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Exclusive-type experimental data on the emission of projectile helium fragments from the interactions
of Fe nuclei in the emulsion at 1.88M GeV (the dependence of angular distribution and mean multipli-

city on the number of shower particles) are presented and discussed. The angular distribution is inter-
preted by simple superposition of well-known processes without assuming the existence of fireballs. In
this paper, we present an interpretation on production of He fragments: A He fragment is produced in

a pickup process of a p-n pair by scattered p-n pair, and a He fragment is produced by recombining a
p-n pair and a proton that are scattered into small phase volume.

I. INTRODUCTION

Recently, much experimental effort has been devoted
towards the investigation of relativistic nucleus-nucleus
collisions with particular interest in the new collective
phenomena, such as collective Aow and phase transition,
due to highly compressed nuclear matter [1—9]. Al-
though a considerable amount of data [9—13] have re-
sulted from the investigations, most of them could have
no relation with the expected new phenomena because
they were interpreted well simply in terms of a superposi-
tion of known proton-proton and/or proton-nucleus in-
teractions. Possible indications of the interesting phe-
nomena are, therefore, distinguished only by discriminat-
ing authentically collective processes from known ordi-
nary process.

It seems that highly collective phenomena possibly ap-
pear in the collision of relativistic nucleus. In the emul-
sion experiments [14—19], which investigated the gross
features of a fragment emission in the collision of heavy
nuclei at the incident energy of the GeV/nucleon region,
it has been commonly reported that the angular distribu-
tion of a fragments is reasonably fitted with a superposi-
tion of two functions derived from moving Boltzmann
distributions. This fact has been interpreted as the result
of a fragment emission from two kinds of thermodynam-
ic sources, namely, hot and cool fireballs. The formation
of cool fireball is probably understood by mechanisms
similar to those at play in proton-nucleus interactions but
that of hot fireball may be caused by highly collective and
correlative mechanisms as pointed out by Baumgardt
et al. [15].

It should be, however, noticed that there exists emis-
sion of helium fragments through a nonthermodynamic
process (NTD) which consists of a few steps of ordinary
interactions. In the collisions of light nuclei like He, for
example, helium fragments are emitted only through

NTD because the number of nucleons involved in the col-
lision system is too small to form a fireball state. In the
collisions of heavy nuclei, the NTD is obviously never
prohibited. On the contrary, it is uncertain whether or
not the number of involved nucleons is enough to form
thermal equilibrium. This means that the hypothesis of
fireballs is not necessarily realistic even in the fragmenta-
tion of heavy nuclei. It is, therefore, interesting to inves-
tigate the contribution of NTD in the emission of helium
fragments.

For this investigation, we can refer to the experimental
data [19—22] on collision of light nuclei. Glagolev et al.
investigated both elastic and inelastic interactions of He
nuclei with hydrogen target at an incident momentum of
8.56 GeV/c by 1-m bubble chamber at Dubna, and they
presented the differential cross sections of various pro-
cesses as functions of four-momentum transfer. Bizard
et a/. reported the data on angular dependence of He
production in the collisions of He with proton at 6.85
GeV/c incident momentum using an achromatic double-
focusing spectrometer at Saclay. The characteristic prop-
erties of NTD are expected to appear in these data.

In this article, we present exclusive-type data of emul-
sion experiments. In Sec. II, experimental procedures are
described. Angular and multiplicity distributions of heli-
um fragments are presented in Sec. III. In Sec. IV, the
observed data are compared with those presented by
Glagolev et al. [19] and Bizard et al. [21]. On the basis
of the comparison, the contribution of NTD is estimated
and the detailed mechanisms of NTD are also discussed.

II. EXPERIMENTAL PROCEDURES

Emulsion stacks were exposed to 1.883-GeV Fe ions
from BEVALAC at Lawrence Berkeley Laboratory (LBL
766-H experiment). Each stack was composed of 60
sheets of Fuji ET-7B emulsion pellicle which were
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prepared at Kobe University. The size of the pellicle is
2X10X0.06 cm . The Fe beam was injected parallel to a
2-cm edge of pellicle with the density of about 3X10
ion/cm . After the beam exposure, five successive pelli-
cles were stuck on the same backing Lucite plate con-
necting together at 10-cm edge and were processed. By
this processing method, it was attained to reduce the re-
gions to be excluded in data analysis due to edge distor-
tion. Fiducial cuts were set at 1.5 mm from both
upstream and downstream edges, 10 mm from side edge,
and 10 pm from pellicle surface. The energy of incident
Fe ion spreads down to 1.68M GeV by ionization loss in
the fiducial volume.

Secondary charged particles emerging from observed
interactions were classified into the following four
groups: (1) Shower particles. The particles which have
track with I /Io ~ 1.4 where I and Io are the grain densi-
ty of the concerned track and that of the singly charged
plateau ionizing track, respectively. These particles are
considered to be leading protons and secondary charged
mesons. (2) Projectile helium fragments. The particles
having track with 3.5 ~ I/Io ~ 4. 5 and 8~0. 1 rad, where
0 is the emission angle referred to the incident beam
track. (3) Projectile heavy fragments. The particles hav-
ing track with I/Io)4. 5, and 8~0. 1 rad. (4) Target
fragments. The particles having track with I/Io) 1.4,
and 0)0. 1 rad.

The statistical error of I/Io for a projectile helium
fragment is 5.7% since the grain density has been mea-
sured over 300 pm. Accordingly, the missing probability
of a projectile helium fragment due to this error is less
than 3%%uo. The misidentification probability of a slow pro-
ton, deuteron, triton, or pion as a projectile helium frag-
ment is negligible because of the restriction of emission
angle and ionization density.

For each event, the emission angles of helium frag-

ments (0 ), azimuthal angle of helium fragments referred
to the emulsion surface ((t ), the multiplicity of helium
fragments (N ), that of shower particles (n, ), that of pro-
jectile heavy fragments (Nf ), and that of target fragments
(Nh ) were recorded.

0 of a fragment was calculated from the relative posi-
tion of a point on the beam track, that on the fragment
track, and that of the interaction vertex. For this mea-
surement, semiautomatic systems of three coordinate di-
gitized Nikon OPTIPHOTO microscopes with 2-pm
read-out accuracy were used. In order to eliminate
efFects due to warping of the pellicle in stack and distor-
tion in the processed emulsion, calculated values were
corrected using the curvature of the nearby Fe beam
track. The averaged accuracy of the corrected angular
data is about 2 mrad and comparable to the beam diver-
gence.

III. RESULTS

Out of 1783 minimum biased events obtained by along
the track scanning, 1650 events located in the fiducial
volume are selected for this analysis. The number of
events with at least one helium fragment is 1297 and the
total number of analyzed projectile helium fragments is
3030.

The number of events with each n„XI, , N, and Nf
are listed in Table I. The average values of these multi-
plicities are 12.75, 11.44, 1.84, and 1.84, respectively. In
the X& distribution, one can observe three humps with
peak at Xh =0, 4, and 20—25. This structure is con-
sidered to be caused by the target species.

Figure 1 shows the diAerential angular distribution
(dN/d8 ) of all projectile helium fragments. The distri-
bution can be fitted to a superposition of two exponential
functions. The best-fitted functions are illustrated by

TABLE I. Number of events with each n„N&, N, and Nf .. (n, ) =12.75, (N„) =11.44, (N ) =1.84, and (Nf) =0.90.

0
1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

No. of
events

19
24
51
53
73

105
93
88
98
78
83
86
75
67
66
52
57
47
53

n,

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

No. of
events

50
46
35
43
39
24
30
11
23
19
13
4
4
5
7
6
5
2
1

n,

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

No. of
events

0
1

2
3

4
5

6
7
8

9
10
11
12
13
14
15

No. of
events

192
97
64

120
133
107
99
61
41
35
24
23
24
26
34
26

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

No. of
events

26
26
42
39
25
24
37
30
38
35
32
16
19
24
20
20

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

No. of
events

14
15
10
16
7

10
9
2
2
4
0
0
1

0
0

No. of
events

353
452
349
254
145
60
23
0
0
1

Nf
No. of
events

424
991
220

14
0
0
1
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dashed and dotted lines in Fig. 1(a). The g /(degree of
freedom) for this fitting is 27.52/15. The slope parame-
ters of the fitted functions are (11.4+0.7) X 10 and
(1.7+0.5 ) X 10, respectively. This result is consistent
with those obtained by early experiments [14—18].

The shape of dN/d8 depends on shower particle mul-
tiplicity (n, ). The distribution for events classified with

n, is presented in Fig. 2; steep component decreases with

n, . The lines in the figure will be described in the next
section.

The number of events with n, and X are listed in
Table II. The relation between mean multiplicity of pro-
jectile helium fragments ( ( N~ ) ) and multiplicity of
shower particles (n, ) is shown in Fig. 3. The lines in the
figure are also described in the next section.

IV. DISCUSSION

A. Angular distribution

As shown in Fig. 1(a), the differential angular distribu-
tion of all projectile helium fragments can be fitted with a
superposition of two exponential functions. This fact
seems to support the hypotheses of the "two fireball mod-
el" [14—16]. 1t should be, however, noticed that this dis-
tribution can be interpreted as the result of NTD.

The emission of helium fragment in the collisions of
He with hydrogen target is expected to be pure NTD be-

cause the number of nucleons involved in the collision
system is too small to form a fireball state. Consequently,
experimental data on such collisions permit us to find
characteristic properties of NTD. As mentioned in Sec.
I, a typical example of such experimental data has been
reported by Glagolev et al. [19]. They presented
differential cross sections of processes. (a)
He+@~ He+p, (b) He+@~ He+N+vr, (c)
He+p —+ He(spectator)+p +n, (d) He+p —+ He
+N(spectator) +N, as functions of four-momentum
transfer, t or u, at a He incident momentum of 8.56
GeV/c. They fitted their experimental points with ex-
ponential functions. The results of the fitting are summa-
rized in Table III.

Concerning the emission of He fragments in the col-
lision of heavy nucleus, the processes similar to (a) and (b)
probably take place. The former process is, however,
suppressed because of low momentum transfer to the
fragment Ex.perimental data in Ref. [19] indicate that
less than 0.1% of scattered "He can get kinetic energy
higher than 7 MeV/nucleon at the projectile rest frame.
Most of the fragments scattered through the former pro-
cess are, therefore, considered to be trapped by residual
nucleus. On the other hand, there is no such suppression
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FIG. I. Comparison of two kinds of fitting to the angular distribution. (a) Fireball fitting: Solid line is the best-fitted line with two
exponential functions. The y /(degree of freedom) for this fitting is 27.52/15. The slope parameters of the fitted functions are
(11.4+0.7}X 10 and (1.7+0.5}X 10 . Each parameter corresponds to dotted and dashed line. (b) NTD fitting: Solid line is the best
fit due to the linear combination of Eqs. (2) and (4) (see text). Dashed and dotted lines illustrate He and He components, respective-
ly. The y /(degree of freedom) for this fitting is 32.25/17.
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due to the momentum transfer in the latter process. Ac-
cordingly, it is reasonable to assume that the inelastic
scattering similar to the process (b) is the dominant NTD
for formation of He fragments in high-energy heavy nu-
cleus collisions.

Using the data listed in Table III, the differential fre-
quencies of emitting He (dN~ldt) through this NTD are
represented by the form

dX4
o- exp(11 4t) . .

In the case of this study, four-momentum transfer is ap-

dN4
=(1289)~~exp( —12898 ),

dO
(2)

where ~4 is the total number of He.
The processes similar to (c) and (d) possibly contribute

to the emission of He in the collisions of heavy nucleus.
It is, however, obvious that the former process is strongly
suppressed because the transferred energy to the formed

proximated by —p 0, where p is the momentum of the
produced He and is nearly equal to 10.6 GeV/c, so that
we obtain the following expression for angular distribu-
tion of He:
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FIG. 2. Angular distributions for events classified with n, : (a) n, &7, (b) 5~n, &9, (c) 7+n, ~11, (d) 9~n, &13, {e) 11~n, &15, (f)
13 ~ n, & 18, (g) 16~ n, & 22, (h) 20 ~ n, . Dashed and dotted lines illustrate He and "He components, respectively.



838 H. FUKSHIMA et al.

He is too low to eject it from the residual nucleus. The
latter process consists of two difterent reactions. One is
the coherent scattering of the three-nucleon system and
another is the incoherent scattering, such as recombina-
tion of a proton and a p-n pair after scattering indepen-
dently into small phase volume. The coherent scattering

is also strongly suppressed because the scattered system
scarcely gets enough momentum to leave the residual nu-
cleus. In addition to this, the scattered system should be
dissociated by the secondary scattering in the residual nu-
cleus because the binding energy of a nucleon in He is
less than one-half of that in the heavy nucleus. On the

ns /Xa

TABLE II. Number of events with n, and N .

8 9 Total (Xo.)

0
1

2
3
4
5
6
7
8

9
10
11
12
13
14
15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

6
8

17
7

15
21
18
24

8

12
8

11
5

8
2
3

9
5
5

11
5

13
13
13
13
4

14
13
10
3
3
4
7
5

5

2
1

1

3
2
1

2
1

1

10
12
24
28
27
30
30
25
23
19
27
20
14
13
15
6

13
12
13
14
14

8
12
12

5
8
3
6
3
2
1

1

1

2
3
4

12
16
30
22
16
23
19
19
15
20
16
15
17

13
10
10
13
11
7
9
8

3
8
2

3

3
5

11
16
13
14
18
12
14
17
12
11
17
13

8
8

16
7

13
8

7
4
2
1

2

1

1

1

3
3
6
5

17
10
7

11
13
11
10
7

11
8
6
4
3
3
2
1

19
24
51
53
73

105
93
88
98
78
83
86
75
67
66
52

57
47
53
50
46
35
43
39
24
30
11
23
19
13
4
4
5

7
6
5
2
1

1

3
2
1

2
2
I

0.89
0.92
1.08
1.34
1.49
1.70
1.69
1.60
2.47
2.10
2.17
2.51
2.69
2.49
2.70
2.71
2.18
2.32
2.26
1.64
1.89
1.80
1.37
1.28
0.92
0.90
1.18
0.61
0.47
0.38
0.25
0.25
0.20
0.00
0.17
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00
0.00

51 0.00

54

57
Total

1

353 452 349 254 145 60 23 13 0 1

1

1650
0.00
1.84
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FIG. 3. Relation between mean multiplicitly of projectile helium fragments ((N ) ) and multiplicity of shower particles (n, ).
Solid line represents the result of least-y~ fitting of observed (N ) with the function (14) (see text). The best values of g~ and g3 are
(6.19+Q.2Q})& 1Q and (2.24+Q. 14) X 1Q, respectively. Dotted and dashed lines represent He and He components, respectively.

TABLE III. Slope parameters of exponential function fitted
to t distribution (Ref. [19]), where t is the four-momentum
transfer between the incident and outgoing He.

Interaction

He+p ~ He+p
He+p~ He+N+~

Slope parameter (GeV/c)

27.4+ 1.5
11.4+1.9

other hand, the recombination process is less suppressed
though it is subject to the restriction of phase volume.
Thus, we may assume that the recombination of proton
and a p-n pair scattered into a small phase volume is the
favorite NTD for producing He in the collisions of
heavy nucleus.

The data presented in Ref. [19] are not enough to ob-
tain a reliable expression for angular distribution of He
formed through this NTD. But, we can refer to the data
reported by Bizard et al. [21]. They investigated the
angular distribution of the inclusive reaction
He+p ~ He+X with 6.85-GeV/c incident alphas. The

distribution is well fitted using a superposition of three
exponential functions with slope parameters 3831+581,
477+14, and 101+2.7. The functions are illustrated in
Fig. 4. It is reasonable to assume that the components
with these three slope parameters are produced through
stripping of a neutron, coherent scattering of a three-
nucleon system, and recombination of scattered p and p-n
pair, respectively. As mentioned above, the first and the
second components are strongly suppressed but the third

component is favored in the collisions of heavy nucleus.
Thus, we obtain the following expression for angular dis-
tribution of He formed through dominant NTD at in-
cident momentum of 6.85 GeV/c:

d%3 ~ exp( —1018 ) .
dO

(3)

Since the emission angle of projectile fragment is approxi-
mately proportional to the reciprocal of projectile
momentum, the expression for the distribution at in-
cident momentum of 10.6 GeV/c is given by

d&3
=(243)a3exp( —2438 ),

dO
(4)

where ~3 is the total number of He.
As shown in Fig. 1(b), our angular distribution is well

fitted with the superposition of (2) and (4). The dashed
and dotted lines in the figure illustrate He and "He com-
ponents, respectively. The y /(degree of freedom) for
this fitting is 32.15/17. This value is just the same as that
obtained by the fitting based on the assumption of the
two fireball model [solid line in Fig. 1(a)]. This result in-
dicates that the fragmentation of Fe nuclei is completely
explained by NTD. Formation of fireballs is, therefore,
nothing but one of the possible assumptions to interpret
the angular distributions.

In Figs. 2(a) —2(h), the results of least-y fitting of the
angular distributions with the superposition of (2) and (4)
for events classified with n, are presented, respectively.
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f04

i0

I I I I I I I I I I I ~ I ~ I I estimated before the advanced discussion on NTD.
Assuming that projectile helium fragments are emitted

via NTD, slope parameters B4 and B3 are, respectively,
related with the dispersions of distribution, 0.

4 and 0.3, by
the following formulas:

B4= —

2
and B3=1 1

204 20 3

g io~

'a
b

io'

where 83=(243) and 84(=1289) are slope parameters
obtained by He+p experiments. The dispersions of the
distribution should be larger due to the Fermi motion.
This effect may differ with the species of emitted parti-
cles. Therefore, we can represent the effect as follows:

&2 — 2 2tr4+ tJFf4

i00

where the second term of the right-hand side is the
correction term due to the Fermi motion. Using these re-
lations, we get the following expression for angular distri-
bution:

I

I I I I
I'

I I I I I I ~

0 0.01 0,08
I I I I

0.03 0,04

=tt4B4exp( —848 )+t~3exp( —838 ), (6)

FIG. 4. Cross section of the inclusive reaction
He+@ —+'He+X with 6.85-GeV/c incident alphas (data Bizard

et al. [21]). The data are fitted with three exponential functions
(see text).

The dashed and dotted lines in the figures represent He
and He components, respectively. The best values of x3
and ~4 for each event sample are listed in Table IV. The
ratio of He to He (R =x4/it3) vs n, is presented in Fig.
5 by open squares.

The Fermi motion is considered to have inhuence on
the angular distribution of emitted particles. Angular
distribution of projectile helium fragments is well
represented with a superposition of two Gaussian distri-
butions, and the Fermi motion mainly effects on the
width of the distribution. Therefore, the contribution of
the Fermi motion to the angular distribution should be

where B4 =1/204 and B3 =1/203.
As described in Sec. III, the N& distribution has three

humps. Events in the first hump are produced by hydro-
gen target. Events in the second hump are produced by
C, N, and 0 nuclei in the emulsion. And events in the
third hump are produced by Br, Ag, etc. The largest
effect of the Fermi motion is revealed for the heavier tar-
get. We may, therefore, estimate the effect by studying
the angular distribution of the events with large N&. For
events with XI, 9, the angular distribution is fitted with
the expression (6). The fitting result does not show any
meaningful diff'erence for any value of f4 and f3. We as-
sume, therefore, f4

=f3
= l. As the result, we get the

dispersion due to the Fermi motion, 0.F
=(7.1+3.2)X10 '.

Using this dispersion, we estimate the effect of the Fer-
mi motion on the n, dependence of the ratio of He to
He. The ratio is calculated on the assumption that all

events have this dispersion due to the Fermi motion. The
assumption is considered to lead the overestimation of

TABLE IV. Values of a3 and ~4 obtained from fitting the angular distribution dN/d 0
= tt3[243 exp( —2430') ]+a4[1289.3 exp{ —1289.39~)].

n,

Total

n, &7
5&n, &9

7&n, &11
9&n, &13
11&n, &15
13&n, &18
16&n, &22

20& n,

X /&DF

32.15/17

29.99/17
23.66/17
16.27/17
16.71/17
25.64/17
30.33/17
15.53/17
18.49/17

2143+58

556+26
623+29
607+29
605+29
558+30
440+29
275+24
134+19

K3

1014+50

69+14
116+18
143+20
184+22
236+25
315+28
345+27
245+23

(n, &

11.88

4.29
6.62
8.53

10.60
12.40
14.76
18.15
22.65
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the Fermi motion. The result is also shown in Fig. 5 by
open circles. The ratios are systematically different from
the ratios represented by open squares. They are, howev-
er, consistent within one standard deviation. And, it does
not give a serious effect on our final result.

coherent inelastic scattering of four-nucleon system ex-
pressed by

(pnpn ) +N +(—NNN JV) +N

B. Mean Multiplicity of helium fragment

The NTD discussed in Sec. IVA is considered to be
originated from secondary collisions between recoiled
target nucleons and residual projectile. The yields of
fragments are, consequently, dependent on the number of
recoiled nucleons (NT) and the thickness of residual pro-
jectile (D). The dependence is regulated by the detailed
mechanisms of the interaction processes. If the process is
composed of a single-step interaction, the yield should be
proportional to the number of recoiled nucleons and the
effective thickness of residual projectile. In the case of
successive two-step interaction, it should be proportional
to the number of recoiled nucleons and the square of the
effective thickness of the residue. And if the process is a
recombination of two particles which are independently
scattered into a small phase volume, it should be propor-
tional to the squared number of recoiled nucleons and
effective thickness of the residue.

The main formation process of He [the process similar
to (b) mentioned in Sec. IV A] is decomposed into several
different combinations of subprocesses. Among the pos-
sible combinations, the single-step interaction is (b-l)

4He+n,

where A' represents an excited state of a nucleon. This
process is, however, suppressed since the momentum
transfer is too low to eject the He from residual nucleus.

Possible two-step interactions are the following, (b-2)
and (b-3): (b-2) picking up of a p npa-ir by another p n-
pair inelastically scattered, namely,

(pn )+N ~ (NJV)+N

(NJV)+ (pn )—+ He+ m;

(pn)+N - (pn)+N

(NJV)+(pn)~"He+rr .

(b-3) recombination of two p-n pairs scattered into a small
phase volume, namely,

(pn)+N~(NJV)+N

0 10~

Q
~ ~ ~ ~

ski

0
0
cf

io-&
20 30

FIG. 5. Ratio of He to 'He (R =~4/~3) vs n, obtained from the analysis of the angular distribution. Data points are plotted at
average values of n, of the region represented by dotted lines. Open squares represent the ratios obtained from the analysis based on
the data of He+p experiments. Open circles represent the ratios obtained by taking the e6'ect due to the Fermi motion into con-
sideration. Solid line is the yield ratio of He to He for given n„ i.e., (X~)/(X3) as a function of n„bt oinead from the analysis of
the multiplicity distribution.
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Taking this and the fact that the process is a successive
two-step interaction into account, we obtain the follow-
ing proportional expression for the production frequency
of He fragment in each event (i.e., mean multiplicity of
He fragment for given NT ):

N, (D —
( —', )4'")' . (7)

The main process producing He [the process similar
to (d) mentioned in Sec. IV A] is also decomposed into
several different combinations of subprocesses. Among
the possible ones, the single-step interaction is (d-1)
coherent scattering of three-nucleon system expressed by

(pnp)+N~ He+N+(~) .

Two-step interactions are the following, (d-2) and (d-3):
(d-2) picking up of a p npair (or pr-oton) by another pro-
ton (or p npair) scatte-red, namely,

(pn /p)+N~(pn/p)+N+(~)

(pn/p)+(pn/p) —+ He;
(d-3) recombination of a proton and a p -n pair scattered
into small phase volume, namely,

The latter process is possible but unfavorable as corn-
pared with the former process because of the phase
volume restriction.

As a matter of course, we may consider three- and
more step interactions. Such interactions should be,
however, suppressed because the occurrence probability
of a multistep interaction drastically decreases with the
number of subprocess. Thus, the process (b-2) is con-
sidered to be the most favorable in the production of He
fragments.

This process is forbidden unless two different p-n pairs
are, at least, contained one behind another in the residual
projectile. The minimum value of the thickness D re-
quired to produce He fragments is, therefore, equal to
the average thickness of He. Hence, the effective thick-
ness of residual projectile for this process is

D (
4 )41/3

This process is allowed if a proton and a p-n pair are
contained side by side in the residual projectile. The
minimum value of D required to produce He is, there-
fore, equal to the average thickness of H. From this, the
efFective thickness of residual projectile for production of
He is estimated to be

Taking this and the fact that the process is a recombina-
tion of two particles into consideration, we obtain the fol-
lowing proportional expression for the production fre-
quency of He fragment in each event (i.e., mean multipli-
city of He fragment for given Nz. ):

N,'[D —(-', )2'"] . (8)

In the case of this study, NT can be estimated from n,
since the number of primary nucleon-nucleon interac-
tions is roughly equal to AT. The relation between n,
and n T is approximately given by

n, = Z a ( )~ +2(N )
~~~~PP

N
3 o „,(pp)

(9)

where o;„,i(pp)/o „,is the ratio of the inelastic cross sec-
tion to the total cross section of pp collision, (N ) is the
mean pion multiplicity in an elastic pp collision, and
Z /A is the ratio of atomic number to mass number of
the projectile. Substituting known numerical values into
(6), we obtain

AT=1. 18n, . (10)

Substituting the relations (10) and (11) into (7) and (8),
we obtain the expressions

The value of D can be also related to n, since the num-
ber of nucleons involved in the residual projectile is equal
to 3 —AT. If the nucleon radius to taken as the unit of
length, the volume and approximated cross section of re-
sidual projectile are estimated to be —,'ir(A„NT) and—
7T Ap, respectively. Hence, the averaged value of D for
a certain value of NT is represented by

(pn)+N ~(pn)+N +(m. ):p +N+ (7r)

(pn)+p~ He .

and

(N, ) ~ n, (27.7 —n, )'

(N3) ~ n, (31.7 n2), —

(12)

(13)

Since the binding energy of nucleon in a He is less
than one-half of that in a heavy nucleus, the He formed
through the process (d-1) or (d-2) should be dissociated
before it leaves the residual projectile. Emission of He
through these processes is, therefore, strongly suppressed.
An the other hand, the He formed through the process
(d-3) cannot be broken because the recombination of the
scattered particles may take place after they left the resi-
due. Hence, we may assume that the process of (d-3)
dominates in the formation of He in the collision of
heavy nuclei though it is subject to the restriction of
phase volume as mentioned in Sec. IV A.

(N ) =(4n, (27.7 n, ) +($3n, (31.7—n, ) . —(14)

The solid line in Fig. 3 represents the result of least-y
fitting of observed (N„) with the function (14). The
fitting is sufficiently good. The best values of g& and g3
are (6.19+0.20) X 10 and (2.24+0. 14) X 10 respec-
tively. Dotted and dashed lines in the figure represent
He and He components, respectively. The overall frac-

tion of "He is estimated to be (70.5+1.7)% from this

respectively. The mean multiplicity of projectile helium
fragment for a given n, is, therefore, given by the linear
combination of (12) and (13), namely,
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fitting result. The yield ratio of He to He for given n„
i.e., (/V4)/(Xs) as a function of n„ is also estimated
from this result. The estimated ratio is illustrated in Fig.
5 by the solid line. The ratio completely agrees with that
obtained from the analysis of 0 distributions. It should
be emphasized that these ratios result from essentially in-
dependent data analyses. Excellent agreement between
these ratios, therefore, indicates the reasonability of our
assumptions employed here.

Figure 5 also indicates that the production of He dom-
inates the collisions with light target and peripheral col-
lisions with heavy target while the production of He
dominates in close collisions with heavy target.

V. CONCLUSIONS

We have obtained exclusive-type data on the emission
of projectile helium fragment in the nucleus-nucleus col-
lisions at 1.883-GeV incident energy from the study of
1783 minimum biased events of Fe interaction in photo-
graphic emulsion. %'e have investigated the contribution
of NTD to the emission mechanisms of He and He us-
ing the data, particularly the dependence of angular dis-
tribution and mean multiplicity on the number of shower
particles. The conclusions are as follows.

(1) Angular distribution of projectile helium fragments
is completely explained only by superposition of well-
known nonthermodynamic processes (NTD), namely, the
similar processes as

"He+p —+ He+%+~
and

He+p ~ He(incoherent)+N(spectator)+/V+(vr),

without assuming the existence of fireballs.
(2) It is reasonable to assume that He fragment is pro-

duced in pickup process of a p-n pair by scattered p-n
pair, and that He fragment is produced in recombination
of a p-n pair and a proton which are scattered into small
phase volume. Under these assumptions, the mean multi-
plicity of helium fragment for given n, is represented by a
cubic expression,

(X ) = [6.19n, (27.7 —n, )

+2.24n, (31.7 n,—) j X 10

The first and the second terms of the right-hand side cor-
respond to He and He components, respectively. Ob-
served data are reproduced by this equation well.

(3) The yield ratio of He to He for a given n, is es-
timated by two independent methods. One is based on
the analysis of angular distributions and another is based
on that of mean multiplicity. The results of these estima-
tions excellently agree with each other.

Putting all these results together, it is supposed that
hot and cool e fragments in the "two fireball model" are
misunderstanding of He and He emitted through NTD.
It should be, however, noticed that these results do not
exclude completely the possibility of fireball formation.
Since the 0 distribution in the NTD bears close resem-
blance to that expected from the assumptions of fireballs,
it is impossible to distinguish NTD from fireball forma-
tion without exclusive analyses, especially the momentum
of each helium fragment over the whole pz range.
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