-target products. They found a value of
E&'/EI* =0.2 —0.3. Indeed, very little sequential fission
was observed in similar reactions of 5.4 MeV/nucleon

Ca+ U using detector techniques [27]. An unusual
division of excitation energy in quasifission reactions was
also observed in the reactions of Ti, Cr, and Fe and

Pb at the Bass-model fusion barrier [28]. Tempera-
ture equilibrium was reached only for the most sym-
metric quasifission reactions. For more asymmetric reac-
tions a division of excitation energy comparable to the
value of Ref. [9] was found. Evidently, the transferred
nucleons deposit excitation energy in the acceptor and

leave the donor unexcited. If the excitation energy
remains mainly in the acceptor nucleus, above-target nu-
clei carry most of the total excitation energy, leaving cold
projectile-like fragments. Since the fission barrier heights
and the neutron binding energies of heavy actinides are
less than 7 MeV, predominantly quasielastic transfer
products are observed. Thus, the excitation energies cal-
culated with the model of Ref. [43] should prove valid
under the condition that E&*=E*. Under the assumption
that the ratio of Ez" /EI*=0. 2 —0.3 is valid in all three of
the investigated systems, the excitation energies E* in
Table VI, calculated for below-target nuclides with the
model of Ref. [43], are essentially correct if the heavy
fragment carries the total calculated excitation energy,
EI*, =E*. The fact that no deformations of the fragments
are considered in the model of Ref. [43] nearly compen-
sates for the observed, nonequilibrated excitation energy
division in asymmetric quasifission reactions.

D. Excitation functions

Excitations functions of quasielastic transfer reactions
are characterized by two main features, (i) a sharp in-
crease of the cross section at incident energies below and
at the reaction barrier and (ii) essentially constant yields
above the threshold energy [55]. The position of the
thresholds of different transfer reactions relative to the
calculated Coulomb barrier depends strongly on the reac-
tion energies. Negative reaction energies result in low
yields even at projectile energies well above the calculated
barrier, whereas positive reaction energies yield
significant cross sections below the barrier. The constant
yields for above threshold energies indicate that the
transfer probability is a maximum for an optimum dis-
tance of approach, and that the range of l values, for
which the transfer probability is significant, remains con-
stant with increasing incident energies. The essentially
Hat shape of the excitation functions is, therefore, due to
these "geometrical" aspects [55]. The excitation func-
tions measured for actinide products are further modified
by deexcitation of primary products by neutron emission
and/or fission depending on the neutron binding energies
and fission barrier heights of the product nuclei. The
identification of a given residual nucleus is generally not
sufficient to specify the reaction involved in creating it.
For actinide reaction products, excitation functions are
expected to show a sharp increase in cross section near
the threshold energy, to exhibit a maximum and then a
gradual decrease due to fission and/or neutron emission.
The maxima of the excitation functions should occur at
incident energies which excite the heavy reaction prod-
ucts to the height of the fission barrier or the neutron
binding energy, whichever is lower. In Tables VII and
VIII the measured and calculated maxima of the excita-
tion functions are compared for the measured isotopes.
The model of Ref. [43] was used to calculate the excita-
tion energies which were assumed to excite only the ac-
ceptor nucleus, thus, EI,

' =—E*. Wherever possible, exper-
imental values of fission barrier heights were used [56,57].
Calculated fission barrier heights and neutron binding en-
ergies were taken from Ref. [58].
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TABLE VII. Energy of experimental and calculated maxima for the excitation functions of various
nuclides in the reactions Ca+ Cm. The calculation of the maxima of the excitation functions is de-
scribed in the text.

Nuclide E,„(calc)
(MeV)

E,„(exp)
(MeV)

prod — target

Nuclide
E,„(exp) E,„(calc)

(MeV) (MeV)

prod & target

Th 227

U 230
237

Pu 243
245
246

Cm 249

Am 240
244g
245
246g, m

247

234

254
& 320

& 320
& 320
& 320

254
287

& 320
& 320
& 320

& 320

& 234

& 234
231

273
& 320
& 320

239
283
320

& 320
& 320

& 320

Bk 244
245
246
248m
250

Cf 246
247
248
250
252
253

Es 250g, m

251
252
253
254m

298
298
298
298

& 320

276
276
276
254
276
276

254,276
276
276
298
298

246
& 234

257
& 320
& 320

& 234
234

& 234
253
309

& 320

304
302

& 320
296

& 320

Fm 252
253
254
256

254
276
254
254

249
281
256
266

The excitation functions measured for above-target
products in the reactions of " ' Ca+ Cm were dis-
cussed in Ref. [6]. The excitation functions measured in
the reactions of Ca+ Cm for isotopes of Bk, Cf, Es,
and Fm were all very similar. The highest cross sections
were observed for the near barrier energy, then decreased
slowly, but not more than a factor of 2 with increasing
projectile energy to 60 MeV above the barrier. The exci-
tation functions for the production of isotopes of Bk, Cf,
Es, and Fm for Ca bombardments exhibited a max-
imum at an energy about 20 MeV above the Coulomb
barrier and then decreased slowly up to energies 80 MeV
above the Coulomb barrier. The observed threshold en-
ergies were consistent with the calculated positive reac-
tion energies for Ca bombardments and the negative re-
action energies for Ca bombardments (Table VI). Since
the fission barriers for the measured actinide nuclides are
only 5 —6 MeV [56,57], the extra projectile energy was

not manifested as excitation energy of the target-like
products.

The excitation functions measured for target-like prod-
ucts in the reactions of Ca+ Cm are plotted in Figs.
3 —8. The lines connecting the data points for a given iso-
tope are intended only to guide the eye; dashed lines indi-
cate excitation functions where actual cross sections have
not been measured at all bombarding energies. The exci-
tation functions for isotopes of Cm, Am, Pu, U, and Th
all are similar in shape and show a more or less pro-
nounced increase over the investigated energy range, ex-
cept for the neutron-deficient nuclides U and Th.
The sharp decrease of the cross sections for these two nu-
clides, that occurs at incident energies only 0—20 MeV
above the barrier, seems to indicate dramatic losses of re-
action products due to deexcitation by fission processes.
The calculated excitation energies are about 20 MeV
higher for these nuclides than in the Ca+ Cm system.

TABLE VIII ~ Energy of experimental and calculated maxima for the excitation functions of below-
target nuclides in the reactions Ca+ Cm. The calculation of the maxima of the excitation functions
is described in the text.

Nuclide

Am 240
244g
245
246g

E,„(exp)
(MeV)

254
& 289
& 289
& 289

E „(calc)
(MeV)

& 233
& 233

284
& 289

Nuclide

Pu 236

U 230

Th 227

E,„(exp)
(MeV)

& 254

254

& 233

E,„(calc)
(MeV)

& 233

& 233

& 233
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FIG. 3. Excitation functions for Cm and Am isotopes pro-
duced in bombardments of ' 'Cm with Ca projectiles. Data
points are connected by lines to guide the eye.

Another possible explanation could be the fact that the
kinematic limitations of our target and catcher foil ar-
rangement may contribute to losses of target-like reaction
products. However, similar losses would be expected in
all of the three investigated systems. The excitation func-
tions measured for above-target products all show similar
shapes. For most of the isotopes the maxima occur at
about 70 MeV above the Coulomb barrier for Bk iso-

FIG. 5. Excitation functions for Bk isotopes produced in
bombardments of Cm with Ca projectiles.

topes, at about 40 MeV for Cf and Es isotopes, and at
about 20 MeV for Fm isotopes.

The excitation functions for below-target nuclides in
the reactions of Ca+ Cm are shown in Fig. 9; the ob-
served and calculated maxima of the excitation functions
are given in Table VIII. The shapes of the excitation
functions for below-target nuclides in the reactions of

Ca+ Cm are similar to those measured in the

0
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FIG. 4. Excitation functions for Pu, U, and Th isotopes pro-
duced in bombardments of Cm with Ca projectiles.
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FIG. 6. Excitation functions for Cf isotopes produced in
bombardments of Cm with Ca projectiles. The yields of' Cf have been multiplied by a factor of 10.
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FIG. 7. Excitation functions for Es isotopes produced in
bombardments of Cm with Ca projectiles. Dashed lines
denote excitation functions where actual cross sections have not
been measured at all bombarding energies.
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FIG. 8. Excitation functions for Fm isotopes produced in
bombardments of Cm with Ca projectiles.

Ca+ Crn system. Again, the decreasing cross sec-
tions for neutron-deficient nuclides Pu, U, and Th
seem to indicate losses of reaction products due to
prompt fission at higher incident energies.

In general, the maxima of the neutron-deficient iso-
topes were predicted by the simple model [43] with poor
accuracy, whereas for the neutron-rich isotopes better

ENERGY ON TARGET (MeV)

FIG. 9. Excitation functions for Am, Pu, U, and Th isotopes
produced in bombardment of Cm with Ca projectiles. Data
of "6Pu, "U, and "'Th from Ref. [30]. The yields of "OU have

been multiplied by a factor of 10.

agreement with the experimental results was obtained.
The neutron-deficient isotopes may not reflect the initial-
ly formed reaction products, but rather secondary prod-
ucts after neutron evaporation or fission processes. The
dissipation of kinetic energy among the products may
contribute more or less to the total excitation energy than
proposed previously in this section. A dissipation mecha-
nism that relies more strongly on the number of protons
transferred, rather than the number of exchanged nu-
cleons, might yield more accurate predictions of the max-
ima of the excitation functions.

E. Element yields

Under the assumption that the few experimentally
determined FWHM's for the Guassian below-target iso-
topic distributions in the experiments with Ca are gen-
erally applicable [9], and with the estimated most prob-
able mass numbers ( A )z estimated from the PES calcu-
lations and the measured ( A ')z, the isotopic distribu-
tions can be constructed, even if only one isotope of an
element has been measured. In Fig. 10 the elemental
yields (do /dZ) in experiments with ' ' Ca+ Cm are
shown. The energy in all experiments corresponded to
about 1.1EC,„&.The most striking differences concern the
yields of below-target elements. In the experiments with

Ca rather constant and high elemental yields of about 1

mb are observed. In experiments with Ca the elemental
yields are lower by more than one order of magnitude
and are less than 100 pb for U and Th. The elemental
yields for below-target elements in the reactions with

Ca are another order of magnitude lower and reach a
few pb for U and Th.

Two reasons may account for this unexpected behav-
ior: (a) The calculated maximum excitation energies in
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FIG. 10. Integrated element yields in the reactions of
Ca projectiles with Cm at a bombarding energy corre-

sponding to 1.1Ec,„~. 'Ca data from Refs. [6,9] and ~Ca data
partly from Refs. [6,30].

transfer reactions for below-target products are about 10
MeV higher in the reactions with Ca and about 20 MeV
higher in the reactions with Ca compared to Ca. The
residual excitation of the heavy fragments is probably
higher in the reactions with Ca and especially Ca due
to the differences in the Qss values. Therefore, the ob-
served differences in the below-target yields of the three
reaction systems may be due to losses by prompt fission
and neutron emission. The excitation functions measured
for U and Th isotopes for the reactions with ' Ca sup-
port this hypothesis. Unfortunately, no excitation func-
tions for below-target elements are available for Ca in-
duced reactions. (b) The below Pa elements are probably
formed in very asymmetric quasifission reactions. The
shape of the Z (or A) distribution of the capture cross
section between the quasielastic transfer peaks strongly
affects the yields observed for very asymmetric
quasifission reactions. Toke et al. [27] and Shen et al.
[29] have shown that, depending on the fusion hindrance
of the investigated system and the extrapush energies
needed to induce capture reactions, different fragment
distributions are found. The absence of fusion hindrance
allows the formation of a fully equilibrated compound
nucleus which deexcites by fission and/or neutron emis-
sion. A narrow mass distribution is observed for sym-
metric divisions. Very asymmetric quasifission does not
occur. In a system with considerable fusion hindrance,
such as Ca+ U, which is very similar to the

Ca+ Cm system, Toke et al. [27] have found that the
distribution of fragment masses was essentially flat be-
tween the quasielastic transfer peaks. A broad mass dis-
tribution has been observed in the reactions of

Ca+ U (Ref. [25]), but in contrast to the Ca+ U
system the region of quasifission reactions was clearly
separated by a prominent minimum from the quasielastic
transfer products, suggesting a less strong dynamic
suppression of compound nucleus formation. A similar
transition may occur in the ' ' Ca+ Cm system

where the low yields of below-target products in the reac-
tions of ' Ca reflect a different dynamic evolution of
the interaction process. Apparently, the fusion of

Ca+ Cm is less hindered than the fusion of
Ca+ Cm, with Ca+ Cm being intermediate. The

suppression of compound nucleus formation has been in-
terpreted to be one of the reasons why no superheavy ele-
ments were observed in the Ca+ Cm reaction [9,22].

For above-target elements the lowest yields occur for
the reactions with Ca (Fig. 10). The use of Ca projec-
tiles leads to elemental yields that are larger than with

Ca by a factor of about 5 for Es and Fm. The yields for
Bk and Cf are not significantly different. Similarly, the
yields drop with each additional proton transferred to the
target nucleus. For the reactions with Ca, the Cf yields
are even higher than the Bk yields. In all the reactions
with Cm targets studied so far [3—7,10,15—17] similar-
ly high Cf yields have only been observed in the reactions
of ~Ar+ Cm (Ref. [15]). The transfer of 2 and also 4
protons seems to be favored in these systems. The
enhancement in yield for even transfers of protons has
been extensively studied by von Oertzen et al. [59] and
was shown to occur in many different projectile-target
combinations. It is further interesting to compare the
measured 1p and 2p transfer cross sections, with a system
where less fissile products are formed. Gardes et al. [55]
have measured quasielastic excitation functions for a
number of projectiles with Bi targets. They found that
almost independent of the projectile the 1p transfer cross
sections amounted to 50 to 80 rnb, whereas the 2p
transfer cross sections were on the order of 10 mb for
projectiles with Z) 20. This result implies that in the
case of the 1p transfer to Cm only about 10% of the
formed Bk isotopes survive fission, whereas the 2p
transfer occurs essentially cold, especially in the reactions
with Ca and Ar projectiles.

Generally, in the reactions of Ca and Ca a trend to-
wards asymmetric mass divisions, at least for the initial
transfers, is obvious, whereas in the reactions with Ca
no preferential transfer direction exists. A similar effect
was observed in the reactions of 340-MeV Ca+ U
and 425-MeV Ca+ U (Refs. [18,20]), where the evolu-
tion of the width of the Z distributions was studied for
various energy losses. In the case of Ca no preferential
transfer of protons was observed up to energy losses of
about 75 MeV. For more inelastic interactions a weak
trend towards symmetric mass division was observed. In
the reactions of Ca a preferential transfer of protons
from the projectile to the target nucleus persisted up to
energy losses of about 60 MeV. Then gradually proton
transfers in the opposite direction took place in more in-
elastic interactions. A possible explanation for this be-
havior was discussed by Planeta et al. [21]. It may be
that there exists a significant neutron skin for actinide
nuclei, and the neck region that develops during the early
stages of the interaction will be highly neutron rich. The
surface density of neutrons in the projectile is much
smaller than for the target nucleus, especially in
neutron-deficient projectiles such as Ca. There will be a
strong driving force for protons to flow from the projec-
tile into this neutron-rich neck region in order to mini-
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mize the total isospin. This behavior leads to a preferen-
tial transfer of protons from the projectile to the
neutron-rich target nucleus in the early stages of the in-
teraction.

A series of open questions exist which cannot be
answered unambiguously on the basis of the present data.
Further experiments are needed to determine whether dy-
namic effects play an important role. This could be done
by a complete investigation of the projectile-like and
quasifission products with radiochemical methods, simi-
lar to that of Kratz et al. [1], who investigated the

Ar+ U system. However, the main disadvantage of
radiochemical methods lies in the loss of information
about the kinetic energy of the reaction products, which
is one of the most important parameters in describing the
evolution of a heavy ion reaction [18—21]. An investiga-
tion of projectile-like reaction products with a E-dE
counter telescope technique with high Z, A, and kinetic-
energy resolution would yield important additional infor-
mation [18,20,21]. It would also be interesting to mea-
sure cross sections for Md and No isotopes in order to see
whether the yield enhancement for cold transfers of pro-
ton pairs persists.

V. SUMMARY

The reactions of Ca and Ca with Cm were inves-
tigated at energies near the Coulomb barrier by measur-
ing cross sections for target-like reaction products using
radiochemical methods. Our results augment the data
available on the interactions of Ca and Ca with " Cm
(Refs. [6,9,30]), and allow an intercomparison of the three
systems. The following conclusions can be drawn based
on the discussion presented in Sec. IV.

(1) Similar FWHM s for the Gaussian isotopic distribu-
tions were observed for the interactions of ' ' Ca pro-
jectiles with Cm. The narrow (FWHM=2. 5 mass
numbers) isotopic distributions of above-target elements
have been assigned to quasielastic reactions. Similar
widths have been observed independently of the mass and
charge of the projectiles. In contrast, the below-target
isotopic distributions for all three systems are much
broader (FWHM = 5 —6 mass numbers); they have been
attributed to deeply inelastic and/or asymmetric
quasifission reactions.

(2) The maxima of the isotopic distributions ( A ' )z in

the reactions of Ca+ Cm were shown [9] to closely
follow the minimum of the PES, indicating that the ob-
served nuclides above and below the target nucleus must
have been formed essentially cold, since neutron evapora-
tion processes would have shifted the location of the
( A ' )z to the neutron-deficient side of the PES valley. In
reactions of Ca ions with Cm a transfer of 4 to 5

protons in either direction was required to reach the
minimum in PE. Due to the fact that all observed
( A')z are located on the neutron-rich side of the PES,
the measured nuclides must have been formed cold. The
equilibration of the 1V/Z ratio gradually occurs by the
transfer of protons and not of neutrons, or a strong drift

of the ( A')z towards the minimum of the PES would
have resulted.

(3) The different neutron numbers of the projectiles are
only partly reAected in the target-like reaction products.
The differences between the positions of the ( A')z for
Bk, Cf, and Es are smaller than 1 mass number between
the reactions of Ca and Ca, and about 1 to 2 mass
numbers between those of Ca and Ca. The ( A

' )z of
the Fm distributions differs by less than 1 mass number
between Ca and Ca reactions and by about 3 mass
numbers between those of Ca and Ca. Similarly the
( 3 )z of below-target isotopic distributions differs by
not more than 2 to 4 mass numbers.

(4) The model of Ref. [43] yields information about the
energy available for fragment excitation. The model was
shown to predict essentially correct excitation energies
for below- as well as above-target elements if it was as-
sumed that the heavy fragment carried the total calculat-
ed excitation energy. The inclusion of fragment deforma-
tions results in excitation energies that are about 70 MeV
higher; however, there are indications [9] that for asym-
metric quasifission reactions the excitation energy is di-
vided between the heavy and the light fragment in the ra-
tio Ez*/EI'=0. 2 —0.3. The differences in excitation ener-

gy in the three systems ' ' Ca+ Cm are mainly due
to the differences in the Qs values.

(5) Using the model of Ref. [43] the maxima of the ex-
citation functions were predicted with poor accuracy for
neutron-deficient isotopes, whereas for neutron-rich iso-
topes better agreement with the experimental results was
obtained. In general, the excess kinetic energy did not
contribute strongly to the excitation energy of the heavy
reaction products. A dissipation mechanism that relies
more strongly on the number of protons transferred,
rather than the total number of nucleons, might yield
more accurate predictions.

(6) Considerable differences exist in the elemental
yields (der/dZ) of the reactions of ' Ca+ sCm for
below-target as well as for above-target elements.
Differences of about two orders of magnitude were ob-
served in the yields of below-target elements between the
reactions of Ca and Ca, whereas the differences for
above-target yields were largest between the reactions of

Ca and Ca. The following may account for the small-
er below-target elemental yields in the reactions of Ca,
and especially Ca, with Cm than in the reactions of

Ca. (a) Prompt fission and/or neutron emission of ex-
cited primary reaction products may contribute to sub-
stantial losses of below-target reaction products in the re-
actions with ' Ca. (b) The element yields of asym-
rnetric quasifission reactions are strongly inAuenced by
the FWHM of the charge (or mass) distribution of the
quasifission process. An enhanced compound-nucleus
fission type reaction may yield a pronounced minimum
between the quasifission charge (or mass) distribution and
the quasielastic transfer peaks, whereas a dynamic
suppression of the compound-nucleus formation yields
enhances the yield of deeply inelastic interactions. (c) Ki-
nematic limitations of our target and catcher foil arrange-
ment have been discussed. On the basis of these calcula-
tions, losses of below-target reaction products cannot be
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ruled out, but should be similar in all three systems.
The differences in above-target yields can be explained

by different reaction energies in the three systems
Ca+ Cm. Negative reaction energies seem to

hinder the formation of above-target nuclides in the reac-
tions of Ca+ Cm, whereas the slightly positive reac-
tion energies in the interactions of Ca+ Cm favor the
formation of above-target nuclides without introducing
too much excitation energy. In the reactions with Ca a
very pronounced enhancement of 2 and 4 proton
transfers was observed.

(7) The preferential transfer of protons from the projec-
tile to the target in the reactions of ' Ca+ Cm may
be explained by the isospin driving force, where the
neutron-rich neck region that develops during the in-
teractions favors the transfer of protons from the projec-
tile to the target nucleus.
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