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1. Introduction 

The abundant deuteron yield induced by high energy particles 
/1-9/ from nuclei has received considerable attention. The experi
ments carried out with proton beams impinging on light and medium 
nuclear target {from Be to Ft)/1- 3/ showed a weak dependence of 
the deuteron-to-proton ratio on the projectile momentum and its re
gular increase with target mass number. The results could not be ex
plained by the statistical model 151• But they were described satis
factorily by the coalescence model13•51. The coalescence model was 

also applied to nuclear collisions in order to explain the light frag-
ment production/6- 91 • 

It should be noted that all the quoted experiments were per
formed with counter technique. So, in the measurements of the frag
ment production erose sections they are constrained to a given angle. 
Moreover, in such an arrangement it is impossible to identify the 
reaction end to study the correlation between the secondary particles. 

OWing to nuclei accelerated up to relativistic energies at 
the Dubna eynchrophaeotron, the unique chance appeared to investi~te 
nuclear fragmentation processes. The charged fragments with relati
vely high momenta produced in nucleus-proton collisions, for example, 
in a hydro~n bubble chamber, allow one to reconstruct the full pic-

ture of reactions in most cases. 

2. Experimental Results and Discussion 

The 1m hydrogen bubble chamber wee exposed to a 4He beam at a 
8.6 GeV/c momentum. Different reactions were inveeti~ted. In parti
cular, erose sections of deuteron production and deuteron momentum 
dietributions/ 10/ were measured at a 8.6 GeV/c 4He momentum. Later 
on all the experimental quantities are considered in the 4He pro
jectile rest frame. The deuterons are proved to be predominantly re
sidual ones, i.e.,they have spectator-like characteristics. They are 
distributed almost isotropically, and a typical maximum is seen near 
a value of 120 MeV/c in their momentum spectrum. On the other hand, 
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a significant pert of the produced deuterons is evidently of a non
spectator nature. To explain their origin is the main subject of the 
analysis carried out in this paper. 

If one comes to nothing more then 
rona ere supplied only by the following 

p4He~ ddp 

p4He-+ dppn 

pionlesa reactions, deute
two channels: 

(407 events), 

(2783 events). 

( 1) 

(2) 

Both reactions are constrained kinematically. The reaction (1) is 
notable for the usual presence of one spectetor-deuteron.This is 
easy to see from fig. 1, where the slower deuteron momentum end en
gular distributions of the slower deuteron ere displayed in the pro
jectile rest frame. The other (feat) deuteron end the leading proton 
form a pair that is governed naturally by the quasi two-particle ki
nematics. For example, the points corresponding to the leading pro
ton end the fast deuteron of the reaction (1) ere located near the 
curve representing the pd elastic scattering kinematics on two-di
mensional momentum versus polar angle plot. This proof is insuffi
cient to make the quasi-elastic knock-out responsible for the fast 
deuteron production. On the contrary, the elope of the differential 
cross section do-/dt .v i.o#/ of the reaction (1), fitted over a 
range of (0.0, 0.3) (GeV/c) 2 , turned out to be too small (b•7.0! 
0.1 (GeV/c)-2) in comparison with the slope of pd elastic scatter
ing (b•22.4 ! 0.1 (GeV/c)-2 )* and to be close to the value, charac
teristic for NN elastic scattering. These facts speak in favour of 
the deuteron formation in the course of the reaction. As far as the 
reaction (2) is concerned, it is shown that the events with rela
tively small deuteron momenta ( lh < 0.1 GeV/c) proceed via the doub
le scattering of the leading proton on the 4He nucleus. In this case 
the residual deuteron is a epectetor'111. Taking this result as 
a starting-point and assuming that the deuteron is formed from a 
(p, n) pair by means of the final state interaction, one can propose 
a number of simple diagrams to describe the deuteron production 
(fig. 2). The charge exchange channel (623 events with leading neut
ron) is excluded from the present analysis. Methodical cute were app
lied to reject the eveDts, in which, by mistake, the concurrent hy
pothesis was chosen, as proton-deuteron ambiguity cannot be resol
ved uniquely on the basis of ionization losses. As a consequence of 
the latter feet, 212 events were discarded. So, 1948 charge reten-

*) This value was obtained from the 1m HBC date taken at a 
3.3 GeV/c deuteron momentum. 
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Fig. 1. Momentum (a) and angular (b) distributions of the slow deu
teron from the p4He~pdd reaction. 

N 

. --re::: :. ~ ~ 4Ho.~ds • 

• 
. 

~~~PI P Nl 

•• 'Ho N
1 

d 

c N, 

i: 

! ro 
50 

G.2 

(a) 

04 0.6 0.8 
P[GoV/cl 

Fig. 2. Diagrams of pionless 

reactions with deuteron production 

in double scattering processes 
---.1:'-D---..l l... •• .L.L.- , --~"-- ---.L.--
U\A..L.&.U.&. ......... UJ "'"""" .4-V.,.._...&.••Q t'.&.vv...,•<>e 

ci 

' z 

·t 

(b) 

0. •1. 
t051 

Fig. 3. Momentum (a) end angular (b) distributions of the slow nuc
leons from the p4He~pdpn reaction containing a fast deu

teron. 
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tion events were used in the analysis of the p4He~pdpn reaction. 
The leading proton on the diagrams in fig. 2 is denoted by . " f . Diagram a) represents the double scattering undergone by the 

leading proton and a residual deuteron; diagram b) corresponds to 
the final state interaction between recoil and spectator nucleons 
to give rise to the deuteron; diagram c) is the analogue of the pre
vious case but two recoil nucleonsstick together. The last diagram 
d) describes the p4He~ pdd reaction. Diagrams with the leading deu
teron are not presented because no such events were found. 

The comparison of the diagrams a), b) and c) in fig. 2 leads 
to the following results: the fastest deuteron is expected in the 
case c) and the slowest one in the case a). For convenience the 
momenta of secondary particles of the p4He~pdpn reaction were put 
in the descending order. So, subscript 1 corresponds to the leading 
particle. The statistics was divided into three groups in accordance 
with the deuteron position on the momentum ladder. Table 1 does not 
contain any column with leading deuteron for the reason mentioned 
above. 

Table 1. Average momenta and forward-backward asymmetries 
for secondary particles in the p4He~pdpn reac
tion. The chamber analyzing power is taken as an 
error of the average momenta. 

~ 2 3 4 e 
lt 

t 

1 1.916:!: 0.015 1.826 :!: 0.015 1.733:!: 0.015 
1.00 :!: 0.09 1.000 :!: 0.062 1.00 :!: 0.042 

I 0.536 : 0.01~ I 0.616 :!: 0.015 0.679 :!: 0.015 2 
0.828 :!: 0.057 0.895 :!: 0.040 o. 717 - 0.078 

3 
0.316 :!: 0.015 t0.295 ~ 0.0151 0.386 :!: 0.015 
0.281 :!: 0.066 0.268 - 0.045 o. 327 :!: 0.031 

0.165 :!: 0.015 0.162 :!: 0.015 I 0.163 ! o.o1;J 
0.101 :!: o.064 0.126 :!: 0.044 0.136 :!: 0.030 

Number of 250 530 1168 
events 

--

I 

All squares of table 1 comprise of two values: the upper and 
lower ones which are the average momentum in GeV/c and forward-back-
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ward asymmetry, respectively. To stress the deuteron quantities, the 
corresponding squares are marked. The characteristics of the slowest 
deuteron (subscript 4) coincide with those of the eaTlier published 
data at a dr-t,'"eron momentum below 0.7 GeV/c/11 / (diagram a) in 

fig. 2). 
Now another extreme case of the p4He~pdpn reaction will be 

studied, namely that with s fast deuteron. Here the deuteron follows 
immediately the leading proton on the momentum ladder (subscript 2). 
In this case the expected predominance of the diagram c) in fig. 2 
would result in a spectator-like distribution for slow nucleons 
labelled 3 and 4. The deuteron distributions should be similar to 
those of the fast deuteron from the "Fmpplementary"p4He~ pdd reac

tion. 
Figure 3 displays the momentum and solid angle distributions 

of the two slow nucleons from the p4He~pdpn reaction (deuteron 
subscript 2). One can see that the momentum distribution is a typi
cal spectator-like orte and the nucleons 3~e distributed almost iso
trppically. The deuteron momentum and polar angle distributions for 
tha above class of events are presented in fig. 4 a) and b), res
pectively. The distributions of the fast deuteron from the p4He_.pdd 
reaction are displayed as well. The histograms are normalized to the 
same amount of events. It is easy to note that both events are in 

.. _ .".- 1- '"L··- ..1-1-- t..~.--.&.\... __ _._ ,..~ .... ~ ...... , ........ ,,. hn+taao,... +ha. ~iat'P',.-.am 
~uvu ett:;.~ocu.u.Q-..&ve .I.L.&lA.Df ........... •"'JtJ~ ............ .- ..... ..... _ ---'1. ..... __ "' --~··--·· ----
c) in fig. 2 and the studied process can be considered to be proved. 

The diagram b) in fig. 2 and the third column of table 1 cor
respond to an interim case when the recoil and spectator nucleons 
coalesce to form a deuteron by means of the final state interaction. 
The 4He full break-up reaction is the supplemental channel in this 
case. However, the kinematics of the full break-up cannot be repro
duced completely. For that very reason we compare only the p4He~ pdd 
and p4He~pdpn reactions with one fast deuteron. Of course, the 
scheme under study is idealized to some extent. There exist areas 
where the diagrams overlap. Other diagrams, e.g.,diagrams with sing
le scattering suffered by the leading particle (fig. 5), can contri

bute. 
Azimuthal correlation results, however, show evidence for a 

small probability of these processes in the p4He~pdpn reaction. 
Table 2 lists the asymmetries around 90° in the relative azimuthal 
angle distribution of secondary particles which are paired after put
ting their momenta in the descending order. The combinations contai
ning a deuteron are marked again. 
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Fig, 4. Momentum (a) and angular (b) distributions of the fast 
deuterons from the p4He-pdd (full line) and p4He-pdpn 
(dashed line) reactions. 
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Fig. 5. Examples of the diagrams 
.describing deuteron production in 

simple scattering processes suffered 
by the leading proton. 
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Fig, 6. Momentum (a) and angular (b) distributional the full linea 
denote tha distributions of the fast deuteron from p4He~pdd 
and those of the total momenta of the recoil proton-neut
ron pairs from p4He~pd6pn joined together; in the latter 
reaction d

6 
denotes spectator deuteron, The dashed linea 

represent the distributions of the total momentum of the two 
recoil nucleons from the Monte-Carlo sample. 
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Table 2. Asymmetries in the relative azimuthal angles of 
the pairs of secondary particles 

Deuteron 
eubecrip· 

Pairs I 2 
of 
particles 

(1,2) • 11 ! 0,086 
(1,.3) 0.426 :!; 0,069 
(1,4) 0.224 :!; 0,065 

(2,.3) 
(2 ,4) 
(.3,4) 

.3 

0.918 :!; 0,059 
I O,J84 ! 0,047( 

0.147 ! 0.044 

1 o.06J ! o.o44l 
0.052 :!; 0,044 

l-0.025 ! 0.0441 

4 

0,88.3 :!; 0,0)9 
0.45.3 :!; 0.0.32 

lo.048 ± o.o29l 

0.029 :!; 0,029 

1
0.094 ~ 0,0)0] 
0,088 - O,OJO 

The azimuthal asymmetries of pairs involving the leading par
ticle (subscript 1) are presented in the upper half of the table. 
Large values of the asymmetries reflect the kinematics of the pro
ceases in transversal momentum apace, The weaker correlation bet
ween the deuteron and leading proton, the lower deuteron momentum 
ie observed. The same property can be also found in table 1. 

As seen from the lower part of table 2, weak correlations are 
ooeervea in ~ne re~a~~ve az~mu~na~ ang~ee oe~ween r.ne par~~c~ee ~.J 
and 4. This fact does not contradict the mechanism presented by the 
diagrams in fig. 2 (a,b,c) where these particles come from different 
vertices or they are spectators (diagram 2c). The characteristics of 
the fast deuterons from the "quasi-two-body" p4He~dd and p4He-pdpn 
processes are compared above. The data are in good agreement. 

Now we are going to examine the p4He~pa8pn and p4He---.pdd re
actions in common, both having a spectator deuteron. The correspond
ing diagrams are presented in fig. 2 a) and d), Evident concurrency 
is expected between these reactions under the assumption that the 
deuteron formation proceeds via the final state interaction of lhe 
two recoil nucleons which in turn QOme from the double scattering 
suffered by the leading proton. 

To teet this hypothesis, the double scattering process was 
generated using the Monte-Carlo method. The Baseel-Wilkin wave func
tion was used to obtain the Fermi momentum distributions of nucleons 
in the 4He nucleus. The energy conservation law was applied to de
termi~e the mass of off-mass-shell nucleons. In this case the deute
ron was supposed to be on-mass-shell. The elope of the elastic nuc
leon-nucleon differential erose section was used in the generation 
process, 
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The modulus and angular distributions of the total momentum 
of the two recoil nucleons from the generated sample (JOOO events) 
are compared with the-experimental ones. They are presented by the 
same distributions of the recoil proton-neutron pair and by the 
corresponding distributions of the fast deuteron, taken as a whole, 
from the p4He~pd8 pn and p4He~pdd reactions, respectively. 

The results of the previous comparison are given in fig. 6. 
The agreement between the generated and experimental results confirms 
the proposed reaction mechanism.So, the generated sample can be com
pared separately with any of the reactions under study in order to 
understand a qualitative picture of the deuteron formation process. 

The modulus and angular distributions of the fast deuteron mo
mentum from the p~e~pdd reaction and the total momentum of the 
recoil nucleon pair from p4He~pd8pn are compared in fig. 7. Both 
distributions are normalized to the same amount of events for vi
sualization. 

The figure shows that deuterons are formed from those nucleon 
pairs which have not too large total momenta and relatively large 
polar angles. Such a correlation shows an evidence in favour of the 
proposed mechanism for fast deuteron formation from recoil nucleons 
because it corresponds to the kinematics of quasi-elastic scattering. 

The difference of two momentum vectors is referred to as a re
lative momentum for tne rest. Tne re~attve momentum ano re~atlve 
angular distributions of the recoil proton and neutron and the same 
distributions for the recoil nucleons are demonstrated in fig. 8 
from the p4He.....;;. pd

8
pn reaction and from the Monte-Carlo generated 

sample, respectively. The different characters of the relative mo
mentum distributions show evidence in favour of coalescence. As a 
consequence, the nucleon pairs with small relative momenta leave for 
the concurrent p4He~pdd reaction. Since the relative angular dist
ributions are identical, there is no clear sign for the presence of 
some angular correlations caused by nucleon coalescence. This last 
result argues in favour of a random nature of the nucleon coales
cence·mechanism, and the temperature seems to be the principal para
meter determining it. 

Conclusion 

The distinguishing features of feet deuteron formation in the 
p4He~pdd end p4He~pdpn reactions have been studied. Concretely, 
the momentum and angular distributions of fast deuterons are compa
red with each other and both of them ere confronted with the results 
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Fig. 7. Momentum (e) and angular (b) distributions: the full lines 
refer to the fast deuteron from p4He~pdd and the dashed 
lines ere for the total quantities of the slow proton-neut
ron pair from p4He-.-pdspn, where in the last case only the 
events containing spectator deuterons are considered. 
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lines correspond to the recoil nucleons from the Monte-Carlo 
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of the Monte-Carlo sample generated in the framework of a simple 
multiple scattering model. All these facta lead to the conclusion 
that the bulk of nonspectator deuterons is formed by nucleon coales
cence via final state interaction. This ~oalescence process is of 
a random natura, and it is determined mainly by the proton and neut
ron relative momenta. 
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npHHHMaeTCA OOAnHCKa Ha npenpHHTW H C006~eHHR 06DeAHHeHHOrO HHCT~TyTa 
RAepH~X HCCneAOBaHHH. 

YcTaHoeneHa cneAY~~aR CTOMMOCTb nDAnHCKH Ha 12 MecR~ee Ha H3AaHHR OHRH, 
BK~4afi nepeC~flKY, 00 OTAeflbHWM TeMaT~4eCKHM KaTeropHRM! 

HH,!lEKC TEHATi'IKA 

1. 3KcnepHMeHTanbHaA ~H3HKa BWCOKHX 3HeprHH 

2. TeopeTH4eCKaR ~H3HKa BWCOKHX 3HeprHH 

3. 3KcnepHMeHTaflbHaR HeHTpOHHaR $H3HKa 

q. TeopeTH4ecKaR ~H3HKa HH3KHX 3HeprHH 

5. MaTeMan1Ka 

6. ~AepHaR cneKTpOCKOOHR H paAHOXHMHR 

7. ~H3HKa TR*eflWX HOHOB 

8. KpHoreHHKa 

9. YcKOPHTenH 

UeHa noAnHCKH 
Ha rOA 

10 p, 80 Kon. 

17 p, 80 Kon. 

q p. 80 Kon. 

8 p, 80 KOn. 

q p, 80 Kon. 

q p, 80 KOn, 

2 p. 85 Kon. 

~ p. 85 Kon. 

7 p, 80 Kon. 

10. ABTOMaTHaa~HR o6pa6oTKH 3KcnepHMeHTanb~X 
AaHHWX 7 p. Ba Kon. 

11. Bw4HCflHTenbHaA MaTeMaTHKa H TexHHKa 

12. XHMHA 

13. TexHHKa ~H3H4ecKoro 3KcnepHMeHTa 

14. HccneAOBaHHR TBePAWX Ten H *HAKOCTeH 
~AePHWMH MeTo~aMH 

15. 

16. 

17. 

3KcnepHMeHranbHaR ~H3HKa R~epHWX peaK~HH 
npH HH3KHX 3HeprHRX 

~03HMeTpHR H ~H3HKa 3a~HT~ 

leopHR KOHAeHCHpOBaHHOrO COCTORHHR 

t8. Hcnonb30BaHHe peaynbraroe H MeTo~oe 
~yH~aMeHTanbHWX ~H3H4eCKHX HCCneAOBaHHH 
B CMe~H~X ofinaCTRX HayKH H TeXHHKH 

19. 611o4>113HKa 

6 p. Bo ><on. 

p, 70 KOn, 

8 p, 80 KOn, 

1 p, 70 KOn, 

p, 50 KOn. 

p, 91! KOn. 

6 p. 80 KOn, 

p, 35 KOn. 

1 p, 20 KOn. 

noAnHCKa MO~eT 6~Tb Q¢opMneHa C n~6oro MeCR~a TeKy~ero rOAa. 

no seeM eonpocaM o$opMneHHR noAnHCKH cneAyer o6pa~aTbCR e H3AarenbCKH~ 
OTAen OHRH no aApecy: 101000 MocKsa, rnasno~TaMnT, n/A 79. 

rnaroneB B,B. HAP· El-86-78 
Oco6eHHOCTH o6pasoBaHHH AefiTpOHOB B 4Hep-BsaHMOAefiCTBHHX 

HccneAOBaJJHCb oco6eHHOCTH BblXOAa GbiCTpbJX AefiTpOHOB Bo 
B3aHMOAeHCTBHHX HAep 4ne C npOTOHaMH npH HMnynbCe 8,6 rsB/c, 
3KcnepHMeHT BbmonHeH Ha I 00-cM BOAOPOAHOH nysblpbKOBOH KaMepe 
ORHH. CpaBHeHHe xapaKTepHCTHK peaKQHH 4nep ~ ddp H4nep ~ dppn 
Me*AY co6ofi, a TaK*e c pesynbTaTaMH pac~eTOB MoHTe-Kapno no 
MOAeJJH ABYXKpaTHOrO pacceHHHH fiOKa3aJJO, ~TO OCHOBHaH ~aCTb 
HecneKTaTOpHblX AeHTPOHOB o6pasyeTCH nyTeM CnHnaHHH npH B3aH
MOAeHCTBHH B KOHe~HOM COCTOHHHH, llpOQeCC CnHnaHHH HOCHT CTO
XaCTH~eCKHH xapaKTep H 3aBHCHT, rnaBHbM o6pa30M, OT OTHOCH
TeJlbHOro HMTIYllbCa npOTOHa H HeHTpOHa, 

Pa6oTa BbmonHeHa B lla6opaTOPHH BbiCOKHX sHeprHfi ORHH. 
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Glagolev V.V. et al. 
Pecyliarities of Deuteron Production 
in ~e-Proton Interactions 
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Som~ features of fast deuteron production have been stu
died in ~e nucleus-proton collisions at 8.6 GeV/c. The expe
riment has been carried o~t by means of ?. 1 m hydrogen bubble 
chamber at the JINR. The Hep ~ ddp and ~ep + dppn reactions 
are compared with one another and also with theresults obtai
ned from the Monte-Carlo procedure based on a double scatte
ring model. The comparisons show evidence that a great bulk 
of nonspectator deuterons is formed by the coalescence mecha
nism via the final state interaction. The coalescence process 
is of a random nature and depends mainly on the proton and 
neutron relative momenta. 

The investigation has been performed at the Laboratory 
of High Energies, JINR. 
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