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The Sc44m /Sc44 isomer ratio in neutron stripping reactions induced by irradiating Sc with 
0 16 N 22 . . d I . f or e wns 1s measure . t IS o the order of unity and is independent of energy. It 
is shown that during many -nucleon transfers ( 3pn) in the Al 27 + Ar40 - Sc44,44m reaction 
the isomer ratio becomes ,.... 6.5, that is, larger than in reactions of complete fusion of 
nuclei. 

1. INTRODUCTION 

ONE of the methods of studying the influence of 
angular momentum, deposited in a nucleus in re
actions with heavy ions, on the mechanism of these 
reactions is the investigation of the energy depend
ence of the ratio of the cross sections for forma
tion of an isomer pair with a large spin difference. 
In a previous article [1] we have studied the energy 
dependence of the formation cross sections of 
S 44 44m . h . t· d. . f c ' m eavy 1on reac wns procee 1ng v1a or-
mation of a compound nucleus. The experiments 
showed that complete fusion of the nuclei occurs 
only when the angular momentum deposited is less 
than a certain critical value Jcrit· In peripheral 
collisions, when J > Jcrit• centrifugal forces and 
Coulomb repulsion prevent complete fusion of the 
nuclei, and in this case a reaction occurs with 
transfer of some number of nucleons between the 
incident ion and the target nucleus. The existence 
of this mechanism of a nuclear reaction with heavy 
ions is confirmed also by recent theoretical cal
culations [2•3]. 

In the present investigation we have studied the 
energy dependence of the cross sections for for
mation of the isomer pair Sc44•44m in reactions 
with heavy ions, when complete fusion of the nu
clei does not occur. 

2. EXPERIMENTAL METHOD 

The isomer pair Sc44 •44m was obtained in the 
one -neutron -transfer reactions: 

*Deceased. 

Sc45 + Q16-+ Sc""· ""m, 
Sc•5 + Ne22-+ Sc""· '"m, 

and also in the many -nucleon -transfer reaction 

Al27 + Ar40 -+ Sc'"· um. 

In the experiments with oxygen we irradiated a 
stack of six 6-8 JJ. thick aluminum foils on which a 
layer of scandium oxide (1.1-1.5 mg/cm2 ) was 
deposited. In the neon experiments a scandium 
oxide layer ( 2.0-2.8 mg/cm2 ) was deposited on 
2-2.5 JJ. nickel foils. It was ascertained before
hand that scandium is not formed in appreciable 
quantities in the interaction of neon with nickel. 
For irradiation by argon a stack of aluminum foils 
3-8 JJ. thick served as a target. 

The irradiation was carried out in the internal 
beam of the U -300 cyclotron of the nuclear reac
tions laboratory at the Joint Institute for Nuclear 
Research. The ion energy was measured by ab
sorption in aluminum and in some cases with the 
help of semiconductor detectors [4]. After the ir
radiation a chemical separation was performed. 
The target was dissolved in a mixture of hydro
chloric and nitric acids in the presence of car
riers of the elements formed in the nuclear re
actions. In the dissolving of the aluminum targets 
irradiated by argon ions, a definite quantity of 
scandium was also added. Then the hydroxides 
were precipitated by a caustic alkali (for separa
tion from aluminum) or by ammonia (for separa
tion from nickel). A second precipitation of hy
droxides was performed with pyridine. By treating 
the precipitate with ammonium carbonate the scan
dium was transferred to solution and was separated 
as the phosphate. The yield of scandium was de
termined by weight. 

The gamma radiation from the specimens was 
measured in a scintillation spectrometer with an 
AI-100 100-channel analyzer. The spectrum was 
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recorded on a chart recorder, and the area of the 
y-line peaks was measured with a planimeter. 

Along with Sc44 , other scandium isotopes were 
observed: Sc43 (Ey = 511 keV, T = 3.9 hr ), Sc46 

(Ey = 1120 keV, T = 84.1 d), Sc47 (Ey = 160 keV, 
T = 3.4 d). The transition of Sc44m to the ground 
state occurs with Ey = 270 keV (T =59 hr) and 
Sc44 decays mainly with Ey = 1160 ke V ( T = 3. 9 
hr)C5J. 

The experimental data on the y-line intensity 
measurements were analyzed on an electronic 
computer by the method of least squares in ac
cordance with the relations 

for Ey = 511 keV, 

where 11.1 = 0.01175 hr-1 is the decay probability 
of Sc44m, 11.2 = 0.178 hr-1 is the decay probability 
of Sc44 and Sc43 , A.a = 0.000343 hr -l is the decay 
probability of Sc46 (the y-lines 1160 and 1120 keV 
in the spectrometer were not resolved), and t is 
the time after the end of the irradiation. 

The isomer ratio, and also the relative cross 
section for formation of the isotopes Sc43 , Sc44 , 
and Sc44m were determined in the same way as 
in our earlier work [l], and for Sc46 and Sc47 by 
the corresponding y-peaks, taking into account 
the efficiency of the y-spectrometer. 

The experiment on the angular distribution of 
Sc44 and Sc44m in the reaction Al27 + Ar40 

- Sc44 •44m was performed with a special attach
ment to the probe. The distance from the target 
( Al, 0. 8 mg/ em 2) to the collector was 80 mm. 
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FIG. 1. Energy dependence of the isomer ratio of Sc44 • 44 m 

in the reaction with 0'6 ions. 
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FIG. 2. Energy dependence of the isomer ratio of Sc44 • 44 m 

in the reaction with Ne22 ions. 

3. RESULTS AND DISCUSSION 

A. One -neutron-transfer reactions. The depend
ence of the isomer ratio a(Sc44m)/a(Sc44) on the 
energy of the incident ion in the reactions Sc45 

+ 0 16 and Sc45 + Ne 22 is presented in Figs. 1 and 
2, and the dependence of the relative cross sec
tion for formation of the scandium isotopes with 
mass numbers 43, 44, 46, and 47, in the reaction 
Sc45 + Ne 22 is given in Fig. 3. It is noteworthy that 
the isomer ratio, in the removal of one neutron 
from Sc45 , does not depend on the incident ion en
ergy and is ~ 1, being somewhat larger for Ne 22 

ions than for o16. 
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FIG. 3. Energy dependence of the relative cross section 
for formation of Sc isotopes in neutron-transfer reactions on 
bombardment of Sc45 by Ne22 ions: • - Sc44 m (-n), •
Sc44 (-n), 6- Sc43 (-2n), 0- Sc46 (+n), o- Sc47 (+2n). 

This value of the isomer ratio evidently indi
cates that, in a one-neutron-transfer reaction, 
states with large spin are excited. Calculations 
of the mean spin value of these excitations by the 
method of cascade statistics [S] is not possible, 
since the number of transitions is small and the 
spins of the Sc44 levels lying above the isomeric 
state are not known. 

B. Mau.y-nucleon-transfer reactions. Forma
tion of Sc44,44m in reactions with transfer of many 
nucleons was achieved by irradiating stacks of 
aluminum foils by 270 MeV Ar40 ions. Picking up 
three protons and one neutron from the Al 27 nu
cleus, Ar is converted into Sc. The relative yield 
of Sc isotopes with mass numbers 43, 44, 46, and 
47 at different depths in the stack of foils is shown 
in Fig. 4. 
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FIG. 4. Relative yield of Sc isotopes in the reaction Al 27 

+ Ar40 at different depths in the stack of aluminum foils: 
•- Sc44 m(+3pn), •- Sc44 (+3pn), /'1,- Sc43 (+3p), <>-
Sc46 ( +3p3n), o - Sc47 ( +3p4n). 

To check whether the presence of Sc in the first 
foils of the stack was due to the presence in the 
Ar ion beam of a low energy component, a back
ground experiment was performed. A stack of 
eleven 8.5 f.' aluminum foils was irradiated by a 
beam of 256 MeV Ar ions. The distribution of 
1300 keV y-activity was studied as a function of 
depth in the stack. This activity decayed with half
lives of T = 14.9 hr, corresponding to the isotope 
Na24 , and T = 1.82 hr, 1> corresponding to the for
mation of Ar41 • Figure 5 shows curves of the ac
tivity distribution. Also shown in Fig. 5 is the 
range of 256 MeV Ar ions. 
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FIG. 5. Relative yield of Na24 (o) and Ar41 (6) in the reac
tion Al27 + Ar40 at different depths in the stack of aluminum 
foils. 

l)In addition, an unidentified 11-day activity was present. 

The Ar41 activity distribution shows that there 
is no low energy component in the Ar ion beam 
of any significant intensity. The distribution of 
Na24 nuclei is interesting. These nuclei are formed 
both by removing two protons and one neutron from 
Al27 nuclei (the short range nuclei) and by remov
ing seven protons and nine neutrons from Ar40 ions 
(the longer range nuclei ) . 

The distribution of the isomer ratio of Sc44 •44m 
in the stack of aluminum foils after irradiation by 
270 MeV argon ions is shown in Fig. 6. The large 
value of the isomer ratio, which reaches ~ 6.5, is 
striking. We showed earlier [t] that in reactions 
with complete fusion of the nuclei the maximum 
value of the isomer ratio u( Sc44m )/ u( Sc44 ) is ~ 5. 
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FIG. 6. Distribution of the isomer ratio of Sc44 m • 44 in the 
reaction Al 27 + Ar40 as a function of depth in the stack of 
aluminum foils. 

With the aid of the cascade statistics method 
we can show that the isomer ratio can be larger 
in many-nucleon-transfer reactions than in com
plete fusion reactions, although the Sc nucleus re
ceives less angular momentum in the first case. 
In complete fusion reactions Sc nuclei are formed 
with spins from 0 to some value J, where J ~ Jcrit· 
In calculation of the isomer ra,tio according to cas
cade statistics, it is necessary to average over the 
cascades of y-rays emitted by the nuclei with ini
tial spins from 0 to J. Here we must take into ac
count the relative probability with which nuclei with 
a given angular momentum are formed in the reac
tion [1]. Because of the contribution of cascades 
with a low initial spin, the average isomer ratio 
obtained for complete fusion reactions is rela
tively small. 

In the case of many-nucleon-transfer reactions 
only peripheral collisions are possible. Therefore 
in calculation of the isomer ratio it is necessary 
to consider only cascades with initial spins corre
sponding to peripheral collisions. In this case the 
isomer ratio can be comparatively large even for 
small angular momentum values. 

For evaluation of the isomer ratio for the reac
tion Al 27 + Ar40 - Sc44 •44m for 270 MeV Ar ions, 
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FIG. 7. Angular distribution of the isomer ratio of Sc44 m• 44 

in the reaction Al 27 + Ar40 for EAr= 270 MeV. 

let us consider a stationary Ar40 nucleus into whose 
periphery are knocked three protons and one neu
tron with an energy Elab = 27 MeV. An angular 
momentum of 1 Oti will be deposited in the Sc44 com
pound nucleus. For the cascade with initial spin 
J = lOti and for an average number of y-transitions 
Ny = J + 3 = 13, we obtain for the isomer pair of 
scandium ui/u 0 = 7.3 (the cutoff parameter 
for the spins u was taken as 4). In the calcula
tions we utilized the new spin values ( 2 for the 
ground state and 6 for the isomeric state ) obtained 
by Harris and Cullen [7]. 

According to the treatment described, the peak 
of the isomer ratio curve at d = 9.5 mg/cm2 Al 
should correspond to a reaction with transfer of 
three protons and one neutron, occurring in the 
first foil of the stack. When a reaction of this 
type occurs at a greater depth in the stack of alu
minum foils, the sum of the ranges of the Ar nu
cleus before the reaction and the Sc nucleus after 
the reaction is greater than 9.5 mg/cm2 Al. The 
isomer ratio in this case is less than at the peak, 
because of the reduction in energy of the Ar ions. 
This can qualitatively explain the drop in the 
isomer ratio curve at large depths in the foil 
stack. 

The drop in isomer ratio at small thicknesses 
of the foil stack we can attempt to explain as due 
to reactions between Ar40 and Al27 with a smaller 
impact parameter than in the case discussed ear
lier. Here argon can capture from aluminum more 
than three protons and one neutron and then evapo
rate the excess nucleons. The Ar ions then lose 

more energy than in the case of four-nucleon trans
fer, and their range in AI is smaller. Furthermore, 
the range straggling of Sc nuclei formed in this way 
will be increased as a result of the nucleon evapo
ration. All this results in a substantial number of 
Sc nuclei being found in the first foils of the stack. 

The qualitative explanation given agrees also 
with the angular distribution of the isomer ratio, 
shown in Fig. 7. Ar40 ions which capture three 
protons and one neutron interact relatively weakly 
with the Al27 nuclei and fly off preferentially for
ward. The larger values of isomer ratio corre
spond to this type of reaction. Therefore the 
isomer ratio for small angles is large. For a 
closer interaction the deviation of the Sc nuclei 
from the direction of motion of the Ar ions can 
be larger, and the isomer ratio is less. 
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