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1. INTRODUCTION

One of the most interesting features of nuclear
reactions induced By high-energy projectiles is a large
number of residues ranging in masas from essentially that
of the target down to a very lighf nuclei. In the first
part of this paper/1/ /from now on referred to as I/ the
formation of such residues in the interaction of 3.65 AGeV
12c-ioné and protoné with medium target nuclei has been
investigated., In the present‘work our attention is focused
on target residues produced in high-energy particle-heavy
target nucleus collisions. Up to the present only expe-
rimental studies of heavy-target muclei fragmentation in
relativistic-heavy ion reactions at an energy lower than
2.1 AGeV/Z'ql have been performed on silver,gold,tantalum
and uranium targets.

The present experiment extends the previous studies/4'5/
of the goid fragmentationbby relativistic 120—1ons. The
highest kinetic energy 3.65 AGeV available at the Dubna
synchrophasotron gives such éxperimental possibility.
wWhereas our 3.65 GeV proton data can be compared with
previous results/e/ at higher energies, the foemation
cross sectioms of target residues_from nuclear reactions
of 3.65 AGeV '2C-ions with '97au are presented here for
the first time.
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2. EXPERIMENTAL PROCEDURE

The experimental techniques used in the present
study are essentially those described in I. Target stacks
consisted of three 35 mg/cm2 thick gold foils: the outers
were used for recoil loss compensation, the middle was
analyzed. The target foils were enclosed in Mylar catchers
17.5 mg/cm® thick. The induced 24Na activity in the Al-foil
of thickness 20 mg/cm2 /surrounded by guard foils of the
same thicknesses/ was used to calculate beam flux. The
target stacks, positioned so that the beam passed through
the centre, were expcsed to 3.65 AGeV 12C-ion and proton
beams with a total intensity of about 8.4x‘011 and 2.1x1Q13,
respectively. The moritors, catchers and target foils from
a given irrédiation were assayed by off-line gamma counting
under identical geometry on high resolution Ge/Li/ spectro-
meters. Spectra were analyzed with a computer program
SAMPO/g/. Radionuclides jidentified on the basis of gamma-
ray energies, half-lives and fractional abundances are

given in Table 1.

Table 1 Relevant properties of the measured nuclides

- Radiation Fractional
Nuclide Half-live measured abundance
___________________________ [ee¥/ ¥ . __
198,44 2.7 4d 412 95.5
194,y 39.5 h 329 63.0
190y, 12.1 @ 407 27.5
605 38.5
183Re 70.0 & 162 23.5
2

Table 1

/continued/

70.0 a
23.9h
16.0 b
8.22d
2.0 4d
32.02d
10.0 b
17.6 b

9.4 4

48.3 d
5.944
2.1 h

10.5 3y
11.8 4

36.414
20.1 h

154.0 d

16.8 d

5.0°'h
20.8 h
4.284

Radiation
measured

287

150
299

634
&894

303
1038

356

124
496

203

564
573
212

573
508

1230
540

778
850

Practional
abundance

86.8
33.8
33.5
47.6

7.9
36.0
68.8

26.0
25.0

41.7
22.6

48.0
65.8

80.0
100

62.3

29.2
47.1

68.3
7.7
80.3
81.4

80.3
17.7

100
78.4

100
91.p




Table 2 Nuclidic formation cross sections of target

Table 1 /continued/ residues in the reactions of 197Au with 3.65

AT ; Radiation . Practional AGev '2¢c_jons and protons. As usually, symbols
" Kuclide Half-live measured abundance P yo oym
JkeV/ /%/ I and C are used for independent and cumulative
""""""""""""""""""""""""""""" yields, respectively.
. om0 m TEE@RL9 T T e T T T T T T T T T T .
Te 20.0 h 766 9.9
Product Typ:egé’ & rmb] 6’12 [mb]
BRI 34.98 d 766 10 e P c__- T
Py 14.6 h 1129 92.0 198,y c 190%25
87y 3.35¢ 485 92.2 1944 I 66%13
388 84.8 v 19011_ c 48:9
84
Rb 32.87d 882 67.8 183Re ¢ 21.012'9 . 55310
8 rp 86.2 @ 520 46.0 175 . .
‘ Hf c 17.9%2.3 3788
755 119.8 @ 265 59.1 173 R
136 59.0 Rt ¢ 337
17 + +
T4pg 17.78d 596 60.3 1:“‘ ¢ 14.822.4 42=7
+ +
652n 244.1 a 1115 50.7 1701‘“ ¢ 17.0%1.6 35-6
59pe 44.5 h 1099 56.5 Lu - C 19.0%2.5
169 + +
. 155 . .
48y 15.97 4 984 100 Dy c 4.4%0.4 9.9%2.1
48, 3.7 h 1038 97.5 ~ 15 c 7.0%3.1 15.2%7.2
46, 83. 834 889 100 14954 ¢ 14.9%2.0 2e.6%4.5
sag.m 244 4 272 86.8 14664 ¢ 11.5%1.5 21.1%4.0
28yg 20.9 b 1779 100 145gy c 13.6%2.1 20.1%3.8
. 138,..m +
24pa 15.02h 1369 100 Pr ¢ 5.2-1.1
-------------------------------------------------------- 133pa c 8.4%1.1 19.1%2.8
135 c 9.0%0.8 18.5%3.3
3. RESULTS AND DISCUSSION 127 +
Xe c 7.950.8 14.0%2.4
The measured nucliidic formation cross sections are 122xe [ 7.3%0.7 16.4%2.3
reported in Table 2. s discussed in I, the errors assigned 12140 1 0.9%0. 1
to the cross section values are based on those of counting 121Te c o 6.6%0.8 8.1%1.0
statigstics, detector efficiencies and target thicknesses; '1BSbm Cc 1,4io,4‘ .
. 100 ’ 13.5=2.9
a systematic error of about 15% corresponding to the beam 6Rh I + .
9 .3-0. .61,
flux monitor is not included. - Tc 1 2.3-0.4 6.6=1.1
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Table 2 /continued/

Product Tygeiegg 6; [mb] e‘;zc [mb]
By c 3.8%0.9 10.0%1.7
EEN c 0.8%0.1 '

9Oy c 3.1%0.3 8.5%1.3
87y c 7.1%0.9 16.8%2.4
84py 1 1.6%0.4

8 g c 7.1%1.0 - 12.7%1.9
T55e c 3.9%0.7 7.8%1.2
T4 I 2.5%0.3 6.0%1.1
652n c 4.0%0.6 8.5%1.8
39re c 2.1%0.3

4yn 1 3.9%0.5 14.2%2.4
48y c 3.420.5
48gc I 0.9%0.1 2.2%0.4
465e I 6.3%1.1 19.0%2.7
44gcm I 1.1%0.2

28pg c 2.9%0.3 13.93.6
24yg c 9.8%0.9 45.529.0

Both sets of results were examined by the fitting
procedure outlined in ref./1o/. The nuclidic formatiom
cross sections G?KK,Z). divided into six groups according

to mass number, were parametrized by

4l _a\*
60,2)= sWAey] w[@%gl] Al )

with a linear dependence of Zp on A. The cumulative cross ¢

6

sections were corrected for

precursor beta decay/11/ and

no isomeric states were included. The iwo Gaussian para-

meters that specify the width C, and the center ZP(K) of

the charge distributions were fitted to the measured data

over limited mass region by

the fitting program ROLSM/12/.

The charge-dispersion parameters C, and Zp for a given mass

region are given in Table 3. With the exception of mass range

83 £ A < 96 for proton-induced reactions, the parameters

describing the charge distribution for a given group are

nearly the same for every experiment. The results of this

fitting orocedure can be seen in PFigs.1 and 2, where charge-

dispersion curves /fractional isobaric yields plotted ver-

sus zp-z values/ of target residues in

197,

induced reactions on

120- and proton-

u are displayed. The fraetional

isobaric yields from the reactions of 120 projectiles and

protons with 197Au are found to lie along the same charge-

dispersion curves showdng some differences in mass region

where fission fragments are present,

Table 3 Charge-dispersion parameters

Mass
region z p

24~ 48 .76 -0.08+C.474A
54- 75 0.78 0.51+C.4484
83- 96 C.57 5.56+C.3€5A
121-133 1.20 -3.71+4C.4524
145-155 0.86 -4.49+C.4664
169-183 1.14 -0.734C.437A

( 24- 48 0.80 1.11+40.434A

L169-198 1.14 -1.87+0.420%

54- 75 0.75 2.05+0.423A
£€3-100 1.05 2.15+0.428A
121-133 0.97 -4.77+0.459%
145-155 1.16 -1.78+0.4464A
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Fig.1. The charge-dispersion curves of target residues
formed in the reactions of 3.65 GeV protons with 197Au.
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Pig.2. The charge-dispersion curves of target residues
formed in the reactions of 3.65 AGeV 1ZC-ione with 197Au.

The mass yield curves, based on the set of appropriate
charge-dispersion parameters /Table 3/ and the assumption
of Gaussian charge dispersion are shown in PFig.3. As expec-
ted, both 120+197Au and p+197Au mags-yield curves increase
sharply with increasing A for the near-target products.

The similarity between both mass-yield distributions is
evident. The integration of the mass-yield curves over mass
number gives the cross section for the production of target
residues, EYTR.Our integration was performed over the inter-
val from A=40 to the mass number of the target. The results
are given in Table 4, where the total reaction cross sec-

tions 63; calculated as /13/

Eﬁi-'j[733(?¥:?-+ I(g?- Ehrr> /2/
with the parameter r°-1.37 fm and b=0.51 are also included.
The subscripts P and T are used for projectile and target,
respectively. The effective impact parameters b estimated/14/
from the total cross sections for residue production in both
reactions /see Table 4/ were found to be smaller than the
sum of RP and RT‘ This fact illustrates the formation of
target fragments in central collisions.

To test the factorization, we compared isobaric cross
sections (3(1). normalized to the.total cross sections 19.0
mb and £.3 mb/15/ of monitoring reactions 27A1/120,x/24Na

‘and 27Al/p,X/24Na. respectively. The average value of

1.0520. 14 proves the validity of the factorization hypo-~
thesis. ‘

To test the energy independence of cross sections
of target residues /liniting fragmentation/, we compared

our '2¢ projectile results with previous data at 2.1 Agev/4/



b
h ' ) and 1.54 nGeV/S/. Ever. if there is a lack of experimental
X Table 4 Comparison of the cross sections, radii and

impact parameters of the nuclear reactions
with '97pu induced by 3.65 GeV protons and

data in a wide range of residues at 1.54 AGeV, the obtained

ratios €5; 65/55; 54 within about 20% errors were found

3.65 AGeV '2C-ions. to fluctuate about unity. The results of the 3.65 and 2.1
"""""""""""""""""""""""""""" - AGeV comparison are displayed in Fig.4. As can be seen, the
Reaction &% [5) &5 [b] R [rm] Rylra] ® [ta) .

— — experimental ratios 55; 65/(5} 9 oscillate in a regular
p+197Au 1.6%0.3 2.35 1.37 7.97 7.06 ' way with the product mass number, but does not deviate from
12,. 197 . ‘unity by more than 30% for any of the residues. This is in
C+ “'au 2.5-0.6 3.40 3.14 7.97 9.25

____________________________________________ _ agreement with the results of previous studies/1/ and leads
to the conclusion that the fragmentation cross- sections are
energy independent over the energy region between 2.1 and

3.65 AGeV. The variations of the cross section ratios
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Fig.3. ¥ass-yield distributions of target residues in the . Pig.4. Ratios of cross gections nmeasured in this work vitih
reactions of 3.65 AGeV '2C-ions and 3.65 GeV protons 5.65 Acev 12C projectiles to those of ref./4/ fer
with 19Tau. 2.1 AGeV,
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65.65/6"

11.5

in p+197Au reactions at 3.65 GeV /present results/, 11.5 GeV/s/

and 300 GeV/s/ protons with product mass number are shown

in Fig.5. The average values of the ratios

{65.65/614.5) = 0-96%0.19 ana <z;;.55/f?300) = 0.97%0.18 ,

respectively, show that cross sections of target residues
from p+197Au reactions are energy independent from 3.65 GeV

to 300 GeV.
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Fig.5. Ratios of cross sections measured in this work with
3.65 GeV protons to those of ref./e/ for 11.5 GeV
and 300 GeV,

12

and 6;3.65/65200 of target residues produced

4. CONCLUSIOKS

The cross sectior measurerents of target fragments
vroduced in nuclear reactions of 3.65 AGeV 1Zc-ions and
protons with 197Au reported here have extended and con-
firmed previous resultsfz_s/ on target fragmentation. The
relative isobaric cross sections of target residues were
found to be independent of projectile. This fact suppor-
ted by the similarity of 12C+197Au and p+197Au mass-yield
distributions validates the factorization hypothesis. The
ratio of cross sections of target fragments from 12C+197Au
reactions at the two energies 3.65 AGeV and 2.1 Agev/4/
oscillate about unity. This is in agreement with the si-
milar comparisons of p+197Au results at 3.65, 11.5/8/ and
300 GeV/s/, and leads to the validity of limiting fragmen-
tation at these energies.

The total cross sections 2.5%0.6 mb and 1.6%0.4 mb

for residue production in 12C+197

Au and p+197Au reactions,
respectively, have been obtained by the integration of the
appropriate isobaric cross sections. The impact parameters
calculated from these observables indicate that target

residues in both reactions are created mainly in central

collisions.

References

/1/ Kozma P., Tumendemberel B., Chultem D.: Czech.J.
Phys. B, 1st part of this paper. ’
JINR Report E1-88-244, Dubna, 1988,

/2/ 1loveland W., Otto R.J., Morrissey D.J., Seaborg G.T.:
Phys.Rev.Lett. 3¢ /1977/ 320.

/3/ ©Porile K.T.,Cole G.D., Rudy C.R.: Phys.Rev. C 19 /1979/
2288.



/4/

15/
/6/

/1/
/8/
/9/
/10/
/11/

l/12/
/13/

/14/

/15/

Kaufmann S.B., Steinberg E.P.; wilkins B.D., Henderson
D.J.: Phys.Rew. C 22 /1980/ 1897.

Cole G.D., Porile N.T.: Phys.Rev. C 24 /1981/ 2038.
Morrissey D.J., lcveland W., de Saint Simon M.,
Seaborg G.T.: Phys.Rev. C 21 /1980/ 1783.

McGaughey P.L., loveland W., Morrissey D.J., Aleklett
K.,Seaborg G.T.: Phys.Rev. C 31 /1985/ 896.

Kaufmann S.B., Weisfield M.W., Steinberg E.P., Wilkins
B.D., Henderson D.: Phys.Rev. C 14 /1976/ 1121.
Koskelo M.J., Aarnioc P.A., Routti J.T.: Nucl.Instrum.
and Methods 190 /1981/ 89.

Kozma P., Kliman J., leonard M.: Czech.J.Phys. B, to
be published ; and JINR Report E1-87-350, Dubna, 1987.

Damdinsuren C., Kozma P., Tumendemberel B., Khorolyjav R.,

Chultem D.: JINR Report P1-88-135, Dubna, 1987.
Zlokazov V.B.: JINR Repart P10-86-618, Dubna, 1986.
Heckmann H.H., Greiner D.E., Lindstrom P.J., Shwe H.:
Phys.Rev. C 17 /1978/ 1735.

Barshay S., Dover C.B., Vary J.P.: Phys.Rev. C 11 /1975/

360.

Damdinsuren C., Duka-Zolyémi A., Dyachenke V.M.,
Kliman J., Kozma P., Tumendemberel B.: JINR Report
E1-87-932, Dubna, 1987.

Received by Publishing Department
on April 14, 1988,

14

Kosma I1,, Jamauscypsu IT. - E1-88-245
BaaumopeiicTBHe CHAPANOB BHICOKHX 3HepPruit

CO CPEeHMMH H TSDKEJIBIMH AXpamMi, OparMeHTaIMa
AilpamMH “"’C M NpOoTOHaMH ¢ 3Heprueit 3,65 'aB/HyknoH

IpuBopATcA cedeHna o6pa3oBaHWA OCTATOWHLIX AAEP BO B3a-
HUMOZIEACTBHH Anep 12C u mporonos ¢ sHeprueii 3,656 I'aB/Hyxion
Cc AApaMH Au, OrmpefnenenHe cedesHnii IPOBOAKIOCH MTOCPENCTBOM
npAMoro Hu3mepeHusa Ha Ge(Li) cmexTpoMeTpax BLIXOLOB ramMma-
nyvye#t oOydueHHBIX MulleHeH. CpaBHeHMe HACTOALMX C APYTHMH
NaHHBIMH CIY>KHWIO TeCTOM (PaKTOPH3allHH U Ipefe/ibHOM ¢parmMeH-
tanuH. [TonHkie ceueHHA U1 0Opa3oOBaHHA OCTATKOB B o0eHx peak-
LMAX NTOKA3LIBAIOT, YTO OCTATOYHEIE A7pa BO3HHKAIOT B LEHTPAILHBIX
coynapeHHAX.

PaGoTta BrinonHexHa B JlaGopaTopyu Bhicokux 3Hepruit OUfH.

197Au

TMpenpmntr O6%emneNHOro HECTMTYTA ANCPHLIX Hechenosaunit. yGus 1988

Kozma P,, Damdinsuren C. E1-88-245
Nuclear Reaction of Medium and Heavy Target :
Nuclei with High-Energy Projectiles.
Fragmentation of 197Au by 3.65 AGeV ?2C-Ions
and 3.65 GeV Protons

The cross sections of a number of Target fragmentation pro-
ducts formed in nuclear reactions of 3.65 AGeV '2C-ions and
3.65 GeV protons with 197 Ay have been measured. The measure-
ments have been done by direct counting of irradiated targets with
Ge(Li) gamma-ray spectrometers. Comparisons between these and
other data been used to test the hypotheses of factorization and
limiting fragmentation. The total cross section for residue produc-
tion in both reactions indicates that target residues are formed mainly
in central collisions.

The investigation has been performed at the Laboratory of

High Energies, JINR.
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