
PHYSICAL REVIEW D VOLUME 25, NUMBER 7 1 APRIL 1982

Analysis of proton-nucleus and helium-nucleus collisions at energies greater than 10 TeV

S. Tasaka
Institute for Cosmic Ray Research, University of Tokyo, Tokyo, Japan

V. D. Hopper
School of Physics (Royal Australian Air Force Academy),

University of Melbourne, Melbourne, Australia

H. Fuchi, K. Hoshino, S. Kuramata, K. Niu, K. Niwa, H. Shibuya, and Y. Yanagisawa
Department of Physics, Nagoya University, Nagoya, Japan

Y. Maeda and H. Kimura
Faculty of Education, Yokohama National University, yokohama, Japan

Y. K. Lim
Department of Physics, University of Singapore, Singapore

N. Ushida
Faculty of Education, Aichi University of Education, Eariya, Japan

Y. Sato
Faculty of Education, Utsunorniya University, Utsunomiya, Japan

(Received 6 October 1981)

We have studied the characteristics of inclusive y-ray and charged-meson production in

proton-lucite collisions at 20 TeV, and helium-lucite collisions at 7 TeV per nucleon.
Characteristics of multiple-production phenomena in these energy regions were fully

analyzed and compared with those observed in lower-energy regions. The main results

are as follows. (1) A substantial increase of charged secondaries in proton-lucite collisions

is observed in the central region as the primary energy increases from 400 GeV to 19
TeV. (2) The average multiplicity in helium-lucite collisions is nearly twice as large as
that in proton-lucite collisions at the same energy per nucleon. (3) While no difference is
observed of the average values of P~ and P~~ for P& & 1.0 GeV/c throughout the energy

range studied, the cross section for high-P& particles (Pq) 1.0 GeV/c) substantially in-

creases above 10 TeV. (4) The fractional-energy distribution of y rays in the range of
0.1(Er/QEr(0 7is represent. ed by a single exponential. (5) The scaling of invariant

distributions Fl(x,s) for y rays and charged m mesons in proton collisions at around 10
TeV does not hold in the central region of x (0.1, but the violation of scaling is small in

the fragmentation region of x & 0.1.

I. INTRODUCTION

Multiple-production phenomena beyond the 10-
TeV energy range are very important for extending
our knowledge of processes deep in hadronic sub-
stance. It is also of interest to compare nucleon-
nucleus and nucleus-nucleus collisions at these
superhigh-energy regions.

A series of cosmic-ray experiments have been
performed with emulsion chambers by many

groups. ' The results on transverse-momentum
distribution and fractional-energy distribution of y
rays have been reported. To get more extensive in-
formation about the characteristics of superhigh-
energy nuclear interactions, balloon flights were
carried out under the Australia-Japan Collabora-
tion experiment to expose emulsion chambers to
cosmic rays. Our emulsion-chamber technique
yields the most detailed information about the pro-
perties of nucleon collisions and nucleus collisions
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in the 10-TeV energy range because it allows detec-
tion and energy estimates of charged secondaries as
well as of y rays. %e observed 90 high-energy jet
showers produced by protons, helium, and heavier
nuclei. This article describes (a) proton-lucite colli-
sions centered at the 20-TeV energy range and (b)
helium-lucite collisions around 7 TeV per nucleon.

The results are compared with those of 303- and
400-GeV/c collisions produced in similar emulsion
chambers by protons from an accelerator. The re-
sults are also compared with other accelerator data:
the data from proton-proton collisions in the
CERN ISR energy range obtained by Thome
et al. and the data from n-a collisions with a cen-
ter-of-mass momentum of 15.6 GeV per nucleon. 7

Combining these data, this article shows how the
various properties of inelastic proton collisions and
helium collisions vary with energies from —10
GeV up to —10 TeV range.

II. DESIGN AND EXPOSURE
OF THE EMULSION CHAMBER

A. Design of the emulsion chamber

The structure of the small emulsion chambers,
as well as the method of scanning and measuring

of secondary particles have been described in a re-
view paper. A typical configuration of the emul-
sion chamber is shown in Fig. 1. The chamber has
three sections: upper, middle, and lower. The
upper is used to determine the charge of the in-
cident particle. The charge identifier is composed
of several sheets of thick emuslion films of 300 pm
coated on both surfaces of polystyrene base 150-
pm thick. The middle section, consisting of lucite
plates interleaved with thin layers of nuclear-
emulsion plates, is used not only as a target layer
but also to locate each interaction vertex and meas-
ure the emission angles of the secondary charged
particles. The lower section is used to estimate the
energies of secondary charged particles and y rays.
This analyzer layer consists of a sandwich of lead
plates, nuclear-emulsion plates, and x-ray films.
The x-ray films interleaved in this part are utilized
as a detector of jet showers. The overall size of
the emulsion chamber is about 20 cm X25 cm X23
cm with a mass of 50 kg. A characteristic feature
of these assemblies is that the particles traverse the
sandwiches nearly perpendicular to their planes for
most accepted events. The thickness of the target
layer is 17 cm; this corresponds to 0.26 interaction
mean-free paths for nucleons. The thickness of the
analyzer layer is 10 radiation lengths.

Upper chamber
nuclear emulsion x 12

(3oopm)
Middle chamber

nuc lear emulsion x 61
lucite plate x46
space r x17

spacer x 1

nuclear emulsion x 2
lucite plate

)
nuclear emulsion x2
spacer xg

Lower chamber
nuclear emulsion x 50
x- ray f i Ims x 8

B. Exposure of the emulsion chamber

The emulsion chambers of this type were ex-
posed to cosmic rays using balloons launched by
the Australian Balloon Launching Station at Mil-
dura in 1978 and 1979. The two exposures were
made for 32.5 h and 12.0 h at average height of 12
and 20 g/cm, respectively. The total exposure
amounts to 14 m h. Effective SOT for nuclear in-
teractions produced by proton and helium with
zenith angles less than 45' were estimated to be
1.9&10 and 2.5&10"m srsec, respectively, tak-
ing account of attenuation in the air and the target
design.

III. EXPERIMENTAL METHODS

A. Detection of jet showers
lead plate

(i mm)

20 x 25cm

FIG. 1. Configuration of an emulsion chamber.

x 51

The x-ray films interleaved in the analyzer were
scanned by the naked eye for dark spots due to
cascade showers induced by y rays. Cascade
showers with energies higher than 400 GeV were
detected with sufficient efficiency. The events
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FIG. 2. The integral spectrum of gE~, the total en-

ergy carried away by y rays. The dotted line shows the
N(&QE„)=constX(QE&) s with p=1.7.
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FIG. 3. Gap-length distributions are shown for pro-
ton, helium, and light nuclei. The solid lines show the
distributions of N( & L)=const Xexp( —I L).

were then traced back using the emulsion plates,
and finally the origins of jet showers were detected
in the target section. Although the actual interac-
tion vertex is normally in the lucite and not visible,
its position can be determined with an accuracy of
a few tens of micron. The track of the incident
particle can be found, and its charge be deter-
mined. The scanning efficiency for nuclear colli-
sions and detection bias were examined by the in-

tegral spectrum of the total energy carried away by

y rays, i.e., g Er. The integral g Er spectrum in

53 events is shown in Fig. 2, and it can be approxi-
mated by a power law in the region of g Er & 1.2
TeV:

N( & g Er) =const X(g Er)

where P is 1.7. The scanning efficiency for nuclear
collisions with g Er & 1.2 TeV was close to unity.

B. Determination of the charges
of incident particles

N( &L)=constXexp( —I L), (2)

The method of charge determination for incident
particles utilized in this experiment is the same as
that applied in the emulsion stack: that is, by
gap-length measurement for proton, helium, and
light nucleus, and by a method of counting 5 rays
with four or more grains for heavier nuclei. The
number of gaps with length greater than I. de-
creases exponentially:

where I' gives a measure of mean gap length, as
(L ) =1/I'. This I value depends on the primary
charge Z, as I =AZ, where A is a constant. Fig-
ure 3 shows the gap-length distributions for pro-
ton, helium, and light nucleus. In our experimen-
tal condition, we get A =0.34+0.03 pm ' by cah-
br ation.

The density of 5 rays with four or more grains
gives a measure of the charge by the formula

Ns(per100 pm)=BZ +C, (3)

The incident axis of the jet shower is assumed to
be the energy-weighted ceriter of y rays and
charged particles, that is, the position of the axis
(a,b) in the plane of the detector emulsion was
determined from the following expressions:

a =g(E;x;)/gE;,
b =g (E~y;)/gE;,

(4)

where 8 and C are the constants. In our experi-
mental condition, the choice of B =0.10 and
C =—0.04 gives the best fit for light, medium,
and heavy nucleus.

By means of the methods mentioned above, the
charges of incident particles of 90 high-energy jet
showers were determined: 50 of them were pro-
duced by protons, 23 by helium, 10 by light, and 7
by heavier nuclei. Two kinds of target nucleus are
involved in these experiments, 82 events occurred
in lucite plates (CSHs02), and 8 events in the emul-

sion (mainly AgBr).

C. Measurement of emission angles
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FIG. 4. The distribution of 8,„;„the angle between
an incident axis and an energy-weighted center which
was estimated by the data of 303-GeV proton collisions
from accelerator.

where x; and y; are the locations of the y rays and
charged secondary particles, and E; is the energy.
The summation was taken over y rays with energy

E& & 30 GeV and all charged secondary particles.
In the case when the momenta of charged parti-

cles were not measured, the energy-weighted center
of y rays was first estimated. Next, energy of each

charged particle was estimated assuming constant
transverse momentum of 0.4 GeV/c relative to it,
and then the final energy-weighted center was ob-

tained using formula (4). For the events in which

energy of y rays was not measured, the center of
charged particles estimated by assuming constant
transverse momentum was regarded as the shower

axis. The emission angles 8 of all the secondary

particles were determined in relation to the axis de-

fined above.
To examine the uncertainty of the above axis

determination the angle 8,„;,between the true in-

cident axis and an energy-weighted axis was es-

timated by the data of 303- and 400-GeV/c colli-

sions produced by protons from an accelerator 10

In this case, the relative angle between secondary

particles and noninteracting beam tracks can be
measured accurately enough. Special care taken in

assembling the chamber enabled us, in favorable

cases, to measure the relative angle between tracks
of charged particles with error less than 10 grad.
The uncertainty of the axis was found to be

(5.5+0.7) &&10 and (3.9+0.7) X 10 rad in 303-
and 400-GeV/c collisions, respectively. Figure 4
shows the distribution of the 8,„;,estimated from
70 collisions in 303-GeV/c protons. The area with

250-pm radius was scanned under a microscope to
detect the secondary charged particles in the

Q & s r i & a s r i I r5

4Q-

gp30-
E
~ 20

lQ

0 05 10
M& (GeV/c2)

FIG. 5. Distribution of invariant mass M~ of pair of

y rays with Ez&30 GeV and 8&&10 rad. The solid

curve shows the background which was calculated by
the Monte Carlo program.

nearest emulsion plate downstream of the collision
vertex. We can find the charged particles emitted

within 0.2 rad from the axis. The emulsion area
within 10 mrad in the lower chamber was scanned

to detect the secondary y rays.

D. Energy and momentum measurement

of y rays and charged particles

Cascade showers induced by tertiary y rays from
neutral pions are followed toward the downstream
end of the chamber. The number of shower elec-
trons in the circle with radius of 25 or 50 pm was
measured at various depths. The energy of a y ray
is estimated by fitting counted data to the curves
derived from the three-dimensional cascade-shower
theory taking into account the effect of the spacing
between main scattering substances. " The calibra-
tion of this method was made by two independent
methods. One was by finding the m -meson peak
in the invariant-mass distribution of any two y
rays in the same event. Figure 5 shows the
invariant-mass distribution of y-ray pairs of all
events. A clear peak was observed at M~ ——135
MeV/c and clearly distinguished from the back-
ground. The energy resolution for y rays was es-
timated to be 20%%uo by the width of this peak.
Another was by carrying out the exposure of the
similar type of emulsion chamber to electron
beams of 50 and 300 GeV at Fermilab. s' ' The
agreement of observed data with the theoretical
curves is quite satisfactory.

For charged particles, the relative scattering
method is applied to estimate their momentum.
High precision in measurement of the relative dis-
tances between secondary tracks, and high scatter-
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TABLE I. Events in which QEr has been measured.

Event name n, QEr (GeV) QE,h (GeV) E (GeV/nucleon)

Proton-lucite
87E001
87E017
87E022
87E031
87E064
87E088
87E097
87E146
88E004
8SE041
8SE084
8SE098
8SE119
87F007
878001
878015
878028
878029
878014
88D003
87D011
87D037
87D076
87D098
87D 104
8SC002
8SC006
88C018

5

9
3

16
6

7
5

3
9

16
7

16
6
6
7
2
7
2
5

5
8

3
5

4

7
11

10
17
13
58

3
19
11
22
21
16
20
15
48
11
15
30

8

12
7

39
18
11
26
15
3
6

17
42

1438
1187
2557
1285
853
629

1018
SOS

1170
1945
5484
1450
3910
1171
2310
1600
1200
1670
2200
2800

670
790
740
570
850

1550
3200
1010

4171
3325
5914

12040
553

2892
957

1577
695

5641
2812
3254
5730
2246
4051
1498
439

6464
335

3681
2178

593
3352
1487
496
217

2327
1243

9347
7520

14 118
22 208

2344
5868
3292
3469
3109

12 644
13 825

7839
16066

5696
10602

5164
2732

13 557
4225

10 802
4747
2304
6819
3429
2243
2944
9212
3755

Proton-emulsion
8SE030
8SA001
878003
B7D017

16
8

9
7

86
71
32
47

1963
2204
2160

870

2190
8828
1615
3111

6922
18 386

6291
6635

Helium-lucite
87E061
88E083
87F001
87F002
87FOOS
878004
878013
88D001
BSD004
88D014
87D059
87C016

16
26
13
15
24

7
6

18
7
2

11

42
52
65
51
83
26
29
47
64
25
14+ a
16

2315
2132
759

1285
1330
1420
1260

11 430
1409
570
220
777

3949
4044
1933
2762
4954
3028
3272

10901
4648

690
686

1738

5220
5147
2244
3372
5237
3706
3776

18 609
5048
1049
755

2096

Helium-emulsion
87E077 58 186 9711 26 816 30439
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ing signal due to lead nuclei allow us to estimate
momentum up to the TeV/c region. ' The rela-
tive scattering method was calibrated by exposing a
similar type of emulsion chamber to proton and
negative pion beams from 10 to 400 GeV/c at Fer-
milab and ANL.

20

15-

~ 10-
E
X 5-

I I I I

303 GeV proton

&E&= 288 GeV

E. Estimation of primary energy

The primary energy of observed jet showers was
estimated by using the equation

E (per nucleon)=QE //Ez/(v) (5)

with

and

(V) =Ay(0'&T/0'sT)

XE-=YE,+XE".

&ar =~o lA&' +AT' bo(Aa +—AT )l

(6)

where we assumed that an incident nucleus with a
mass number Az and the energy E per nucleon col-
lides with a target nucleus of a mass number AT
(this value was assumed to be 11 for the lucite tar-
get). The value of Kz is the mean inelasticity coef-
ficient for proton-nucleon collisions, which is as-
sumed to be 0.6.' The value of (v) can be taken
as the average number of interacting nucleons for a
given incident nucleus, and cr&~ and cr~T are inelas-
tic proton-nucleus cross section and nucleus-
nucleus cross section. cr~T is given by the expres-
sion

o
0 l00 200 300 4'30 500 600 700 800

E {GeV)

FIG. 6. The distribution of primary energy E es-
timated by Eq. (5) for 303-GeV proton collisions.

energies thus estimated turned out to be 288+15
and 450+30 GeV for 303 and 400 GeV/c, respec-
tively. Figure 6 shows the distribution of primary
energy estimated from 70 proton collisions at 303
GeV/c. The dispersion of the estimated primary
energy in Figure 6 is 125 GeV/c; that is about
40%. The average value of g E,h/ g E& was

evaluated to be 1.8 in 32 proton events, and 2.0 in
the other 21 nucleus events in which

JEST

was

measured. These values were used in estimating
primary energy for another 38 events for which

g Ez was not measured, and the results are listed
in Table II for proton and helium.

The mean incident energy of primary particles
was estimated to be (Ez ) = 19+4 TeV in 21 pro-
tons with energies over 7 TeV, and (E )=9+3
TeV per nucleon in 11 helium nuclei with energies
over 3.5 TeV per nucleon. These events are free
from detection bias, as described below in the pri-
mary energy spectra.

where ro 1.36 fm and b0=0—.—75. ' The value of
(v) is calculated to be 2.0 for helium in the lucite
target The value. of g Ez and g E,h are the
sums of the energy carried away by neutral and
charged mesons, respectively. The values g E„
were measured for 45 events listed in Table I. In
most cases, g E,„ is estimated by

g E,h ——g (0.4 csc8,h) GeV,

assuming constant PT of OA GeV/c. The proton
and/or other fragments emitted in the most for-
ward direction should be excluded from the
charged secondaries in this formula.

The above equation was checked by applying it
to the jet showers produced by accelerator protons
with energy of 303 and 400 GeV/c. The primary

IV. EXPERIMENTAL RESULTS

A. Primary energy spectra

The integral primary energy spectra for proton
and helium are shown in Fig. 7. The detection of
events is free from bias for proton with energy
greater than 7 TeV, and for helium with energy
greater than 3.5 TeV per nucleon. In estimating
the absolute intensities of the primary proton and
helium, corrections due to the effective aperture of
the detector and due to the absorption in the upper
atmosphere were taken into accounnt. A Monte
Carlo study was carried out to estimate the absorp-
tion effect of the atmosphere with collision mean-
free path of 80 and 48 g/cm for proton and heli-
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TABLE II. Events in which QEr has not been
measured.

1 Q
2

~ ~ I ~ ~ ~ I I I I I I ~

l

Event name n, (GeV)
E

(GeV/nucleon)

Proton-lucite
B7A003
B7A022
B7A026
B7A052
87A075
B7A072
B7B024
B7C002
B7C008
B7C015
B7C064
BSB002
8SE024
B8E031
BSE065
B8E078
B8E107

12
32
33
16
18
31
30
13
33
24
36
20
4

16
36
25

5775
11425
41 635

1784
2612
6875
7316
1113
2878
1914
4754

449
509

3504
1501
1482
724

14914
29 503

107520
4606
6745

17753
18 892

2874
7432
4944

12277
1161
1315
9048
3876
3828
1869

Proton-emulsion
BSB003 33 880 2273

Helium-lucite
B7A005
B7A062
B7C037
B7C055
B7D128
B8E044
8SE045
B8E073
BSE096
B8E157

27
43
18
18
32
71
11
6

40
7+ cx

6508
1034
682
273
626

7667
3000
217

1692
2456

8135
1292
852
341
783

9583
3750
272

2115
3071

um. The absolute intensities of primary proton
and helium thus obtained are

I(E & 10 TeV) =(8+2)X10 per m sr sec

and

respectively. These results are not inconsistent
with the extrapolation from low-energy regions ob-
tained by Ryan et al. '

I(E & 5 TeV per nucleon)

=(3+1)X10 per m srsec,

Ol

4t
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'I
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100

FIG. 7. Integral primary energy spectra for proton
and helium. The dotted line shows the extrapolation
from low-energy regions obtained by Ryan et al.

B. Emission angles and energies of
y rays and charged particles

C. Multiphcity of the
secondary charged particles

There are 45 proton-lucite collisions of which 20
events have incident energy greater than 7 TeV.
The average incident energy (Ez ) is estimated to
be 19+4 TeV, which corresponds to a total center-
of-mass energy of 200 GeV. The multiplicity dis-
tribution of charged secondaries in the high-energy
group has a mean multiplicity (n, )zz

——25.2+3.0,
with a standard deviation ((n, )zq —(n, )zz )'
=13.4. Corrections must be made to compare this
value with that for proton-proton collisions. This
value must be corrected for (a) bias against detec-
tion of charged particles emitted in the backward
direction, (b) nuclear-target effect, and (c) bias
against events with g Er & 1.2 TeV. A 9%%uo

correction is made for missing charged secondaries
in the backward direction (i.e, O,h & 0.2 rad). The
nuclear-target effect has been studied in emulsion
chambers by Fumuro et al. ' This effect is es-
timated using the following formula:

The data on the emission angles of the secon-
dary charged particles for 50 proton collisions and
23 helium collisions are summarized in Fig. 8.
The data on energies and emission angles of y rays
are summarized in Figs. 9 and 10 for 32 proton
collisions and 13 helium collisions, respectively. In
the following analysis, we restrict ourselves only to
the lucite events for simplicity.
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No. ns10
7EQQ1 10

7E017 17

7EQ22 13
7EQ31 58

7EQ64 3

7E088 19
7EQ97 11

7E146 22

8EQ04 21

8E030 86
8E041 16
8E084 20

8E098 15
8E119 48

7F007 11

8A001 71

78QQ1 15
7BQQ3 32

78015 30
7BQ28 8

I
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10 2 1p-1
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~ ~ ~ a 1 ~ a

I

I I I I IIII IIII II IIIII I I lli I i li I II II II I III I I I I
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No. ns10

I

78029 12

78014 7

80003 39
70Q1 1 18
7D017 47
7DQ37 11

7D076 26

7 0098 15
70104 3
8C002 6

8C006 17
8C018 42

7A003 12

7A022 32

7A026 33
7A052 16

7AQ75 18
7A072 31

78024 32

7C002 13
I

10'

104
I I I I I I I I

I Ideal
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10 20 3 1p-1
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100

I I I I I I I I I 11 llll 11 Ill I ~IIII till Ill I

FIG. 8. The data on the emission angles of the secondary charged particles relative to the estimated axjs jn jndjvjdu

al jet shower. The left end of the Hne lists the event number and multiplicity of charged secondary particles, n, .

Rz (na )~q I——(n, )z~
—A ', where (n, )~~ and

(n, )zq are the average charged multiplicities in
proton-proton and proton-nucleus collisions. The
value for lucite target is calculated to be R~ ——1.5.
This value agrees with the experimental result ob-
tained by Jain et al. ' We examined a possible ef-

feet of bias for projectile and/or target dissociation
processes, since the target dissociation process was
missed in our detection. We detected two events
B7E064 and B70104 both with n, =3, known as
projectile dissociation. In these events, all secon-
dary charged particles are emitted with emission
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No. ns 1Q

7C008 33

7C01 5 24

7C064 36
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angles of the order of 1 mrad, and the primary en-

ergies are estimated to be about 2 TeV. We are
analyzing only events with energies greater than 7
TeV; therefore, we conclude the bias against target
dissociation is negligible in obtaining the average
multiplicity', assuming forward and backward sym-
metry of the dissociation. Consequently, the
corrected average multiplicity of secondary charged
particles in proton-nucleon collisions is

( n, )&~
——18.3+2.2 at the mean energy of 19 TeV.

We have exposed a similar type of emulsion
chamber to accelerator proton beams for the pur-
pose of calibration. In the emulsion-chamber ex-

perirnent at 400-GeV proton, we found the mean
charged multiplicity (na )zq ——13.5+1.1 after
correction of missing charged particles, and ob-
tained (n, )zz

——9.0+0.8. The mean charged multi-
plicity in proton-proton collisions at 400 GeV has
been shown to be 9 in the bubble-chamber experi-
ment. ' Since this agrees well with the corrected
value found by the emulsion chamber, it is reason-
able to take the above procedure of correction also
in the cosmic-ray experiment.

There are 22 helium-lucite interactions, of which
10 events have been estimated to have an incident
energy greater than 3.5 TeV per nucleon. The
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FIG. 9. The data on the energies of y rays E&, in individual event. The left end of the line lists the event number
and multiplicity of y rays, n~.

average charged multiplicity of these 10 events was
obtained as (n, )~ ——49.3+7.8 after correction for
missing charged particles, with the standard devia-
tion ((n,2)~ —(n, )~ )'~ =22.7. The average
incident energy is (E~ ) =7+2 TeV per nucleon.

D. Angular distributions of
charged particles and y rays

~c.m. ~lab+ 1 —8
1+

(7)

The angular distribution of secondary particles is
defined as follows:

1 der 1 dN

where g =—In(tang j2) is the pseudorapidity, P is
the relative speed of c.m. to laboratory system, n is
the number of observed events, and N is the total
number of secondary particles. The angular distri-
bution of charged secondary particles produced in
proton-lucite collisions with energy greater than 7
TeV is shown in Fig. 11(a). It should be noticed
that some of the most backward-emitted particles
are missed by scanning bias. The result in 400-
GeV proton collisions is also shown in the same
figure after boosting to 20 TeV for comparison. A
detector of similar type was used in the 400-GeV
accelerator experiment, and the target nuclei were
the same.

In order to examine the scaling behavior of the
angular distribution of secondary particles, we
studied the number density of secondary charged
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10
E (GeV)

10

particles in the central region of
~

rl' '
~

& 1.5.
This region corresponds to the region of
3.80 & rl" & 6.80 for proton interactions with in-
cident energy around 20 TeV, and 3.27 &g""
& 6.27 for helium interactions with incident energy
around 7 TeV per nucleon. Average multiplicities
of charged particles in

~

rl'™
~

& 1.5, (N,h )~q,
were obtained as 8.1+0.6 and 12.4+2. 1 at 400-
GeV and 19-TeV proton collisions, respectively.
Assuming that the coefficient of target nucleon ef-
fect in the central region is equal to R~ ——1.61, '

the multiplicity in proton-nucleon collisions,
(N, h )~~, should be reduced to 5.0+0.4 and
7.7+ 1.4 for 400-GeV and 19-TeV collisions,
respectively.

In Fig. 11(b), the angular distribution of y rays
is shown for 32 proton collisions with average en-

ergy of 8+1 TeV, as well as the result at 400 GeV.
In our experiment, y rays with energy E„&30 GeV

and emission angle 8&& 10 mrad can be detected.
We note that the number of y rays also increases
with incident energy.

The angular distribution of charged secondaries
produced in helium-lucite collisions with energy
over 3.5 TeV per nucleon is shown in Fig. 12(a).
The average multiplicity in

~

rl'
(N, h )~, is 24.3+4.2 at incident energy 7+2 TeV
per nucleon. In Fig. 12(b), the angular distribution
of y rays is shown for 13 helium collisions with

average incident energy of 7+3 TeV per nucleon.
We can estimate the rate of missing y rays with

emission angle 8&& 10 mrad from Figs. 11(b) and
12(b). If the multiplicity of neutral m mesons is
half that of charged m. mesons in this emission-

angle region, the missing rate of y rays is estimat-
ed to be 70%%uo of the observed number. This value
is used in making corrections for the invariant dis-
tributions of y rays in the regions P~~&0.3 GeV/c,
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&0.02, and f& & 0.05, as described below.

E. Transverse-momentum distribution
of y rays and charged particles

In order to analyze the energy dependence of the
y-ray and charged-secondary-particle inclusive dis-
tribution, we use the invariant cross section, which
is used in the accelerator experiments

2E* d 0.
F(x,PT,s) =

m'& s d~ dPT
(8)

with E» being the energy of the particle in the
center-of-mass system, s being the square of the to-
tal center-of-mass energy, x being the Feynman
variable defined as x

=2P
/v s, and P~~ being the

longitudinal momentum of the particle in the
center-of-mass system.

The plot of Pq& against 8& is shown in Fig. 13.
It is evident from this figure that the detection
threshold energy is 30 GeV and this fact causes a
detection bias against y rays of low transverse
momentum PTr & 0.3 GeV/c.

We use the Pr distribution by integrating Eq. (8)
over x,

1 do 1 de
0 inel dPT & dPT

where o.;„,~ is the inelastic cross section. The dif-
ferential transverse-momentum distribution of y
rays in the forward hemisphere are shown in Fig.
14 for 32 proton collisions and 13 helium colli-
sions. Our results for 303-GeV/c protons are also
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(10)

shown for comparison. In the range of Pzz& 1.0
GeV/c, average values of PT and PT of y rays
were determined. The results are listed in Table
III. By use of the formula

(P,')~=3(P,),'——,
' ~,'

we are able to determine the average Pz values for
lr mesons assuming that all y rays originated from

decays. One overestimates (Pr )~ by a few

percent using 2(PT )z. ' We observe that (Pz. )z
does not change with incident energy from 303
GeV to 8 TeV. Our result at 303 GeV/c agrees
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FIG. 11. Angular distribution of secondary (a)
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FIG. 12. Angular distribution of secondary (a)
charged particles and (b) y rays in helium collisions.
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well with the values obtained by Jaeger et al. and
Charlton et al. ' at 200 GeV/c.

We can determine momenta of charged particles
by measuring the multiple Coulomb scattering in
the analyzer layers as described before. In the
present analysis, however, this method has been ap-
plied only to a special event B07E31. To get the
transverse-momentum distribution of charged par-
ticles, we quote here seven other cosmic-ray jet

showers already analyzed by this method which
were observed with the same type of emulsion
chamber at airplane and balloon altitudes. Table
IV is the list of those events. The average value of
incident energy was 11+4TeV. We also analyzed
70 events in a similar type of emulsion chamber
exposed to 303-GeVlc proton beams. ' Assuming
the most energetic charged particle in the forward
hemisphere to be the leading proton, we do not in-
clude this charged particle in the inclusive distribu-
tion. The Pr distributions of charged particles in
the forward hemisphere are shown in Fig. 15. The
results of 205- and 12-GeVlc proton-proton colli-
sions reported by Whitmore ' are shown in the
same figure. The increase in the inclusive differen-
tial cross section at cosmic-ray energies is a reflec-
tion of the increase in the charged multiplicity,
since the area under the data points is proportional
to the average number of charged particles pro-
duced. However, the shapes are different: At the
higher energies the cross section is larger at region
of PT & 1.0 (GeV/c) The averag. e values of Pr
and PT are listed in Table III. The value of (Pr)
for charged particles with Pr & 1.0 GeV/c is in-
dependent of incident energy from 100 GeV to 10
TeV. It should be kept in mind that most of the
high-Pz particles are from the events A11C34 (Ref.
26) and B07E31 (Ref. 27) with the candidates of
the X particles.
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TABLE III. Average values of Pz. and P~ of y ray, m meson, and m—+ meson.

Incident

Particle (GeV/c)

& p, '),
[(GeV/c P]

(pr &p

(GeV/c)

(p 2)

[(GeV/c)2]

&pr) +

(GeV/c)

& p, '&.+
[(GeV/c)2]

303-GeV proton
(ours)

10-TeV proton
(ours)

0.196+0.011 0.067+0.004 0.392+0.022 0.192+0.012 0.333+0.022 0.151+0.010

0.200+0.010 0.071+0.004 0.400+0.020 0.203+0.012 0.350+0.037 0.189+0.020

7-TeV/nucleon helium 0.202+0.011 0.072+0.004 0.404+0.022 0.206+0.012
(ours)

200-GeV proton
(Ferbel)

100-GeV proton
(Ferbel)

0.335+0.012 0.165+0.007

0.341+0.020 0.172+0.020

200-GeV proton
(Jaeger)

0.199+0.008 0.078+0.001 0.398+0.016 0.224+0.003

12-GeV proton
(Jaeger)

0.155+0.025 0.310+0.050

F. Fractional-energy distribution of y rays

The fractional energy of a y ray is defined by

fr =ErI+Er and the differential distribution of
fr for fr & 0.02 is shown in Fig. 16. In the region
of 0. 1 &fr & 0.7, the spectra are represented by a
single exponential of the form

1 dN =const Xexp( —fr/fp),ndr

where fo takes the value of 0.16 in proton colli-

sions, and 0.15 in helium collisions. The results
obtained by two other groups are also shown in the
same figure ' for comparison.

G. The x distributions of
y rays and charged particles

To analyze the energy dependence of x distribu-

tion, we define the function F~ integrating Eq. (8)

TABLE IV. The list of events in which QE,h has been measured by the relative scatter-

ing method.

Event name n, gE~ (TeV) QE,h (TeV) E (TeV)

Neutral-lucite
A11C34 35 70 8.38 10.74 31.87

Proton-lead
A06D01 1.77 5.28 11.75

Proton-lucite
B01-44
A04B57
A06C11
B03A11
A11853
B07E31

13
13
9
9
5

16

35
21
19
17
7

58

1.35
1.55
0.83
1.18
1.00
1.29

3.34
1.74
1.45
0.84
0.61

11.92

7.82
5.48
3.80
3.37
2.68

22.02



1780 S. TASAKA et al. 25

Ol

C9

I

charged
particles

if

100 P

I t

O rs (qc.tel. y0)
o cosmic-ray proton
0 303 GeV proton

0/h i trnore

p p z (lcm.& 0)
L 205 GeV proton
& 12 GeV proton

0.1 .—

0.01 =

)p jQ II

~IS
pk

j.
W

10

& rays

1 y qI„+
ZQ

Ours (X & 0)
~ cosmic-ray proton
o cosmic-ray helium

Jaeger et al.
pp~yx (X&0)

6, 205 GeV proton

L 12.5 GeV proton

0.1 .-

Q01 g q s s & a ~ a

0 Ql 0.2 Q3 0.4

should be independent of s. We have approximate-

ly the relation

FIG. 17. The x distributions of y rays for cosmic-ray
proton collisions and helium collisions. The results of
12.5- and 205-GeV proton collisions reported by Jaeger
et aI. are shown.

0.001 I I & l I I

0.5 1.0 1.5 2.0 2.5 3.0 3.5

PT ((GeV/c) )

FIG. 15. Differential P~ distributions of charged
particles for cosmic-ray proton collisions at 11 TeV.
Our result of 303-GeV proton collisions is also shown.

1xdNFt (x,s) lo;„,&
7l 7T dx

(13)

in the forward hemisphere. The x value is calcu-
lated by the relation

2P*= 2PT

V s Ws tan8*
over PT .

2Ee d crFt(x,s)= J 2dPr
s dxdPT

C I

7 rays

I I I I I

Ours
e cosmic-ray proton
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If the Feynman scaling law holds, this function

(12)

Ejab

[I—(y, tane"')'],
2y, Mp

where y, is the Lorentz factor of the c.m. system,
which is estimated assuming the primary energy
calculated by Eq. (5). The x distributions of y rays
are shown in Fig. 17 for proton collisions and heli-
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FIG. 19. Our cosmic-ray data (0 ) on average
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Thome et a/. The point (0) was obtained in an expo-
sure to 400-GeV proton at Fermilab of the same type of
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curve a+s', and the dot-dashed curve a+b(lns).

heavy prongs, with primary energy in the range of
2—45 TeV (the mean energy was 10+2 TeV}.
They estimated the average multiplicity to be
16.3+1.1. The average multiplicity proportional
to s '~ is a characteristic of thermodynamic
models, and the logarithmic form is a characteris-
tic of the conventional scaling picture. The above
three results are well on the line extrapolated using
Eq. (15). We conclude that the multiplicity is in-
creasing more rapidly with energy than expected
from the conventional scaling picture (i.e., increas-
ing linearly with lns} toward 20 TeV.

The corrected average multiplicity is obtained to
be & n, )~ ——49.3+7.8 in helium-lucite collisions at
7+2 TeV per nucleon. The ratio of the mean mul-

tiplicity in helium-lucite collisions to that in
proton-lucite collisions at the same energy, per nu-
cleon can be obtained. The multiplicity for
proton-proton collisions at 7 TeV is estimated to
be 15.8 from Eq. (15), considering target effect.
We get & n, )sz ——23.8 in proton-lucite collisions at
7 TeV. The ratio R,h is estimated as

um collisions. The x distributions of charged par-
ticles are shown in Fig. 18. The accelerator results
reported by Jaeger et al. and Whitmore are also
shown.

V. DISCUSSIONS

A. Multiplicity distribution

The corrected average multiplicity of secondary
charged particles in proton-lucite collisions is ob-
tained to be &n, )ss ——18.3+2.2 at 19+4 TeV, and

&n, )ss =9.0+0.8 at 400 GeV/c. Cosmic-ray data
on average charged multiplicity are compared with
the extrapolations of the accelerator data. The en-

ergy dependence is shown in Fig. 19 together with
the results of Fermilab and ISR experiments. The
energy dependence of the form &n, )ss

——a+b(lns)
is excluded by our data. The present result can be
fitted to the curve

&n, )ss ——a +b(lns)+c(lns) (15}

where a =0.88, b =0.44, and c =0.118 as obtained

by Thome et al. Sato et al. estimated the aver-

age multiplicity to be 19+5 in nucleon-nucleon col-
lisions at about 20 TeV, which was obtained from
8 events with primary energy over 7 TeV. In the
earlier emulsion-stack data, Chaudhary and Malho-
tra selected 54 events with one or at most two

B. Angular distribution

In order to investigate the details about the rise
of the central particle density in proton collisions,
we have analyzed the average charged-particle mul-
tiplicity in the pseudorapidity interval

~

ri'™
~
(1.5. Both our results at 19 TeV and 400

GeV and other results at ISR energies obtained by
Thome et al. are well fitted by a formula

&iV,h)ss
——a+b(luau s ), (16)

where a =—0.07 and b =1.48. They are shown in

=2.1+0.4 at 7 TeV.

This value is to be compared with the theoretical
one estimated by Eq. (6), which is & v) =2.0 for
&A )i„„„——11. Recently, preliminary results have
been reported on a-a collisions with v s =31.2
GeV at ISR (R418). The ratio of the mean multi-
plicity of negative charged particles in a-a colli-
sions to that in p-p collisions at the same momen-
tum per nucleon thus obtained is

Ries & n )~~/& n )sp 1 6+0 1

The ratio Rd, from cosmic-ray data is larger
than R„,s from ISR data. This may be reasonably
understood, since the target nucleus is lucite in the
cosmic-ray experiment.
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FIG. 20. Our cosmic-ray data (0 ) on mean
charged-particle multiplicity in the interval

~

il'
~

& 1.5
are compared to the extrapolations of the accelerator

data. Accelerator points (0) are from Thome et al.
The point ( 0) was obtained in the exposure to 400-GeV

proton at Fermilab. The dashed curve represents
a +b (lns).

Fig. 20. This result gives the evidence for a sub-
stantial increase of particle density in the central
plateau, and for violation of Feynman scaling in
the central region within the energy range from
ISR energies to 19 TeV. A significant part of the
observed rise with energy of central rapidity densi-

ty, however, may be a consequence of radial scal-
ing.

We have observed the higher density value of
charged secondaries in the central region in
helium-lucite collisions in Fig. 12. The ratio of ra-

pidity density in helium-lucite collisions at
i/s =118 GeV per nucleon to that in proton-lucite
at v s =200 GeV from cosmic-ray data is shown
in Fig. 21. The ratio of u-a at V s =31.2 GeV per
nucleon to proton-proton at Vs =62 GeV from
ISR data is shown in the same figure for comparis-
on. The rapidity density ratio in the central region
seems independent of rj'™.It is 2.0 in the rapidi-
ty region

~

il'
~

&2.0 for cosmic-ray data, and is
1.4 in

~

ri™
~

& 1.5 for ISR data. The rapidity
density has the tendency to decrease with g' ' in
the region of

~

il'™
~

& 2.0. This tendency is seen
in cosmic-ray events as well as in ISR. In this
analysis, the remarkable feature is the significant
increase of rapdidity density in the region of

~
&2.0 in the cosmic-ray events.

il
0.5 I I I I I I a

0
qClTI.

FIG. 21. The ratio (0 ) of rapidity densities for heli-
um collisions at V s =118 GeV per nucleon to densities
for proton collisions at v s =200 GeU froin cosmic-ray
data, and the ratio 1~) densities for a-a at vs =31.2
GeV per nucleon to densities for p-p at Vs =62 GeV
from ISR data (CERN-Heidelberg-Lund Collaboration).

by Jaeger et al. and Charlton et al. , as well as
the data of charged particles reported by Whit-
more and Ferbel. The average values of P and

2
T

Pz in the region of PT & 1.0 GeV/c for y rays and
charged particles in proton collisions and helium
collisions at both several hundred GeV/c and 10
TeV range show no difference within the experi-
mental accuracy. However, at higher energy
around 10 TeV the shapes of Pz distribution are
different; the cross section for Pz & 1.0 GeV/c be-
comes larger.

Sato et al. and Agrawal et a/. reported a slow
increase of the average Pr value of n mesons with
incident energies, but we did not observe an in-
crease of (PT ) and (PT ) in the region of
Pz & 1.0 GeV/c for y rays and charged particles.
In our experiment we can detect the charged parti-
cles with no bias, and can measure the momentum

by the method of relative scattering. In getting
(Pz ), we have considered the correction for low-

energy y rays. In our case, y rays with the energy

Ez & 30 GeV are not detectable. We used the same
method for (PT ) determination in the accelerator
experiments.

C. Transverse-momentum distribution D. Fractional-energy distribution

Our results at 303-GeV/c accelerator proton col-
lisions agree well with the data of y rays obtained

The fractional-energy distributions of y rays
have been obtained by several groups. ' ' ' Our
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results on the fractional-energy distribution in the
region of f& & 0. 1 is in general agreement with
these results. It is concluded that the fractional-
energy distributions in this region is independent of
incident energies. We observed the excess of y-ray
number in the region of fr & 0.1 in helium colli-
sions in comparison with that in proton collisions.
This corresponds to the excess of the ratio of the
rapidity density of charged'particles in the central
region for helium collisions to that of proton colli-
sions. The manner in which fr distribution in

fr &0.1 varies with different primary nucleus and
incident energies presents an interesting problem.

E. The x distribution

The x distribution E, (x,s) in proton-proton colli-
sions has been obtained by Jaeger et al. , Charlton
et al. , ' Dao et a/. ' for y rays, and by Whitmore
for charged particles, using hydrogen bubble
chambers. The secondary particles detected in our
experiment are those emitted in the forward hemi-
sphere in proton and helium collisions. The
target-nucleus effect is negligibly small. Our x dis-
tributions presented in Figs. 17 and 18 are steeper
than those of the accelerator data in the region
x &0.1. This shows that the scaling of x distribu-
tion does not hold in the region of x &0.1 at 10
TeV. This is consistent with the results from the
angular distribution of charged particles, and sug-
gests that the multiplicity of produced particles in-
crease substantially in the central region at the en-

ergy from several hundred GeV up to 20 TeV.
However, the scaling violation is small in the frag-
mentation region, x & 0.1.

Comparing the x distribution for helium coHi-

sions with that for proton collisions, it seems that
the observed value E~(x,s)/o;„,~ for helium colli-
sions is approximately twice as large as that for
proton collisions. This can be uriderstood by sup-
posing that on the average two nucleons of the
helium projectile undergo inelastic collisions in
traversing a lucite target nucleus. This agrees with
the ratio A,h

——2. 1 and the value (v) =2.0 for
helium-lucite collisions, the latter being calculated
by Eq. (5).

VI. CONCLUSIONS

We have presented experimental results on in-

clusive y-ray and charged-meson production in

proton-lucite collisions at 20 TeV, and helium-
lucite collisions at 7 TeV per nucleon. The main
results are the following:

(1) The average charged multiplicity in proton-
lucite collisions at 19 TeV is observed to be
25.2+3.0. The corrected average charged multipli-
city in P-p collisions, (n, )zz

——18.3+2.2, agrees
well with the value expected by the energy depen-
dence of the form (n, )~z

——0.88+0.44(lns)
+0.118(lns) obtained by Thome et al. at ISR en-

ergy range. The average charged multiplicity in
helium-lucite collisions is observed to be 49.3+7.8
at 7 TeV per nucleon. This value corresponds to
2. 1+0.4 times of that in proton-lucite collisions at
the same energy.

(2) A substantial increase of charged secondaries
in proton-lucite collisions is observed in the central
region

~

ri' '
~

& 1.5 as the primary energy in-

creases from several hundred GeV to 19 TeV. A
linear rise of density in the form (N,h )&z= —0.07+1.48(lnv s) is observed, giving evidence
for a violation of Feynman scaling at the energy
around 20 TeV. The ratio of the rapidity density
for helium-lucite at 7 TeV per nucleon to that for
proton-lucite at 19 TeV is constant at 2.0 for the
rapidity interval

~

q™
~

&2.0.
(3) The transverse-momentum distributions of y

rays and charged ~ mesons are measured in the
forward hemisphere of 8&10 rad and Pz &2.0
GeV/c. The average transverse momentum of y
rays for Pz & 1.0 GeV/c is 0.20+0. 1 GeV/c in
proton-lucite collisions at 8 TeV and helium-lucite
collisions at 7 TeV per nucleon, and that of
charged nmesons for. Pz & 1.0 GeV/c is
0.35+0.04 GeV/c in proton-lucite collisions at 11
TeV. No difference of the average values of Pr
and Pz in Pz &1 OGeV/. c is observed at both
several hundred GeV/c and 10 TeV ranges. On
the other hand, Pr distribution for Pz & 1.0 GeV/c
at the energy region around 10 TeV is different
from that at several hundred GeV/c. In the
higher-energy region, the cross section for large Pz.
increases.

(4) The fractional-energy distribution of y rays
in the range 0. 1 &f„&0.7 is represented by a sin-

gle exponential,

dN /df z const X exp( fz/f 0——), —

where fo takes the value 0.16 in proton collisions

and 0.15 in helium collisions. This is in agreement

with the results obtained by several other groups.
We observed the excess of y-ray number in the re-

gion of fz &0.1 in helium collisions in comparison



1784 S. TASAKA et al. 25

with proton collisions. This corresponds to the ex-

cess of the ratio of rapidity density of charged par-
ticles in helium collisions to that of proton colli-
sions in the central region.

(5) The scaling of invariant distribution F, (x,s)
for y rays and charged m mesons in proton colli-
sions in x &0.1 does not hold at around 10 TeV,
being consistent with an increase of particle density
in the central region. However, the violation of
scaling is small in the fragmentation region,
x &0.1. Comparing the x distribution in helium
collisions with that in proton collisions, we have a
picture that on the average two nuclei of helium

projectile undergo inelastic collisions in traversing

a lucite nucleus.
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