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ABSTRACT

‘Excitation functions have been nmeasured for the production
of various isotopes of Bk, Cf, Es, and Fm from the interactions
of 174~ to 239-Mev 31lp projectiles with 248cm. The isotopic
distributions were symmetric and displayed full-widths at half-
maximum of 2.5, 2.5, <1.5, and 2.25 mass units for Bk, Cf, Es,
and Fm respectively. The maxima of the isotopic distributions
occur for those reaction channels which involve the exchange of
the fewest number of nucleons between the target and projectile
for which the calculated excitation energy is a positive
quantity. The maxima of the excitation functions occur at those
projectile enefgies which are consistent with the calculated
reaction barriers based upon a binary reaction mechanism. The
effects of the odd proton in the 31P projectile on the final
isotopic distributions are discussed.

This work supported in part by the Director, Office of Energy
Research, Division of Nuclear Physics of the Office of High
Energy and Nuclear Physics of the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098.



I. INTRODUCTION

Transfer reactions continue to be of interest because of
their potential usefulness in the production of new neutron-rich
actinides. The binary nature of these peripheral reactions makes
the production of "cold," neutron-rich actinide nuclei possible.
In many instances, the Q values for particular reaction channels
are endoergic by 5 MeV or greater. These negative Q values
decrease the excitation energy of the targetlike products and
afford them a greater probability of surviving fission and/or
neutron emission. In addition, the width of the targetlike
distributions in A and Z might even make the neutron-rich
transactinide region accessible.

Lee et al.l initiated a systematic investigation of transfer
reactions involving actinide targets and heavy-ion projectiles.
The projectile pairs 16:180 and 20.22Ne were chosen to examine
the effects of an extra neutron pair on the final isotopic
distributions of the reaction products Bk, Cf, BEs, Fm, Md, and
No. Lee et al. noted that the two neutron excesses of 180
relative to 160 and 22Ne relative to 20Ne were reflected in the
final isotopic distributions. As the neutron number of each
projectile was increased by two, the corresponding maxima of the
mass-yield curves increased by approximately two mass units.

Hoffman et al.?2 sought to extend the study of the influence
of neutron excess in the projectile by investigating the effect
of the eight neutron excess of 48ca relative to 40ca on the final
isotopic distributions from interactions with 248¢cym. The maxima
of the isotopic distributions from the 48ca interactions were
found to be only 2-3 mass units heavier than the maxima from the
40ca interactions. Hence, only a partial effect of the eight
neutron excess of 48ca relative to 40ca was seen in the final
isotopic distributions of the above target elements (Zproduct >
Ztarget) Bk, Cf, Es, and Fm.

The 44ca-248¢cp system was recently studied by Tiirler et
al1.3 44ca was chosen as a projectile because it has a neutron
number (N = 24) which is between the neutron numbers of 20 and
28, respectively of the doubly magic nuclei 40ca and 48ca. 44c,



was used to investigate the influence of neutron shell effects on
the final isotopic distributions. Increases in the mass numbers
of the maxima of the isotopic distributions of 0-2 mass units
relative to the maxima' from the 40cCa reactions were found.
Consequently, the maxima from the 44c, system fell between the
maxima'from the corresponding curves in the 40ca and 48ca
systenms. '

Previously we studied4 the interactions of 40aAr with 248¢p,
With this system we observed isotopic distributions which were
very similar both in magnitude and in shape to the isotopic
distributions from the 44ca system. In addition, the full-widths
at half-maximum of the 407y system were comparable to those from
the 40ca and 48ca systems.

Previous transfer reaction studies using 248¢cpm as a target
have only used projectiles with even numbers of protons. 1In
order to ascertain any projectile pairing effects on the final
isotopic distributions of the heavy actinide transfer products,
the odd Z projectile 3lp (z = 15) was chosen. Additionally, 31p
was chosen as a projectile because it has a neutron-to-proton
ratio of 1.07, similar to the 1.00 ratio of 40ca.

IT. EXPERIMENTAL

The bombardments of the 248cm target were performed'at the
Lawrence Berkeley Laboratory '88-Inch Cyclotron with 174-, 190-,
207-, 223-, and 239-MeV 31p ions. All energies represent the
average energy of the 3lp jons in the target in the laboratory
frame of reference and have been corrected for the appropriate
energy loss in our target system.5 The 31p ion beam was
collimated by water-cooled graphite and passed through a 1.8-
mg/cm2 Havar isolation foil which separated the target system
from the 88-Inch Cyclotron vacuum system. The beam then passed
through'o.z—mg/cm2 Ng cooling gas, a 2.75—mg/cm2 Be target
backing foil, and finally the target material.

The target consisted of 0.491-mg/cm2 of 248cq (97.44% 248Cm,
0.010% 247cm, 2.53% 246cm, 0.025% 245cm, and 1 x 10~4% 244cm) in
the form of Cmgp03. The target was prepared by the stepwise
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electrodepositioﬂ:of Cm from an isopropanol solution onto the Be
backing. After approximately 0.07—mg/cm2 had been deposited, the
target was baked at 500 °C to convert the Cm to Cmy03. The
target was then assayed at low geometry with a Si(Au) surface
barrier detector to determine its thickness. The
electrodeposition, baking, and assaying were continued until the
desired thickness was reached.

Gold catcher foils (12.26-mg/cm?) were used to stop and
collect the recoiling reaction products. The catcher foils
subtended all angles forward of 60° with respect to the beam
axis. It was assumed that all of the reaction products recoiled
out of the target and were stopped in the catcher foils.

Two irradiations were done at each energy. The first
irradiation was a:- one-hour bombardment from which the Au catcher
foil was removed and dissolved in 0.25 ml of hot aqua regia to
which a known amount of 24lam tracer had been added. An  ether
extraction was performed to remove most of the gold.6 The
resulting aqueous solution was heated in a water bath to remove
the dissolved ether and was then passed through a 3-mm-diam by
10-mm-long column of anion exchange resin (Bio Rad AG-1, X-8,
200-400 mesh) to remove the remaining gold. The effluent was
evaporated to dryness to remove any residual nitric acid and the
remaining activity was dissolved in 3M HCl and evaporated on a Pt
disc for alpha pulse height analysis. The trivalent actinide
chemical yields were determined from the 24lam tracer.

The second irradiation at each energy lasted between 9.0 and
12.5 hours. The Au catcher foil from each experiment was removed
and dissolved in hot aqua regia containing a known amount of
241y tracer. An ether extraction was performed, the aqueous
solution was heated to remove the dissolVed'ether, and was then
passed through an anion exchange coluhn identical to the one used
on the Au foils from the short irradiations. The eluate was
evaporated to dryness and fumed twice with concentrated HC1l04 to
remove any residual organic material. The remaining activity was
dissolved in 0.5M HCl1l and sorbed on a 2-mm-diam by 50-mm-long
column of cation exchange resin (Dowex-50, X-12, 7-10 um)
maintained at 80 °cC. Separate fractions of the trivalent



actinides were eluted with 0.5M ammonium alpha—hydroxyisobutyrate
(a-HIB) of pH 3.80. The purified chemical fractions were
collected on Pt discs in two-drop. increments. Those discs
containing the same chemical element were combineq on a single
piece of Pt for pulse height analysis.

A high- purlty Ge gamma-ray spectrometer system was used to
assay the purified Bk fractions, while the Cf and Fm fractions
were assayed with a fission-alpha spectrometer system utilizing
Si (Au) surface barrier detectors. For Es, the alpha, spontaneous
fission, and gamma activities were assayed simultaneously by
mounting the isolated samples in a vacuum chamber which contained
a Si(Au) surface barrier detector. The vacuum chamber was then
placed next to a. Ge(Li) gamma-ray detector. All samples were
counted continuously for four weeks after the end of bombardment
and then at suitable intervals to provide sufficient data for
nuclide identification. A .

~The alpha spectra from each fraction were summed so that
even low intensity peaks could be tentatively identified based
upon energy. Regions of interest around each peak were set and a
simple computer code’ was then used to integrate the peaks. The
SAMPO code® was used to analyze the gamma-ray spectra. Decay
curve analyses were conducted with the EXFIT? and CLSQ10 computer
codes. The activities at the end of bombardment were calculated
for each nuclide from the decay curve analyses.

A given nuclide can be produced directly via a transfer
reaction or indirectly by the decay of a parent nuclide produced
in the bombardment. Hence, in order to obtain the cross section
for the transfer reaction, the amount of the nuclide produced
.via the indirect route(s) must be subtracted from the amount
produced directly. After the appropriate corrections were made to
the activities at the end of bombardment, the transfer reaction
cross sections were calculated. The calculated production cross
sections were then corrected for chemical yield aﬁd detector
efficiencies to obtain absolute cross sections. Because the
chemical procedure for the Au catcher foils from the 1long
irradiations required an additional step involving the

transfer of elemental fractions from one piece of Pt to another,



the chemical yields of the four purified chemical fractions could
not be assumed to_Be.identical to the chemical yield of the 241pp
tracer. Therefore, the cross sections obtained from the 1-hour
-irradiations were used to normalize the cross sections from the
long irradiations. In addition, cross sections for 250Fm (ty =
30 m)1l yere obtained from the short irradiations. It is
estimated that there is a 12% standard deviationl in addition to
the statistical standard deviations in the data and decay curve

analyses.

ITII. RESULTS

The production cross sections along with the statistical
standard deviation, s, for the measured isotopes of Bk, Cf, Es,
and Fm from the interactions of 31P with 248cm are listed in
Table I and are plotted in Figures 1-4. Because the decay scheme
of 244Bk has not been measured, its cross sections are based upon
the assumption that the abundance of the 217.1 keV gamma ray is

100%; therefore, these values are lower limits only.
A. Excitation energies

The excess energy available for product excitation, Ey
(excitation energy), at the Coulomb barrier for several
targetlike and projectile-like fragments from the 31p system have
been calculated and are listed in Table II. These excitation
energies are based upon the entrance and exit channel Coulomb
barriers and ground state Q values, assuming two touching
spherical'nuclei.12 For reactions with positive excitation
energies (of the order of neutron binding energies or fission
barriers), the excitation functions should peak near the Coulomb
barrier and decrease with increasing projectile kinetic energy.
Reactions with negative excitation energies should display
excitation functions with maxima at some energy above the Coulomb
barrier. The cross sections should then decrease at higher
projectile kinetic energy as fission or particle emission becomes

energetically possible.



B. Excitation functions
l. Excitation functions for Bk isotopes

Excitation functions for the Bk isotopes 244,245,246,248m,
and 250 are shown in Fig. 1. Assuming a binary-type transfer
mechanism, the isotope requiring the exchange of the fewest
number of nucleons for which Ey is positive (but not large enough
to cause fission or neutron emission) should have the highest
cross section. 249k meets these requirements. This nuclide
requires the transfer of just one proton from the projectile to
the target and has an Ey of 6.0 MeV. However, the 249k cross
sections were not included for two reasons. First of all 249k
is used as a tracer in our laboratory and secondly its
measurement is extremely difficult. The difficulty in
measurement stems from the fact that the absolute intensities of
the most abundant. gamma ray and alpha branch from 249k are on
the order of 1 X 1075, Since 24%Bk has a 99+% B~ branch, its
activity can be determined from the growth of the 249cf daughter.
However, the long half-life of 249cf (ty = 351 y) makes the
detection of this nuclide difficult also. From the
experimental data it can be seen that 248mpk nas the highest
cross sections at all energies, with 246pk next, followed by
250k, 245k, and finally 244Bk. All of the Bk excitation
functions have maxima at about 207 MeV. The shapes of the
excitation functions of 244Bk and 248MBk are consistent with
their positive excitation energies. 245k, 246pk, and 250Bk have
excitation functions which are very similar in shape. They
increase by about a factor of three between 174 and 207 MeV and
then show a decrease by more than a factor of two over the next
32 MeV. The shapes of the excitation functions of 245k and
246pk, nhowever, do not appear to be consistent with their
calculated positive excitation energies. Since their Ey's are
positive, one would not expect an increase in the cross sections

at the lower bombarding energies.



2. Excitation functions for Cf isotopes

Excitation functions for the various Cf isotopes measured in
this study are shown in Fig. 2. 250cf has the highest cross
sections, followed by 248cf, 246Cf, 252¢f, and finally 253¢t.
250¢cf requires the transfer of the fewest number of nucleons, two
protons, and additionally it has an Ex of 7.2 MeV. 248Cf has much
higher cross sections than 252¢cf even though both require the
transfer of four nucleons. In fact, 252¢f can be produced by the
transfer of an alpha particle from the projectile to the target.
However, 248¢f has an Ey of 8.8 MeV while 252¢f has an E, of only
0.6 MeV. This could explain the lower yields of 252¢cf relative
to 248cf. The 248cf, 250cf, and 252cf excitation functions have
similar shapes, consistent with their positive Ey's. However,
for 253cf, the cross section at the Coulomb barrier is near its
maximﬁm and decreases with increasing projectile energy.
inconsistent with its E, of -8.1 MeV. Finally, 246cf has an
excitation function which is consistent with a negative E, value

even though this nuclide has an Ey, of 6.9 MeV.
3. Excitation functions for Es isotopes

Fig. 3 shows excitation functions for the Es isotopes 251,
252, 253, 254, and 255. The highest cross sections occur for
251gg, the isotope requiring the transfer of the fewest number of
nucleons (three protons). As the number of nucleons transferred
increases,’the cross sections decrease. In addition, the shapes
of the excitation functions are consistent with their calculated

excitation energies.
4. Excitation functions for Fm isotopes

Excitation functions for various isotopes of Fm are shown in
Fig. 4. The shapes of the curves are all similar and again they
are consistent with the calculated positive excitation energies.
252Fm, the Fm isotope requiring the transfer of the fewest number

of nucleons (four protons) has the highest cross sections with



256Fm, which requires the transfer of eight nucleons, having the
lowest cross sections. 255Fm seems to be an exception in this
case. Even though it requires the transfer of seven nucleons, it
has higher cross sections at three energies than both 254Fn and
250pn which each require the transfer of six nucleons. The
higher cross sections of 255Fnm relative to 254Fm and 250Fm cannot
be explained on the basis of excitation energies. 255Fm has an
Ey which is 1.9 MeV as compared to 6.2 MeV and 2.4 MeV for 254Fn
and 250Fm respectively. However, it should be noted that the

255pm cross sections have relatively large errors.
C. Calculation of Fg

We have attempted to estimate the fraction, F¢, of the
projectile kinetic energy transformed into targetlike fragment

excitation energy using the equation
Ft = (Ef,n - Ex)/(EM - EB)I

where Ef p, is the height of the fission barrierl3.14 or the
neutron binding energy15 in MeV, whichever is lower, Ey, is the
excess energy available for product excitation described earlier,
Epy is the maximum in the experimental excitation functions, and
Egp is the calculated Coulomb barrier assuming two touching
spheres. In using this formula, we are assuming that the maximum
in the experimental excitation function occurs when the
targetlike product excitation energy is comparable to the fission
barrier or neutron binding energy. This calculation is not
applicable when the reaction energy is greater than the neutron
binding energy or the fission barrier, because enough energy is
available to cause depletion of the cross section by fission or
neutron emission. Table III lists the calculated Fy values for
the 31lp system. The F¢'s from the 31p system range in value from
0.01 to 0.69, similar to the values from the 49ar anda 44ca
systems.4 No obvious trends in the F¢'s can be seen.

By assuming that the fraction of energy transferred is

prdportional to the mass transferred, the fraction of energy



transferred, E¢, can be calculated according to the equation
E¢ = M/A,

where M is the total number of nucleons transferred and A is the
mass number of the projectile. The E¢ values are also listed in
Table III. There is good agreement between F¢ and E¢ for 252Cf,
255gg, 255Fm, and 256Fn. However, there are significant
deviations for 250pk, 253cf, 254mgg, 250Fy, and 253Fm.

D. 1Isotopic distributions
1. General features

Isotopic distributions for Bk, Cf, Es, and Fm produced from
the interactions of 207-MeV (1.17 X Coulomb barrier) 31lp ionms
with 248¢cm are plotted in Fig. 5. This energy was chosen so that
the 31p system could be compared to other systems at the samé
energy relative to the entrance channel Coulomb barrier. All of
the data points for each element are connected with lines. These
lines are included only to aid the eye in viewing the plot. The
isotopic distributions have maxima at 248mBk, 250Cf, 251Es, and
252Fm. As stated earlier, all of these nuclides correspond to
the isotope requiring the exchange of the fewest number of
nucleons for a given element, except in the case of 248mgr . a1l
of the curves appear to be symmetric with full-widths at half-
maximum (FWHM) of 2.5, 2.5, 1.5, and 2.25 mass units for Bk, Cf,
Es, and Fm respectively. Since only upper limits were set on
the 249gs, and 250Es cross sections, only an upper limit can be
set on the FWHM of the Es curve. Additionally, the maxima  and
the widths of the mass-yield curves stay constant over the energy

range investigated.
2. Comparison with other systems

The maxima of the isotopic distributions for the 31lp,
4°Ar, 40Ca, 44Ca, and 48ca systems are listed in Table IV,2'3'4
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along with the neutron-to-proton ratios of the projectiles. All
of the systems show maximum cross sections for Bk at mass 248
except for the most neutron-deficient projectile, 40ca, for which
the maximum occurs at mass 247. The maximum cross section for Cf
occurs at mass 250 except for the 40¢ca system again,  for which
its maximum is at 248. The maxima of the Es curves are at mass
251 for 31p, 40ar, and 44ca, at 250 for 40ca, and at 252 for
48ca. The Fm curves have their maxima around 252 in every case
except for 48ca which has its maxima at 255. It should be noted
that the maximum cross sections from the 40ar and 44ca systems
could not be located with certainty due to insufficient data on
the neutron-deficient Fm isotopes.

The wvalues of the FWHM's for the 31p system agree quite well
with those reported previously for other systems. Specifically,
Lee et al. reported the FWHM's of the 16:180p and 20,22ye systems
to all be about 2.5 mass units, while 2.5 and = 2.5 mass units
were reported for the 48ca ana 40ca systems respectively.lr2
Earlier we reported the FWHM's for the 40Ar and 44ca systems to
be 2.5-3.25 mass units and 2.0-3.5 mass units respectively.4

The final isotopic distributions for Bk from the
interactions of various heavy ions (HI) with 248¢cp are shown in
Fig. 6. The 31lp system has the highest production cross
sections for 248mpyk by about a factor of 2. This high peak cross
section for 248mBk might be due to the odd proton in 31lp, since
an odd proton would be unpaired in the nucleus, the probability
of transferring 1 unpaired proton from an odd Z nucleus to the
target should be greater than the probability of transferring one
proton from an even Z nucleus. The calculated E,'s for some Bk
isotopes produced from the interactions of 18p, 31P, 4°Ar, 40¢c,,
44ca, and 48ca with 248Cm are listed in Table V. The E, values
from the 31p system are greater than the corresponding wvalues
from the 180, 40ar, 44ca, and 48ca systems. However, the 40ca
system has Ey, values that are greater than those of the 31p
system. This should be expected since the neutron-to-proton
ratio of 40ca is only 1.00. With such a low neutron-to-proton
ratio, 40ca should preferentially transfer protons to the target

nucleus. The neutron-deficient Bk isotope yields are escentially
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independent of the projectile whereas the neutron-rich Bk
isotopes are projectile dependent. 48ca, the most neutron-rich
projectile gives the highest yields and 40ca, the most neutron-
deficient projectile, gives the lowest yields of the neutron-rich
Bk isotopes. _

Isotopic distributions for Cf from the reactions of various
heavy ions with 248¢cy are shown in Fig. 7. Again, the yields for
the neutron-deficient Cf isotopes are independent of the
projectile, except for the yields from the neutron-rich 48ca,
which has the lowest cross sections. The cross sections for the
neutron-rich Cf isotopes are all gquite similar for 31p, 40Ar,
44ca, and 48ca. The most neutron-deficient projectile, 40Ca, is
the exception with the lowest cross sections for the neutron-rich
Cf isotopes.

Isotopic distributions for Es produced from the interactions
of some heavy ions with 248¢cm are shown in Fig 8. 402,
consistently has the highest yields for the isotopes 250-254gg,
The curve from the 31p system seems to have the narrowest FWHM.

Fig. 9 illustrates the final isotopic distributions for Fm
produced from the interactions of wvarious heévy ions with 248cm.
40pr has the highest cross sections for the neutron-rich Fm
isotopes, even though 44ca and 48ca have greater neutron-to-
proton ratios. 48ca has the lowest cross sections for the

neutron-deficient Fm isotopes.
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IV. Summary

The following conclusions can be made from the present

study:

1. 1In general the cross sections decrease as the number of

nucleons transferred increases.

2. Except for 245k, 246px, 246cf, and 253cf, the shapes of
the excitation functions are consistent_with the calculated

excitation energies.

3. For the 31lp system, the maxima of the isotopic
distributions occur for those reaction channels which involve the
exchange of the fewest number of nucleons for which Ey is
positive. This lends support to a binary-type reaction mechanism
in which the targetlike fragment has little excitation energy.

4. The odd proton in 31p does not have a noticeable effect
on the final isotopic distributions of the 31p system. A
possible exception could be 248mpyx, which has a peak production
cross section about a factor of 2 higher than the peak production

cross sections for 248mMBx from other heavy ion-248¢cn systems.

5. The neutron-rich projectiles such as 48ca enhance the
production of neutron-rich products while the neutron-deficient
projectiles such as 40cy and 31p enhance the production of

neutron-deficient products.
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TABLE 1. Cross sections from the bombardment of 248Cm with 31P.

174 MeV 190 MeV 207 MeV 223 MeV 239 MeV
Cross Cross Cross Cross Cross
Section S Section s Section S Section S Section s
Nuclide (ub) (%) (ub) (%) (ub) (%) (ub) (%) (ub) (%)
*

Bk 244 20.3 0.7 23.7 2.2 37.9 3.1 7.20 50 <2.96 ---
245 224 71 452 1.1 726 1.4 436 3.4 189 2.5
246 829 1.6 1910 1.0 2590 1.2 1830 2.2 1090 1.1
248m} 4270 1.6 7100 3.5 8680 12 3880 47 3590 50
250 486 1.4 991 1.0 1330 1.1 1050 1.9 552 1.3
251 <6.25 .- <2.57 --- <5.23 --- <34.4 --- <7.88 ---

Cft 246 31.4 0.5 71.9 0.5 125 0.5 75.9 0.3 44 .8 0.3
248 892 1.1 1450 1.2 2340 1.1 1640 0.8 824 1.1
250 2850 0.6 3460 0.4 5410 0.5 3790 0.5 2270 0.9
252 50.1 8.5 73.6 4.2 105 5.9 75.9 7.8 29.4 12
253 2.98 14 3.45 15 3.15 30 1.10 25 0.81 14

Es 249 <6.71 --- <2.75 --- <8.73 --- <18.1 --- <27.8 ---
250m | <11.6 --- <5.84 --- <43.9 --- <35.4 --- <33.7 ---
2509 | <35.1 --- <484 .- <234  --- <285  --- <4.28 ---
251 113 4.3 258 2.8 179 4.1 83.9 5.8 59.4 10
252 27.5 58 89.6 7.3 68.9 9.8 37.8 13 215 8.8
253 4.22 15 7.26 5.0 5.23 7.6 3.11 8.5 2.10 6.0
254m] 0.074 11 0.21 3.8 0.17 4.1 0.097 11 0.078 71
255 <0.01 --- 0.006 53 0.011 45 0.018 54 0.005 69

Fm 250 1.12 15 1.13 8.1 1.79 15 0.17 10 0.13 64
252 7.46 58 12.1 21 14.9 2.7 4.68 11 1.37 22
253 5.99 2.2 9.71 0.8 9.97 5.0 2.65 2.7 0.69 10
254 0.96 5.3 2.09 2.4 1.59 4.4 0.56 7.7 0.16 12
255 1.96 58 4 .11 51 0.79 36 0.43 50 0.59 46
256 0.033 27 0.082 11 0.051 15 0.017 56 0.007 59




Table II. Calculated excitation energies E,, for above target
actinide products from the interactions of 3lp with 248cm. M is

the total number of nucleons transferred.

Nuclide M Eyx Nuclide M Eyx
(MeV) (MeV)
Bk 244 6 7.6 CEt 246 6 6.9
245 5 11.3 247 5 6.3
246 4 8.6 - 248 4 8.8
247 3 10.8 249 3 6.7
248 2 6.4 250 2 7.2
249 1 6.0 -~ 251 3 2.5
250 2 0.0 252 4 0.6
251 3 -2.3 253 5 -8.1
254 6 -13.9
Es 249 5- 8.6 Fm 250 6 .
250 4 7.1 251 5 .
251 3 9.7 252 -4 .
252 4 6.1 - 253 5 .
253 5 5.6 - 254 6 .
254 6 - 0.8 , 255 7 .
255 7 -~ 2.5 256 8 .
256 8 -14.5
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Table III. Calculated fraction of energy transferred, F¢, from
the 31lp projectile to the 248cn target. Ey is the maximum in the
experimental excitation functions and E¢ is the fraction of
energy transferred assuming energy transfer 'is proportional to
mass transfer. Ep = 176 MeV.in the lab frame. An * indicates
that (Ef,p - Ex) < 0. See explanation in text.

Nuclide Eym F¢ E¢ Nuclide Eym F¢ E¢
(MeV) (MeV)

Bk 244 200 * 0.19 Es 251 195 * 0.10
245 207 * 0.16 . . 252 195 * 0.13
246 207 * 0.13 253 190 * 0.16
248m 200 * 0.06 254m 195 0.32 0.19
250 207 0.17 0.06 255 220 . 0.18 0.23

Cf 246 207 * 0.19 Fm 250 = 202.. 0.13 0.19
248 207 * 0.13 . 252 201 * 0.13
250 207 * - 0.06 » 253 200 0.01 0.16
252 207 0.15 0.13 254 196  * 0.19
253 195 0.69 0.16 255 190 0.26 0.23

256 195 0.25 0.26
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Table 1IV. Neutron-to-proton ratios N/Z, and peaks of isotopic
distributions for the interactions of 253-MeV (1.08 X Coulomb
barrier) 40ca ions, 207-MeV (1.17 X Coulomb barrier) 31p ionms,
275-MeV (1.16 X Coulomb barrier) 44ca ions, 245-MeV (1.16 X
Coulomb barrier) 40Ar ions, and 280-MeV (1.19 X Coulomb barrier)
48¢c3 ions with 248¢cqp targets. Data for 40,48¢ca taken from Ref.
2, 44ca taken from Ref. 3, and 40Ar taken from Ref. 4.

Projectile N/Z Peak of Isotopic Distributions

Bk cf Es Fm

{Mass Number) -

40¢cq4 1.00 247 248 250 251-252
31p 1.07 248 250 251 252
44cq 1.20 248 250 251 <252
407, 1.22 248 250 251 <252

48ca 1.40 248 250 252 255
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Table V. Excitation energies, E,. for Bk isotopes produced from

the interactions of various heavy ions with 248Cm.

Product :
Nuclide 180 31p 89ar  4%ca  88ca  48ca
Bk 244 -— 7.6 0.1 17.2 6.8 -16.4
245 -11.4 11.3 3.0 - 16.5 8.8 -10.9
246 - 9.5 8.6 1.3 - 11.9 5.5 - 9.6
247 - 4.1 10.8 2.9 11.1 5.4 - 4.4
248 - 4.8 6.4 - 0.2 5.8 1.4 - 5.0
249 - 1.2 6.0 0.2 4.2 0.3 - 3.4
250 - 2.3 0.0 -3.2 -4.3 -4.7 -17.1
251 1.5 -2.3 -3.2 =-10.2 =-6.0 - 7.7
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FIG.

FIG.

FIGURE CAPTIONS

1. Excitation functions for isotopes of Bk from the
interactions of 31P with 248Cm.

2. Excitation functions for isotopes of Cf from the
interactions of 3lp with 248y

3. Excitation functions for isotopes of Es from the
interactions of 31p with 248cm.

4. Excitation functions for isotopes of Fm from the
interactions of 31P with 248Cm,

5 Isotopic distributions for Bk, Cf, Es, and Fm from the

reactions of 207-Mev (1.17 X Coulomb barrier) 31P ions with
248
Cm.

6. Isotopic distributions for Bk produced in the
interactions of 207-MeV (1.17 X Coulomb barrier) 31p ions,
245-MeV (1.16 X Coulomb barrier) 40Ar ions, 253-Mev (1.08 X
Coulomb barrier) 40c, ions, 275-MeV (1.16 X Coulomb barrier)
44ca ions, and 280-MeV (1.19 X Coulomb barrier) %8ca ionms
with 248cm.

7. Isotopic distributions for Cf produced in the
interactions of 207-MeV (1.17 X Coulomb barrier) 3p ions,
245-MeV (1.16 X Coulomb barrier) 40,5, ions, 253-MeV (1.08 X
Coulomb barrier) 40cq ions, 275-MeV (1.16 X Coulomb barrier)
44ca ions, and 280-MeV (1.19 X Coulomb barrier) 48ca ions
with 248cm.
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FIG.

FIG.

8. Isotopic distributions for Es produced in the
interactions of 207-MeV (1.17 X Coulomb barrier) 31P ions,

245-MeV (1.16 X Coulomb barrier) 40Ar ions, 253-Mev (1.08 X

Coulomb barrier) 4%ca ions, 275-MeV (1.16 X Coulomb barrier)
44ca jons, and 280-MeV (1.19 X Coulomb barrier) 48

with 248Cm.

Ca ions

9. 1Isotopic distributions for Fm produced in the
interactions of 207-MeV (1.17 X Coulomb barrier) 31
245-MeV (1.16 X Coulomb barrier) %%Ar ions, 253-Mev (1.08 X
Coulomb barrier) 4%ca ions, 275-MeV (1.16 X Coulomb barrier)
44Ca ions, and 280-MeV (1.19 X Coulomb barrier) 48Ca ions

P ions,

with 248cnp.
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