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1. Introduction 
One of th~ most interesting features of the reactions induced by 

relativistic projectiles is a large yield of intermediate I A~JO I 
.fragments. Th·e possibility that the emission of these .frag;nents may 
involve the formation of nuclear matter in a state of abnormally high 
temperature or density renders the studies of this-type one of conti
nuing interest. 

The emission of intermediate fragments in reactions of relativis
tic projectiles with complex nuclei can be studied particularly by 
measurements of their recoil properties. The thick-target, thick
-catcher technique, in which both target and catchers are thick eom
~ared to the range of the fragments of interest, has been used exten
sively 6-6]. Recoiling nuclei are collected in 2'Jt' geometry and the 
fraction which recoils out of the target in the forward and backward 
directions with respect to the beam iB measured. The experimental re
sults are expressed as the ratios of ~orward-to-backward emission, F/B, 
and the mean ranges in the target material, 2W(F+B): F and Bare the 
fractional numbers of fragment recoiling into the forward and back
ward catcher, respectively, W is the target thickness in mglcm2• 

By using a well-known activation technique we haYe measured mean 
ranges and forward-to-backward ratios of the 24Na and 28Mg radionucli
des produCed in the interaction of 3.65 AGeV 12C-ions and 3.65 GeV 
protons with complex nuclei: Mn, Co, Cu, Y, Nb, Ag, Tb, Ta, Au, Pb, Th 
and U. The experiments were performed in conjunction with the .cross 
sections determination previously reported in refs. [1-1~. In the pre
sent work the results of recoil properties are summarized and the sys
tematics of kinematic properties and their dependence on target mass 
are examined. The results are discussed within the theoretical tra~
work of the vector velocity model [,5]. A preliminary analysis of the 
results has been also given in rete .. [16-18]. 

2. Experillental 
The experimental procedure is described in detail in [18). Brie:tly, 

the experiments involved irradiations af appropriate target toile by 
3.65 Gev protdns and 3.65 AGeV 12C-ions at the external beas of the 
Dubna eynchrophasotron. The targets rangins in thickness ~rom 20 mglcm2 

IThl to b2 mglcm2 IPb/ were placed between 17.5 mglcm2 thick Mylar 
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catcher toile. After irradiation the target stacks were disassembled 
and appropriate forward, F, and backward, B, catcher ~oils were as
sayed with Ge/Li/ gamma-ray spectrometers. The gamma-ray spectra were 
analyzed with the codes SAMP0[19] and GSAP[20]. The activities of 
24Na and 28M! were determined in the various catchers rrom counting 
rates of the most intense gamma-rays. 

3. Results and analysis 
The mean ranges in the targets, 2W~+B), and the ratios of forward

-to-backward emission, F/B, are summarized in Table 1 and also ~is
played in Figs.1 and 2, respectively, as plots of the F/B and 2W (F+B) 
Teraus target AT for both fragments in question. 

Table 1 Recoil properties of 2~Na and 28Mg fragments emitted in the 
reactions of 3.65 AGeV projectiles with the listed targets 

2-(Na frag!llent 28Mg fragment 
Reaction F/B 2W(F•Bj F/B 2W(F+B) 

[mg/c:n2 (;g/em2] 

p + 55Mn ;.15!0.20 2.42!0.24 ;.n!o.21 2.40!0.24 
p • 59 co 2.89!0.20 2.74!0.25 2.89!0.22 2.75!0.25 
p + 64cu 2.63:0.18 2-79!0.22 2.57!0.20 ;.o2!0.25 
p + 89y 2.21:0.15 4.oo!o.42 2.;o!o.1s ;.69!0.51 
p + 9;Nb 2.25!0.15 3. eo!o. 39 2. 26!0., 7 ;.5e!o.42 

108Ag 2.19!0.17 4.;s!o.;7 
+ . 

4.77!0.42 p + 2.14-0.18 
p + 159Tb 2.04!0. 12 7.42!:1.28 1 .• 95!o. 15 8. 30::!:1. 30 
p + 181'l'a 2.01!0.11 10.56!1.45 1.86!0.12 12.4B::!:L50 
p + "197Au 1.76!0.15 11. 9;!1. 74 i.66::!:0.15 n. 90!2.02 
p +207.2Pb , .83::!:0. ,2 10.89!1.64 1.e5!o.1e ,2.47!",.88 

12c + 55l'.n ;.9;!o.;5 ;.1s!o.n ;.74!0.;4 2.go!o.21 
12c + 59 co 4.o5!o.n ;.;3!o.;5 ;.6g!o.;s ; .o;!o. ;; 
12c + 64cu 3.26!0.28 .;.9s!o.;e ;.oe!o.3o 2.94!0.;1 
120 + 108Ag 2.67!0.2; 5.18!0.~4 2. 44!0. 26 5. 6o!o. se 
12c + 181Ta 2.;2!0.14 12.88!1.67 2.20~0.14 14.2;!1. 7; 
12c + 197Au 2.12:!0.21 14.6;!1 .80 1.ef!o.2, 15.25!1.89 
120 +207. 2Pb ,.96!0.20 14- 09!1. ;4 1.eo::!:o.23 15.;2!1.72 
120 + 232'!'h 2.05::!:0.26 15.05!2.18 1. go!o. 25 15.44!2.25 
120 • 2;e0 2.oo::!:o.25 15.07!2 •. 11 1.es!o.25 16.;0!2.40 
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2~Na and 28

Mg fragments emitted in the interaction 
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The analysis of the recoil data in terms of the two-step velocity 
vectbr model [15] is based on the next assumptions: the observed ve
locity of a recoil product"'-: can be divided into two components "t" ..... r 
and V corresponding to the cascade and break-up ~tage- of the interac.;. 
tion • In the first ste-p of the interaction the incident proje-ctile 
interacts with the target nucleus and imparts a velocity v• along the
beam direction to the reeulting residual nucleus. The break-up of 
this remnant le-ads to isotropic emission in the moving system of a 
fragment with a velocity V. By using the notation 

"lu • v0/V , /1/ 
/the perPendicular component of '€t,e cascade velocity v.L is assumed 
to be zero/, and 

/2/ 

Table 2 Summary of 24Na results 

't• Ro T •• (P) 
Reaction 

c~g/cm2J G•ev] W•V/A]1/2 (MeV.A] 1f 2 

p + 55Mn 0.241 2.268 1o.o!:o.5 0.221:!:0.026 12.1'!:1.4 
p + 59 co 0.224 2.590 12.1::!:0.6 0.227:0.027 13.3!1.7 
p + 64cu 0.204 2.662 12.2!0.6 o. 207:0.022 n.2:!:1.4 
p + 89y 0.168 3.874 14.5!0.7 0.184!0.020 16.4!1.8 

p + 93Nb 0.172 3.674 14.3!0.7 0.187!0.021 17.4:2.0 

p + 108Ag 0.166 4.216 15.1::!:0.8 o.1e7!:o.o21 20.2!2.3 

p + 159Tb o. 151 7.229 25.0!1.3 0.218!0.025 34.704.0 

p + 181Ta 0.148 10.298 36.5!1.8 o.25e!o.o:;e 46.7!6.9 

p + 197Au 0.120 11.735 45.0!2.2 0.234!0.038 46.2::!:7.5 

p +207.2Pb 0.128 10.687 40.0::!:2.1 0.235!0.039 4e.a::!:e.o 

120 + 55Mn 0.286 2.878 12.0:!:1.0 c.zee!o.039 15.8:!::2.2 
120 + 59co o. 292 3.031 12.5:1.1 o.3oo!o.o11.2 17.7:!:2.5 
12c + 64cu 0.248 3.687 14-0!1.3 0.269!0.035 17.2!2.2 
12c + 108Ag 0.207 4. 935 17.2::!:1.8 0.<:49::!:0.033 26.9!3.6 
120 + 181Ta 0.178 12.424 44.5!6.0 o. 34200.051 61.9!9.2 
120 + 197Au 0.159 14.213 54.5!6.5 o; 305!0. 048 6o.o!g.s 
120 +207.2Pb 0.143 13.766 52.0!5.0 0.298!0.042 61. 7!8. 6 
12C "'" 232Th 0.152 14.658 61.509.0 0.344!0.065 79. 8~15 
120 + 23s0 0.147 14.703 62!8 0.344!0.054 79. 5!13 
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Tal.Jle 3 3ummury of ZEMg results 

Reaction "1.. Ro T v. (P) 
[mg/cm"J (!lev) (}leV/A}l/ 2 (!:ev.Al'/2 

p + 55r·ln c. 241 2.268 10. o!:o. 6 0.204::!:0.025 11.2::!:1.4 
p + ~ 9co 0.225 2.599 12.0::!:0.6 o. zos::!:o. D25 12.3!1.5 
;:.- + 64cu 0.200 2.tE6 12.7~0.7 0. 1Y0!0.024 12.2::!:1.6 
p + 89y 0.177 3.>20 13.3::!:o.e C.1'i'3:!:C.018 15.4!1.7 
p + 93r-;rb 0.175 3.425 13. z:!:o. e 0.168:!:0.015 15.6::!:1.8 
p + 108M; 0.162 4.b30 ·15. 6::!:o. 9 0.171::!:0.021 18.5!2.2 
p + 159Tb 0.142 8.047 ze.o!:1.5 o. zoo::!: c. o23 32.0!3.7 
p + 181Ta o. 132 , 2. 177 46.5:!:2.8 0.241:0.035 45.5!6.3 
p + 197Au 0.108 1). 714 52.5~2.9 c.zog::!:o.o36 41.2:!:7.2 
p +207.2Pb 0.131 12.226 48::!:3 o.243::!:o.o44 50. 3::!:9.1 

120 + 55Mn 0.27E 2.665 11.8::!:1.0 o. 255::!o. 03' 14.0:!:1.8 
12 0 + 59 co 0.266 2.769 12.0:1.0 o. 265::!:0.038 15.b:!:2.3 
120 + 64cu 0.237 2.760 12.0!1.2 0.219::!:0.031 14.a:!:z.o 
120 + 108Ag 0.189 5.377 18. ?:!:1. 9 0.217:0.032 23.5::!:3.5 
1zc + 121'l'a 0.167 13.786 46.5!4.5 0.305::!:0.039 60.7::!:7.1 
12c + 197Au 0.127 14.082 62.5!5.8 o.26e!o.c46 52.9::!:9.0 
120 +207.2Pb 0.126 15.065 63.0:!:6.2 0. 267!0.045 55.4::!:9.4 
120 + 232Th 0.136 15.116 63.5!6.5 o.29o::!:o.o3a 67.3::!:e.s 
12G + 23e0 0.130 15.985 6e.5::!:s.o o. ztn::!:o. o4o 6<.>!9.5 

Table 4 Mean ranges as a function of mass target 

Reaction 

AT(p,x) 24Na 

AT(p,X)28Mg 

AT(12c, x)241!a 

Ar(12c,x)28Mg 

5 

Range 

R0 = 1.373 e:xp(o.0105AT) 

R0 1. 268 exp (o. 0116AT) 

R0 • 1.859 exp(0.0093AT) 

R
0 1.555 exp(0.0104AT) 



/R
0 

is the mean 

recoil speed V, 
were derived: 

a:nd 

range in the target material, corr~sponding to the 

k and U being constants/, the :t'olJow!ng relations 

2W (F+B) • R
0 

[1 + t "1., 2 (N+1) 2] 

F/j 1 + 2>''··~1~+2) + ,>4r, .. ru+,»~ 
1 - 2 31, N+2J + 1 4!;, ~~+1)] 

/3/ 

/4/ 

The parameters of interest are the fragment kin~tic energy 

T=~AV2 /5/ 

the velocity imparted to the progenitor of the fr~gment 

•• = ,,jp.. /6/ 
e.rld the average momentum !!:!parted to tlll!e struck nuclei in the beam 

direction 
/7/ 

These kinematic parameters were obtained from experimental dR.ta using 

Eqs./1/ and /2/ ~or N=1, -.;he range-energy tables of Northcliffe and 

Schilling (21] and relationships derived by '1/inaberg [22] from expe

rimental stopning powers. The results for 24Na and 28Mg fragments are 

summarized in Table 2 and 3, respectively. The appropriate range-mrtss 

target relationships in the form 

/8/ 

obtained by means of the LSQ fitting procedure are displayed in Table 4. 

4. Discussion 

The dependence of the fragment kinetic energy on the fractional 

mass ~oss, 4A/AT' 4 A being the mass diffl!'!rence between target and 

product, is displayed in Fig.-;.. Cumming and ESchmann [23] and V/inabert; 

[24] have systemized th~ kinetic l!'!nergies of spallation products on 

the basis of assumptions related to the random nature of individual 

steps. They have shown that kinetic energies should increase linearly 

with .6, A/AT. As can be seen from Fig.3, the expected linear dependence 

in both interactions is valid up to A. A/AT~ 0.8 • Next, a sharp in

crease of kinetic energies of both fragments emitted from lighter tar

get nuclei in both interactions is clearly evident. This effect may 

be caused by a changi. in rt!'action mechanism: a clustering o:f nucleons 

into intermediate mass fragments in the vicinity of a liquid-gas 

transition critical point [?5]. 

In Fig.4 we display the dependences of velocity of remnants &.~?0 /c 
for proton and 12C-ion induced reactions on fractional mass loss. 

Taking into account that apnropriate forward momenta of remnants ~~T 

are proportional to th~ e~citation energies and, consequently, to the 
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Fig.3. Dependence of the mean fragment kinetic energy T 

on .fractional mass loss A A/AT in reactions indu

ced by 3.65 AGeV ~ 2C-ions and 3.65 GeV protons. 

The straight lines show the general behavior of 

the experimental points. 

mass loss, lb11 values should increase with ,4A/AT. However, no increase 

frora Fig.4 can be seen: the values o:t r., 11 vary slowly with fractional 

maas loss without any discernible systematics trends. Nevertheless, 

the similarity of both ~.values for both projectiles do not contradict 

the factorization hypothesis [26]. 

In Fig.5 we compare the values of ~u deduced from the present re

coil data for 3.65 AGeV 12C-ions with those obtained previously at 

,.54 AGeV , 2c proj~ctiles(5]. Finally, in Fig.b and 7 we ahow theTa-
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Fig.4. Dependence of velocity ~. on rractional mass los8 

JJ.A/AT in reactions induced by 3.65 AGeV '1 20-ione 

/open points/ and 3.65 GeV protons /full points/. 
The appropriate curves are drawn to guide the eye. 

riation of velocities with inci0ent proton energy for copper, silver 
and gold target nuclei and both emitted fragment, 24Na and 28r-1Jg, re!l

pectively. The curves are drawn to guide the eye. It is seen that 
except for the point at 3 GeV for 197Au target nuclei general trends 

of data follow the limiting fragmentation (2~. 
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5. Conclusions 
The r-ecoil p-ropi!Tties Of 24Na and 28Mg intermediate fragments pro

duced in the interaction of various target nuclei with 3.65 AGeY 12c 
ions and 3.65 GeV protons have been systemized by means of the two-
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Fig.b. Variation of &. with incident proton ene-rgy :for 

copper, silver and ·gold target nuclei and emitted 

fragment of 24Na: o - ~resent results; 
• - Kaufmann et al. [3]; • - Crespo et al. [1); 
• - Cumming et al. [4a]; • - cumming et al. [4b]; 

c - Cole and Porile [5]. The curves show the 

general behavior of the data. 

step vector velocity model. Kinematic parameters, such as mean ~rag
ment kinetic energies and velocities of sppropriate remnants have been 

deduced and compared for both interactions and other available data. 
as well. The applicability of kinematic parameters to test the hYPo
theses of :factorization and limiting fragmentation has also been de
!DOnstra.ted. 
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