


1. INTRODUCTION

The interaction of high-energy particles and light nuclei
with heavy target nuclei has been the subject of many experi-
mental studies in recent years. The formation of deep spalla-
tion (mass loss AA > 30) and fragmentation (A < 1/3A ¢, 00t
products in three reactions has been investigated particularly
from the Z and A distributions of these products measured by
the well-known activation technique and gamma-ray spectrosco-
py. Moreover, the investigations can be also performed by mea-
surements of the recoil properties of the radionuclides formed
in the interactions. The thick-target, thick-catcher technique,
in which both target and catcher are thick compared to the
range of the products of interest, has been studied extensive-
ly /1-8/, The experimental results are expressed as the ratios
of the forward-to-backward emission ranges of F/B and the mean
ranges of products in the target material, 2W(F+B): F and B
are the fractional numbers of product recoiling into the for-
ward and backward catcher, respectively, W (in mg/cm?) is the
target thickness.

By using this technique we have measured recoil properties
of deep spallation and fragmentation products of the interac-
tion of tantalum with 3.65 AGeV 12C-ions and protons. The ex-
periment has been performed in conjunction with the cross sec-
tions determination reported in our previous work /7/. In the
present work our attention is focused on recoil properties of
products: the systematics of the appropriate kinematic parame-
ters and their dependence on product mass and fractional mass
loss will be examined. Moreover, comparison of the results
obtained in 2C-ion and proton induced reaction at the same
energy per nucleon will be used to test the validity of facto-
rization hypothesis. The results are treated within the theo-
retical framework of the two-step velocity vector model.

2. EXPERIMENTAL
As has been pointed out in the introduction, the experiment
was performed in conjuction with the target cross section de-

termination reported in’/?/ which describes the experimental
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procedure in detail. Briefly, the irradiations were performed
with 3.65 AGeV !2C-ions and 3.65 GeV protons at the external
beam of the Dubna synchrophasotron. The target stacks consis-
ted of 62 mg/cm? thick tantalum foil of high purity (99.9%)
surrounded by 17.5 mg/cm? thick Mylar catcher foils.

After irradiations, the target stacks were disassembled and
appropriate forward, F, and backward, B, catcher foils were
gamma-ray counted on Ge(Ll) spectrometer with 4096 channel ca-
pacity. The spectra were analyzed with codes SAMPO ’8/ and
GSAP 9/. The nuclides were unambiguously identified by their
gamma-ray energies,half-lives and fractional abundances 719/

3. RESULTS AND ANALYSIS

The experimental values of the mean ranges, 2W(F+B), and
the ratios of forward-to-backward emission, F/B, of products
formed in both interactions are given in Table 1 and displayed
graphically in Figs.l and 2. Figure 1 shows the variation of
the forward-to-backward ratios with product mass in both
p+ 181 Ta and 12C+ 181Ta reactions and Fig.2 exhibits the be-
haviour of the experimental ranges. The similarity is obser-
ved for both projectiles: while the ranges decrease with in-
creasing product mass, the F/B values initially decrease slow-
ly with increasing A in order to reach a minimum in the mass
range of about A =~ 40-50 and then increase sharply at higher
mass numbers.

The trends of recoil properties can be evaluated more di-
rectly in terms of the kinematic parameters obtainable from
the experimental F/B and 2W(F+B) data by means of the two-step
vector velocity model 711/, The analysis within the framework
of this model is based on the followgpg assumptions. The ob-
served velocity of a recoil product ¥ can be divided into
two components V and v corresponding to the cascade and break-
up stage of the interaction, respectively. The range of a re-
coil product in the target is given by

=k(l;+61)N, (1
k and N being constants. By using the notation

T]” SVH/V (2)

(v, is the component of ¥ parallel to the beam direction, the
perpendicular component of the cascade velocity v  is assumed

to be zere) and



Table 1

Recoil properties of deep 1spalla.ti.on and fragmentation products
of the interaction of 19'Ta with 3.65 AGeV ' “C-ions and
3.65 GeV protons

P + ]BlTa 12C + IBITa
Product 2W(F+B) F/B 2W(F+B) F/B
[mg/cm?] [mg/cm?]

.0140.11 12.88+1.67 2.3240.14
.86+0.12 14.23+1.73 2.20£0.14
.66%0.10 .2140.50 1.80+0.12
“6Sc 5.40+0.45 .70£0.10 .30£0.45 1.7840.13
“8Sc 5.77:0.48 .7140.10 .8540.49 1.7140.11

2%%Na  10.56%1.45 2
1
1
1
1

52Mn 4.10+0.37 1.66+0.07 .770.36 1.6540.10
1
1
1
2
1

28Mg  12.4841.50
sagem  5,3140.43

6

5

5

3
59Fe 4.5810.42 .69+0.07 4.35+0.40 1.65+0.10
65Zn 4,25+0.35 .75%0.07 4.8910.42 1.7040.10
74As 3.45+0.28 .8410.06 3.70+0.33 1.82+0.11
81Rb 3.03+0.25 .05+0.08 2.67+0.23 2.00+0.13
B4Rb 3.23+0.28 .96+0.10 2.94+0.26 2.03£0.15
87Y _______________ 3
88Zu 2.52+0.32  2.38%0.22 3
85Nb 3.26:0.29 2.15#0.14 3
9ONb 2.1940.17 2.20£0.14 2
96Tc 2,07:0.15  2.32:20.14 2
101Rphm  2,1240.15 2.50:0.16 1
10580 2.00+0.16  2.3320.15  ------- = ~-------

.56+0.29 2.37+0.20
.00+0.41 2
.00:0.38 2.4
.4240.20 2.27+0.18
.05£0.17 2.2

2.4

1117n  1.5420.12  3.00$0.18 1.82:0.14  2.950.23
12560 1.25:0.10  3.15:0.20 1.50:0.13  3.2420.25
13173 0.93:0.13  3.68+0.21 1.1410.17  3.7740.33
195Ey  0.60:0.08  4.02:0.27  0.75:0.10  4.15:0.34
Ro=kv" (3)

(Ry is the mean range in the target material, corresponding
to the recoil speed V), the following relationships can be
derived 711/ ;

1+2/3n“ (N+2)+[17“(N+1)/2]2 (
4)

F
B -2/3,,1[ (N+2) +( ) (N+1) /21®

2W (F +B) -Ro[1+1/4nﬁ(N+1)2]. (5)
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The kinematic parameters of interest are the fragment kinetic
energy

T =1/2av? (6)
and the velocity imparted to the fragment
BH =V /csn“ /eyV2T /A . (7}

These parameters were cbtained from recoil properties data
using Eqs.(4) and (5), the range-energy tables of Northcliffe
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and Schilling/Lzland relationships derived by Winsberg/ls/from

the experimental stopping powers.

4. DISCUSSION

We start the discussion of the above results with a consi-
deration of the fragment kinetic energies of deep spallation
and fragmentation products in both reactions. Figure 3 shows
the dependence of the fragment kinetic energy, T, on the frac-
tional mass loss, AA/A , AA being the mass difference between
target and product. Cumming and Bachmann “!4’ and Winsberg‘“s/
have systemized the kinetic energies of spallation products
on the basis of assumptions related to the random nature of in-
dividual deexcitation steps. They have shown that kinetic ener-
gies should increase linearly with AA/A . As can be seen from
Fig.3, the expected dependence in both interactions is valid
up to a fractional mass loss of some 0.8. Large deviations
from the observed trend are seen for the lightest fragments
24Na and ?8Mg, respectively. Moreover, a sharp increase of T
in AA/A region from
0.6 to 0.8 is also evi-

dent. In Fig.3, the ap-
J propriate lines in both

[ AM/A regions represent

T 12¢, 1817q ? a least squares fit of T

- values on fractional

f) 40
J4dﬂ mass loss. Results of
the derived parametriza-
20+ 8- < tions are summarized in

T S Table 2.

The lines through the
Y L 1 . L points in both AA/A re-
60 | gions indicate an avera-
ge energy dissipation of
+ approximately 25 MeV per

20 . v 1 Fig.3. Dependence of product
4—-00—-"'“."' kinetic energy T on fractional
mass loss, AA/Ap. The straight

' 1 L { line is a least squares fit

0 0z 04 0§ 08 1p for 0.2 < M/Ap < 0.6. The
dot -dashed line is the same

aA/Ay fit for 0.6 < AA/AT < 0.8,




Table 2

Product kinetic energy T as a function of fractional mass

loss, AM/Ar
Reaction Range of AA/Aq T [MeV]
.2-0. 7.43 + 9.040A/A
181 T
pt "Ta .6-0. -7.79 +34.808A7A;

6.42 +10.5BAA/AT

12 181
Cc+ Ta -6.45 +33.060A/Aq

emitted particle, which corresponds to a temperature of appro-
ximately 15 MeV/1®/, This result is in accordance with those
obtained previously by Wang and Porile /6’ and Winsberg 77/ ,
as well. It should be noted that deviations from the observed
trends in dependences of product kinetic energy on fractional
mass loss for intermediate and particularly light fragments
indicate a change in reaction mechanism. One of possible me-
chanisms can be connec-
ted with a clustering

15 T T T T of nucleons into frag-
i i ments in the vicinity
12 + -1 of a liquid-gas transi-
3 ' tion point 18,19/,
1070, ol - Now, we turn to the
velocities B, and appro-
6 _| priate forward moments
of remnants ﬂ”AT, as
2k W | well. The values of Ay
for proton and 2C-ion
0 y , . . induced reactions are
12 I - - T displayed in Fig.4.

These values are based
9 -] on the kinetic energies
p+18'7q ++ shown in Fig.3 and the
71| values derived from

the two-~step model as-

BL W _| sumptions. According

1 J i 1 Fig.4 Devendences of the ve-
0 0.2 04 08 08 1.0 locity By on fractional mass
loss, A A’AT. The curves show

AA/AT the trends in the values.
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cernible systematic
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gion. It seems that
A AA/Ap is not a good
scaling variable in this case. Moreover, large values of By
associated with the formation of the lightest products?2iNa and
28Mg were found to be several times greater than the expected
ones. The shift of these fragments cannot be described in terms
of a two-step model.

Finally, we can examine the validity of factorization 720/
by comparison of the results obtained in !%C -jon and proton
induced reactions. If the hypothesis of factorization is va-
1id, the ratios of recoil and kinematic parameters of products
emitted in both reactions should vary about unity. Ratios of
the mean ranges, forward-to-backward emission ranges and velo-
cities of deep spallation and fragmentation products of the
interaction of 3.65 AGeV 12C-ions and protons with tantalum
are displayed in Fig.5. The appropriate average values of
1.07£0,22, 1.0320.13 and 1.04#0.21, respectively, found in the
present experiment, support factorization.
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5. CONCLUSIONS

The recoil properties of a number of deep spallation and
fragmentation products emitted in the interaction of tantalum
with 3.65 AGeV !2C ions and protons have been measured. The
analysis of the results by means of the two-step vector velo-
city model yielded kinematic properties, such as the mean
fragment kinetic energies and velocities of the appropriate
remnants. While the kinetic energies T can be scaled with the
fractional mass loss and increase linearly with AA/AT up to a
value of about 0.8, the velocities ﬁ‘ldo not scale with AA/Agp
in contradiction to the model predictions. Large deviations
of T and B values for the lightest fragments 2%4Na and ®® Mg
found in both interactions indicate that the formation of
these fragments is connected with another type of mechanism
and cannot be treated within the framework of a two-step model.
The similarity between the appropriate mean ranges, forward-
to-backward emission ratios and velocities of products in the
reactions p + 18 Ta and !2C + 181Ta at the same bombarding
energy per nucleon may be viewed as an evidence for factoriza-
tion.

REFERENCES

1. Crespo V.P., Alexandeer J.M., Hyde E.K. - Phys. Rev., 1963,
131, p.1765.

2. Crespo V.P., Cumming J.B., Alexander J.M. - Phys. Rev.,
1970, €2, p.1777.

3. Kaufmann S.B., Steinberg E.P., Weisfield M.W. - Phys. Rev.,
1978, C18, p.1349.

4. Cumming J.B., Haustein P.E., Hseuh H.-C. - Phys. Rev.,
1981, C24, p.2162.

5. Cole G.D., Porile N.T. - Phys. Rev., 1982, C25, p.244;
Phys. Rev., 1981, C24, p.2038.

6. Wang C.F., Porile N.T. - Nucl. Phys., 1987, A468, p.711.

7. Kozma P. et al. - JINR Report E1-89~252, Dubna, 1989.

8. Koskelo J.M., Aarnio P.A., Routti J.T. - Nucl. Instr. and
Meth., 1981, 190, p.89.

9. Hnatowicz V., Ilyushchenko V.I., Kozma P. - Comp. Phys.
Comm., in print; JINR Report E10-89-758, Dubna, 1989.

10. Reus U., Westmeier W. - Atomic and Nucl, Data Tables, 1983,
29, p.l.

11. Sugarman N. et al. - Phys., Rev., 1966, 143, p.952.



12.

13.
14.
. Winsberg L. - Phys. Rev., 1980, C22, p.2116.
16.
17.
18.
19.
. Feynman R.P. - Phys. Lett., 1969, 23, p.l14l5.

Northcliffe L.C., Schiiling R.F. - Nucl. Data Tables,
1970, A7, p.233.

Winsberg L. - Nucl. Instr. and Meth., 1978, 150, p.465.
Cumming J.B., Bichmann K. - Phys. Rev., 1972, C6, p.1362,

Avdeichikov V.V. - Phys. Lett., 1988, B201, p.432.
Winsberg L. - Phys. Rev., 1980, C22, p.2123.

Warwick A.I. et al. - Phys.Rev., 1983, C27, p.1083.
Hirsch A.S. et al. - Phys. Rev., 1984, C29, p.508.

Received by Publishing Department
on March 14, 1990.



