
PHYSICAL RKVIE% D

Cosmic-Ray Study of Properties of Nuclear Interactions in the 10-300-Gev Energy Range"'

E. R. Goza, R. W. Huggett, W. V. Jones, and E. G. Stafford)
Department of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803

(Received 22 January 1971; revised manuscript received 1 April 1971)

A balloon-borne apparatus consisting of an emulsion target, spark chambers, and an ion-
ization spectrometer has been used to study properties of nuclear interactions of cosmic rays
in the energy range 10-300 GeV. The ionization spectrometer, used to measure the energies
Es p

of the primaries pas sing through the apparatus, was calibrated at accelerator energie s.
This calibration was extrapolated to higher energies using Monte Carlo calculations. A com-
parison of energy estimates obtained using emulsion methods with E, indicates that for pro-SP
ton interactions the method based on constancy of transverse momentum and inelasticity
gives an energy 1.5E,h that is too large by a factor of only 1.1+0.2, whereas the method of
Castagnoli gives an energy @~„that is too large by a factor of 5+2. For interactions of Z & 1
primaries, estimates (F and~E„) based on the opening angle of fragments and the 1.5E h es-
timates are in good agreement with E». It is found that if the depth of the first interaction
of each primary is known to within ~1/4 interaction length, the spectrometer estimate is not
sensitive to some other characteristics of the first interaction, such as number and angular
distribution of charged secondary particles. For proton interactions with fewer than six
black and gray tracks, E~~4 and InE functions give better fits to the data on the mean number

of minimum-ionizing secondaries vs (E») than the E~~2 function does.

I. INTRODUCTION

Apparatus consisting of an emulsion target,
spark chambers, and an ionization spectrometer
has been built and flown in a series of balloon
flights. " The ionization spectrometer was used
to determine the total energy of a particle incident
on the apparatus. The spark chambers were used
to locate tracks in the emulsions corresponding to
cosmic-ray primaries which satisfied certain trig-
ger requirements.

This experiment was the result of a collaboration
between the Max Planck institute for Extraterres-
trial Physics at Garching, near Munich, and

Louisiana State University in Baton Bouge. This
was the first experiment in which emulsions were
used with an ionization spectrometer and, except
for the Proton I and II satellite experiments, it
was the first one in which an ionization spectro-
meter was used to study primary cosmic rays.
The experimental arrangement was superior to
previous emulsion experiments for studying the

properties of nuclear interactions, because the

energy of each primary could be determined in-
dependently of emulsion measurements.

The results of using the apparatus to determine
the Qux of cosmic rays have already been re-
ported. " The apparatus was also used to deter-
mine various properties of ionization spectrome-
ters, ' "some properties of nuclear interactions
at accelerator energies, "and the nucleon-nucleon
elastic cross section at 83 GeV."' ' Reports' "
on the evaluation of the accuracy and reliability of

locating primary cosmic rays in an emulsion stack

through the use of spark chambers also have been
published.

This papel describes some px'opel ties of nucleax'

interactions in the 10-300-GeV energy range which

were obtained using the inelastic interactions of
primaries in the emulsions. Also presented are
comparisons of emulsion methods of energy esti-
mation with the spectrometer energy measure-
ments ' "

II. EXPERIMENTAL PROCEDURE

A. Apparatus

A schematic drawing of the apparatus used in

this experiment is shown in Fig. 1. It consists of
two main parts: (I) the spark chambers above and

below the target, and (2) the ionization spectrome-
ter. The emulsion target was a 6-liter stack of
Ilford Q-5 emulsion, oriented so that the planes of
the emulsions were vertical during the balloon
flight.

Each time a high-energy particle satisfied' the

trigger requirements, the spark chambers were
pulsed and photographed using a mirror system
and two 16-mm cameras. Two mutually perpendic-
ular viems of each event mere obtained. In addi-
tion, the pictures of each event contained informa-
tion about the charge, direction, interactions, and

energy of the incoming particle as well as the time
of occurrence.

In the spectrometer, photomultipliers MI, MII,
and MIII (viewing the pairs of scintillators A, 8,
and C, respectively) were used to measure the

light output from the three pairs of scintillators.
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FIG. 1. Schematic diagram of the apparatus. Photo-
multipliers T1-T8 are for triggering and;, photomultipli-
ers MI, MII, and MIII are for measuring. Counter 0,
located on two gjdes of the apparatus, was used in anti-
coincidence.

The apparatus was exposed with the emulsion
target for 18 h at an altitude of 35.V km (5 g/cm').
A total of 43 proton primaries and 35 Z &1 prima-
ries mhich triggered the apparatus are believed to
have interacted in the emulsion target. Twenty-

These signals were used to obtain the energy of
each primary. Photomultipliers Tl-T6 (each
viewing one of the six scintillators) and scintillation
counter T7 just below the target were used in the
triggering system.

The trigger conditions used for the emulsion
flight required a coincidence between

(1) a pulse originating from scintillation counter
T7 corresponding to at least one particle,

(2) a pulse originating from scintillation counter
T6 corresponding to at least two particles,

(3) a pulse from either of the pairs of scintilla-
tors A, B, or C corresponding to the passage of
at least 13 particles, and

(4) no pulse from guard counter 0, which was
located near two sides of the bottom spark cham-
ber.

Requirement (3) resulted in an energy threshold
of approximately 30 GeV.

B. Emulsion Measurements

nine of the protons and all of the Z&1 primaries
were found in the emulsion. The numbers and
angular distributions of the tracks appearing in
the bottom spark-chamber photographs and the
energy distribution for the 14 protons which were
not found were similar to those for the 29 protons
which were found. Therefore, the results given
in Sec. III should not be affected by the fact that
some of the primary proton events were not used.

Scintillation counter T8 was used to indicate the
charge of the incident primary in four channels
corresponding to the charges Z=O or 1, Z= 2,
Z=3, and Z» 4. However, for the primaries in
which T8 indicated Z» 3, the charge was deter-
mined by measuring the density of 5 rays along
the tracks of the primaries in the emulsion. ""

The angular distribution of the charged particles
produced in the first interaction of each primary
was measured with a Koristka 84 microscope
using published methods. " The emission angles 8
of these secondaries were used to calculate esti-
mates E„, of the energy of each primary. Tracks
having 0» 90' mere not used in the calculations.

Several emulsion methods of estimating the
energies were used. The Castagnoli method .

(Ec„,) is based on the assumptions that the charged
secondaries are emitted with forward-backward
symmetry in the center-of-mass system, and that
the target is a nucleon. The equations used were

logyc~, = -(log tan&)

Ec ~=~I,(3rc. ~' —1)

where m~ is the proton mass.
The E,h energy estimate"' is based on the as-

sumption of constancy of transverse momentum of
charged secondaries' ' and inelasticity. The
equation used was

E,„=(P,)+csee GeV,

where the mean transverse momentum (p,) was
taken to be 0.4 GeV/c. The value of E,h is usually
multiplied by 1.5 in order to include the energy
going to uncharged secondaries (pions). The E,q
estimate should be independent of the target mass
and secondary interactions inside the target nu-
cleus."" The Ec„, estimate is not independent of
either of these.

Black and gray tracks (tracks with grain densi-
ties greater than 1.4 times the grain density of the
tracks of minimum ionizing particles) were not
used in these energy estimations. In the case of
the Z&1 primaries, only the tracks of secondaries
which were not fragments were used in determin-
ing Ecast and Ech

For the Z&1 primaries the emission angles 0~
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of the Z=1 fragments and the emission angles 8
of the Z=2 fragments were used to calculate two
more energy estimates E~ and E . The equa-
tions" """used in these two methods were

E~ =0.12((8~')) '~' GeV/nucleon

E =0.06((8„')) ' s GeV/nucleon.

C. Spectrometer Energy Determination

A calibration of the ionization spectrometer with
10-, 20.6-, and 28-GeV/c protons was carried
out using the Alternating Gradient Synchrontron
(AGS} at the Brookhaven National Laboratory. ' As
a result of this calibration it was determined that
the best parameter for obtaining the energy of the
primary is DV = N, + N—~+ N» where N„N„and Ns
are the normalized. pulse heights from measuring
photomultipliers MI, MII, and MIII, respectively.
Since the scintillators were equally spaced within
the iron absorber, ~ is a measure of the total
ionization produced by a cascade within the spec-
trometer.

The calibration at accelerator energies was ex-
trapolated to higher energies with the help of
three-dimensional Monte Carlo calculations, ' "
whi. ch were fitted with the AGS measurements.
Basically, the cascade model incorporated existing
information about mean values and fluctuations of
the nuclear interaction parameters for high-energy
hadron interactions as well as the conversion of
energies of no mesons into electromagnetic cas-
cades.

The interaction parameters considered in the
cascade model included multiplicity, inelasticity,
nuclear evaporation energy, and the interaction
length of the interacting particle. Lateral spread-
ing was determined by taking into account (1) the
angles of emission of the secondary particles from
individual interactions, (2) the angular separation
of gamma rays from s' decay, (3) the angular sep-
aration of the electrons created in pair production,
and (4}multiple scattering of the strongly interact-
ing particles passing through the absorber.

The particles produced in each interaction were
assumed to be pions only. The calculations were
performed for single particles incident on the
absorber by following each incident particle and
all the created charged pions through successive
interactions until either they stopped or passed
out of the absorber.

Neutral pions were considered to decay instan-
taneously into two y rays, each of which underwent
electron pair production. Each of these electrons
in turn was taken to form an independent electro-
magnetic cascade with properties calculated usirig

FIRST INTERACTION IN CARBON TARGET
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FIG. 2. Comparison of Monte Carlo calculations with
AGS spectrometer measurements for 28-GeV primary
protons which interacted in a carbon target. Plotted are
the distributions of~ recorded by the spectrometer
(solid curve) and predicted by the calculations (dashed
curve).

Rossi's approximation B. No attempt was made
to follow individual particles in the electromagnetic
cascade.

Figure 2 shows a comparison of the calculations
with the AGS measurements. This comparison
involves distributions of QN for 28-GeV protons
which interacted in a carbon target (-,' interaction
length thick). The relative standard deviations
e(QN)/(~ of the distributions are about 48%.

The determination of the energy E,z was made
for each cosmic-ray proton as follows: A prelim-
inary estimate of the energy was obtained based
on a linear extrapolation of the energy dependence
of (~ determined from the AGS measurements.
Then, Monte Carlo calculations were made for two
or three trial energies which bracketed the prelim-
inary estimate. These calculations incorporated
the known interaction point, the known angle of in-
cidence, and the known number of charged secon-
dary particles, which in turn had known directions.
For each trial energy E, 500 Monte Carlo events
were used. A log-log plot of E vs (~ was used
to obtain the energy E,p

corresponding to the mea-
sured value of Q¹The relative standard deviation
os, z of E,p was obtained from plots of E vs (~)
+o(QN).

In addition, the energies of these protons were
determined from Monte Carlo calculations using
mean values of the incident angles and randomly
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TABLE I. Properties of the primary interactions
found in the emulsion target. All energies are in GeV.

E„(0~„)
Charge Ãe range (Esp) {%) (n e) (Ng )

1 29
2 8
2 Frag 9

&2 Frag 9

14-297
6-32
6-29
2-11

64
16
13

6

32
25
29
19

5.0 4.0
7.4 3.9
2.6 1.9
5.0 2.6

Number of events used.
bPrimaries which fragmented.

selected depths of the first interactions in the tar-
get. These calculations were not made separately
for each primary. In Sec. III A these latter ener-
gies E,pQ

are compared with the energies E,p
ob-

tained using the known characteristics of the first
interactions.

The calculation for each Z&1 primary nucleus
was made using only the incident direction and the
location of the first interaction. The number of
nucleons participating in the first interaction was
determined randomly from a uniform distribution.
After the first interaction, the nucleons were as-
sumed to behave independently. This is a reasona-
ble assumption for o. particles, but it is probably
too crude for heavier nuclei.

III. RESULTS

A. Energy Comparisons

Properties of the primary interactions found in
the emulsion target are given in Table I. The first
column indicates the primary charge. It also in-
dicates whether or not the Z&1 primaries under-
went fragmentation. The mean values of the num-
ber n, of minimum-ionizing secondaries and of the
number N„of black and gray tracks are given in
columns six and seven, respectively.

The results of the comparison" of energy esti-

mates obtained using emulsion methods with spec-
trometer measurements E,p

are given in Table II.
The events used in the "E~" and "E and E~" groups
are events listed as "Frag" in Table I. Eight of
the Z=2 and one of the Z&2 primaries were not
used in the comparison because of the small num-
ber (2) of secondaries. For the Z=1 and Z= 2

primaries the methods of Ec„, and 1.5E,& are used
for the same group of events. When the contribu-
tion of cr~ has been removed from the values of&sp
o and 10' for log„(E„,/E, ~), the values in the last
two columns of Table II are obtained. These
values can be considered to represent o and 10
for log„(E„,/E, ), with E, being the true energy of
the primary.

Although not given here, additional comparisons
were made for the proton events by grouping them
according to the values of E,p, n„and N„. These
comparisons indicate that all of the variations in
10 ""and 10' among various groups (using the
same energy estimation method) are small com-
pared to the statistical errors involved. However,
the variations are much smaller for 1.5E,& than for
Ecast

Comparisons of 1.5E,&, E,p, and E,p, for protons
are given in Table III. The values of 10 ""are
within one standard deviation of 1.0. Both E» and
Es pQ give similar values of 10' when compared with
1.5E,&. The value of (as, ) was not statistically
different from the value of (os, ). The good agree-
ment of E,pQ

with E,p
and 1.5E,q implies that if the

depth of the first interaction is known to within
+-,' interaction length, little improvement in the
accuracy of each measurement is obtained by in-
cluding the exact depth of the interaction, the
angle of incidence of the primary, and the number
and directions of the charged secondaries.

B. Multiplicity

In the 29 proton interactions there were a total
of 145 charged, minimum-ionizing particles. This

TABLE II. Comparison of energy estimates obtained using emulsion methods with the spectrometer
measurements E,p. The errors given are statistical.

Za bEest N c
e Mean

gi0+est/+s)
]pmeall 100

gi0{ est/EO~
d

0' 10~

1
1
2
2
2

Ecast
1.GEch

Ecast
1.5Ed,
E~ and Ep

29
29

9
8
8
9

0.7 +0.2
0.03+ 0.07

-0.25 + 0.08
0.2 + 0.3
0.2 + 0.1

-0.1 +0.1

0.9 + 0.1
0.39+ 0.05
0,23+ 0.05
0.7 +0.2
0.4 + 0.1
0.33+ 0.08

5 +2
1.1+ 0.2
0.6+ 0.1
1.6+ 0,9
1.4 + 0.5
0.8 + 0.2

7 +2
2.4+ 0.3
1.7+ 0.2
5 +2
2.6+ 0.6
2.1+0.4

0.9 + 0.1
0.36+ 0.05
0.19+0.05
0.7 + 0.2
0.4 + 0.1
0.32 + 0.08

7 +2
2.3+ p.2
1.6 + 0.2
5 +2
2.5+ 0.6
2.1+0.4

a Primary charge.
"Emulsion method of energy estimation.
'Number of events used.

The values of the mean and 10 ~" are the same as the values for log&0(E~„/E, ).
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TABLE III. Comparison of E h, E,&, and E,po
for protons.

I.O

ATIO

Ratio
log(0(ratio)

10m' 1 ply

0.9—

1.5Ech/E, p
1 Ech/Espo
Espo/Esp

1.1 + 0.2
1.1 + 0.2
0.95+ 0.05

2.4 + 0.3
2.3 + 0.2
1.34+ 0.05

0.8—
C3

UJ 07-Q ~

U
U

0.6—

TABLE IV. Observed values of mean multiplicity (n, )
in proton interactions for various ranges of primary en-
ergy. The results are shown for the group of events con-
taining all interactions and for the group of events con-
taining only interactions with Nz 5 (in parentheses).
In the last column (n, ) has been corrected for trigger-
ing efficiency. The errors given are statistical.

Energy
range
{GeV) N~ %,p) (n, ) R

11-300 29 64+12 5.0+ 0.7 0.980 5.1+0.7
(20) (46 + 7) (3.8 + 0.3) (0.978) (3.9+ 0.3)

11-50 15 27+ 3 3.3+ 0.3 0.959 3.5+ 0.3
(13) (28 + 3) (3.5 + 0.3) (0.961) (3.6+ 0.3)

50-300 14 104+ 20 7 + 1 0.982 7 + 1
(7) 80+ 9 (4 + 1) (0.981) (5 + 1)

~Ratio of (n, ) for events satisfying trigger require-
ments to (n, ) for all events at the value of (E») given
in column 3.

(n~)~, = (n~)/R.

number included give particles (from three inter-
actions) in which 8 was greater than 90'.

In Table IV the observed values of mean multi-
plicity (n, ) are given for various groupings of E,

&

and N„. The use of N„=5 as a criterion for sepa-
rating -collisions involving light nuclei from col-
lisions involving heavy nuclei has been suggested
in several papers. ""As might be expected, the
observed value of n, is somewhat dependent upon
N„. (A high N„value indicates that the interaction
involved a heavy nucleus of the emulsion with
secondary interactions having occurred within that
nucleus. )

Monte Carlo calculations were used to correct
these values of (n, ) for effects of the apparatus
triggering efficiency. The dependence of the trig-
gering efficiency on primary energy is shown by
the lower curve in Fig. 3. The extrapolation above
100 GeV is based on the result that, for all primary
energies, about 86%%uo of the events satisfied the
guard counter condition. The upper curve in Fig.
3 shows the energy dependence of the ratio R =

((n, ) for Monte Carlo events which satisfied the
trigger requirements}/((n, ) for all Monte Carlo

C9

0.5—
UJ
C5
C9

0.4—

NG

CY

0.3—
O
I-

0.2—
CL

O. I

0.0
IO 30 IOO

E. (GeV)
300

FIG. 3. Apparatus triggering efficiency. The lower
curve shows the dependence of the triggering efficiency
on primary energy. The upper curve shows the energy
dependence of the ratio ((n~) for Monte Carlo events
which satisfied the trigger requirements)/((n~) for all
Monte Carlo events).

events). This curve indicates that (n, ) was not
significantly dependent on the triggering efficiency.
The correction factors E and the corrected (n, )
values (n, )„„aregiven in Table IV also. Plotted
in Fig. 4 are the values of (n, )„„and (E,z) for
the group of events containing all interactions
(solid circles) and for the group of events contain-
ing only interactions with N„& 5 (open circles)
Weighted least-squares fits were made to these
values of (n, )„„and (E,&). Three functions AE'~',
BE', and ClnE were used. s The fits were
made separately for all interactions and for inter-
actions with N„~ 5. However, for the same type
of energy dependence the two values of the con-
stants (A., B, and C} were not statistically differ-
ent. The resulting curves are plotted in Fig. 4.
For all interactions the best fit is obtained using
the E' ' function, whereas for interactions with
N„~ 5 better fits are obtained using the E' ' and
lnE functions, both of which fit the data equally
well.

The result that E' ' and lnE functions give better
fits than an E' ' function for interactions with N„
~ 5 can be compared with the results of other ex-
periments. Hayakawa" states that the ICEF re-
sults" at high energies indicate alnE dependence
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FIG. 4. Plot of (ns)corr vs (Esp) for the primary pro-
tons. The solid circles are for all interactions and the
open circles are for interactions with N„5. The lines
plotted are the results of weighted least-squares fits.
The diamonds are the values obtained in the Echo Lake
experiment. 39~

IV. CONCLUSIONS

This experiment suffers from limited statistics,
yet it is felt that some significant conclusions can

while some experiments at energies near and be-
low 100 GeV have indicated an E' ' dependence.
This E' dependence has been found by Kaneko
and Okazaki" and by Guseva et al."(in an ioniza-
tion spectrometer experiment).

Perhaps the most significant results on multi-
plicity at ultrahigh energies come from the Echo
Lake experiment. "' This experiment involved a
hydrogen target, spark chambers, and an ioniza-
tion spectrometer. The energy range was 90-800
GeV. It was found that a lnE function gives the
best fit to the (n, ) data (see Fig. 4). The values
of (n, ) seem to be consistent with the values of
(n, )„„obtained in this experiment for interactions
with N„&5. A lnE function gives a very good fit to
the combined data.

In the other experiments mentioned above, either
the energy was estimated by some emulsion method
or the actual interaction was not visible. If the
actual interaction is not visible the values of n,
(and N„) cannot be observed directly, but must be
estimated from spark- (or cloud-) chamber photo-
graphs showing the secondaries which emerged
from a separate target. In addition, corrections

. must be made for secondaries which miss the
chambers and for secondaries from interactions
other than the first interaction.

be made.
The fact that the 1.5E,h estimates are more ac-

curate than the Ec„, estimates implies that the as-
sumption of constancy of transverse momentum
and inelasticity is more consistently valid than the
assumption of forward-backward symmetry in the
center-of-mass system. Also, the fact that the
results for 1.5E,h are independent of n, and N„ im-
plies that the 1.5E,h estimate is independent of the
target mass and secondary collisions within the
nucleus. Since the values of 10 ""for log„
(1.5E,„/E,~) are very close to 1.0, the surviving
primary, the produced charged pions, and all
other produced charged particles must have about
the same mean transverse momentum (approxi-
mately 0.4 GeV/c). In the case of fragmentations
of Z ~ 2 nuclei, the E~ and E estimates are in
good agreement with E,p. The result that the
1.5E,h estimates are more accurate than the Ec,
estimates is in agreement with a 20-GeV pion ex-
periment" and with Monte Carlo calculations in-
volving higher energies. "

The good agreement of E,po with E,p and 1.5E,h
implies that if the depth of the first interaction of
each primary is know'n to within +4 interaction
length, the spectrometer estimate is not signifi-
cantly improved by incorporating knowledge of
additional characteristics of the first interaction
such as the multiplicity and the angular distribution
of the charged secondaries.

The study of multiplicities has indicated that the
func'tional dependence of (n, ) on E is related to the
values of N„. For the group of events containing
all interactions, the function (n, ) =AE' ' gives the
best fit to the data. For the group of events con-
taining interactions with N„& 5, the functions (n, )
BE' 4 and (n, ) =C lnE give better fits to the data.

The values of (n, ) for interactions with N„& 5 are
consistent with the values obtained in the Echo Lake
experiment"' ' for a slightly higher energy range.
The best fit to the combined data is obtained with
a lnE function.
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