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Emulsion chambers are being used n a series of stratospheric balloon flights to study nuclear interactions. charge composition.
and energy spectra of cosmic ray nuclei over the energy range 10'2-10'% eV. Charge identification involves gramn. gap. andor

delta-ray counting in emulsion plates having different sensitivities 0!
are measured with resolutions of about 25% by the three-dimensional

n two sides of an acrylic base. Electromagnetic cascade energies
1 track counting method. This report describes the apparatus. the

measurement techniques, and the analysis methods used 1o determine the primary proton and helium spectra.

1. Introduction

. The Japanese—American Cooperative Emulsion Ex-
periment (JACEE) is studying the interactions {1} and
energy spectra [2] of cosmic ray nuclei at energies above
~ 1 TeV /nucleon. The data are recorded with balloon-
horne emulsion chambers, which in one flight were
combined with multiple counter systems. Emulsion
chambers offer large effective geometrical aperature per
unit weight. easy detection of high energy events. and
high spaual resolution of the recorded data {3]. Their
utility 1s illustrated by the JACEE exposures. in which
data collected in only two balloon flights have been
sufficient to extend the proton spectrum from a few
TeV to several hundred TeV 2.
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The only direct measurements previously reported
on cosmic ray spectra above a few TeV were thosw
carried out more than a decade ago by the PROTON
satellites [4]. in which an jonization calorimeter emplos-
ing scintillators was used to make observations above 40
GeV. Those measurements extended up to about 2 TeV
for helium. 20 TeV for protons. and 10'® eV for "all
particles”. (Individual charges heavier than helium were
not resolved.) 1t was reported that the hehurr anc
all-particle spectra obeyed a simple power law over the
energy. range covered. but that the proton integral spec-
tral index changed abrupth from - 1.7 to —2.3 around
2 TeV. At the lower energies. balloon observations [*.6]
were in agreement with the PROTON satellite results,
but JACEE is the first balloon experiment to have
sufficient exposure to make spectral measurements be-
yond the region of the reported index change for pro-
tons. '

The emulsion chamber method is especially useful
for ultrahigh energy cosmic ray observations, because
(1) the efficiency for detecting interactions approaches
100% above about 10 TeV and (2) the energy resolution
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s upproximately constant with energy for a given inci-
dent particle species, Most other energy measuring tech-
niques are impractical for balloon observations of
primary cosmic rays at such high energics. For example,
the signals from low pressure gas Cherenkov counters
and transition radiation detectors become saturated.
and ionization calorimeters employing scintillators have
a much smaller geometncal factor than an emulsion
chamber of the same weight. In addition to the practical
limitations of the energy measuring technique, the en-
ergy range of all cosmic ray experiments is limited by
the collecting power (product of the geometrical factor
of the apparatus and the ume of exposure to the cosmic
rav flux) and the steep energy spectra of primary cosmic
ravs {5-7).

2. Apparatus

The basic, vertical configuration of the emulsion
chambers used in JACEE is illustrated schematically in
fig. 1. Each chamber is composed of four sections: the
primary charge detector, the target, the spacer, and the
calorimeter.

The primary charge detector contains both thick
(200-400 pm) and thin (50-100 pm) nuclear emulsions,
as well as CR-39 and Lexan solid state track detectors
|8]. The thick emulsions pernit accurate determination
of the charge (AZ = (0.1-2)e for Z=1-26) of each
primary particle via track grain density, gap length
distribution. and delta ray counts in emulsion layers of
different sensitivies. For heavy nuclei. the émulsion
charge measurements can be augmented by data from
the Lexan and CR-39 sheets.

The target section employs about fifty thin emulsion
plates interleaved with low-Z material (acrylic) to maxi-
mize the nuclear interaction probability, while minimiz-
ing the probability for pair production by high energy
photons. Charged tracks produced at an interaction
vertex in the ~1 mm thick acrylic plates can be ob-
served in the nearby emulsions. In order to identfy
nuclear fragments, some charge identification layers
(similar to those in the primary section) are inserted at
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Fig. 1. Schematic diagram of the JACEE emulsion chambers
The JACEE-0 and JACEE-2 chambers did not have the spacer
section.

regular intervals of about 3 cm throughout the target.
Table 1 shows the number of track-sensitive layers in
each section and specifies the typical section thicknesses
in centimeters, radiation lengths (r.1.), and proton inter-
action mean free paths. The target section has a vertical
thickness of approximately 0.25 proton interaction
lengths, which corresponds to about 1.0 interaction
length for iron nuclei. -

The spacer section 1s a drift space comprised of
paper honevcomb that permits closely collimated gamma
rays from an upstream vertex to diverge from each

Table 1

Component thicknesses of the JACEE-1 chamber

Section Plates cm g/cm? r.l Proton
interaction
lengths

Pnmary 10 Emul, 4 CR-39 o Tt 1.78 3.38 0.17 0.035

Target 57 Emul, 8 CR-39, 46 plastic 15.92 22.00 0.77 0.263

Spacer 20 Emul’ 12.08 4.85 0.24 0.052

Calorimeter 22 Emul, 26 X-ray, 1 CR-39% 6.30 43.38 6.12 0.244

Total 36.08 73.61 7.30 0.594

* Includes test processing materials exposed at the bottom of the chamber.
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other before cascade development in the downstream
calorimeter. A 10 cm drift space is adequate for sep-
arating 1 TeV gamma rays from neutral pion decay.
‘Thin emulsion plates are inserted at intervals of about 5
mm throughout the spacer section, in order to facilitate
the tracing process and to allow measurement of charged
particle emission angles as small as 10" * rad.

The calorimeter section has about 7 r.l vertical
thickness of lead absorber. The lead sheets, 1 mm and
2.5 mm thick. are interleaved with X-ray films and thin
emulsion plates. High energy nuclear-electromagnetic
cascades produce easily visible dark spots in the X-ray
films. The X-ray film images are used both for naked-eye
scanning to detect the events and for imtal energy
estimation by optical photometry. Each Sakura-type N
X-ray film consists of 25 pm thick emulsion layers on
both sides of a 175 pm polyester base.

Surviving heavy fragments, charged hadrons, and
cascade electrons are observed individually in the emul-
sions. which are also used to determine the energies of
electromagnetic cascades by the method of track count-
ing. The emulsion plates consist of 50-400 pm thick
layers of Fuji nuclear emulsion coated on both sides of
either 500 or 800 pm thick acrylic base plates. The
optical transparency of the acrylic base allows observa-
tions on both emulsion layers with the same microscope
stage setting. .

The double-coating technique, because of the dimen-
sional stability of the base material and the capability
of viewing both surfaces with a microscope, permits
accurate measurements of track coordinates even though
he emulsion may suffer shrinkage and distortion during
processing. As discussed below (sect. 4). the use of
Aifferent sensitivity emulsions on opposite sides of a
hase plate facilitates identification of vertically incident
protons, helium, and lithium nuclei, which has been
difficult in previous emulsion chamber applications.

All components of the chamber are assembled in

SRS

40 x S0 cm? precision-machined. hight-ught. plastic
boxes. which ensure that adjacent plates are abpned
with an accuracy better than 150 pm. In one case
(JACEE-2) a single 80> 100 em? hox was used 10 hold
four 40 cm X SO cm’ units, but this 1esulted e poora
( ~ 1 mm) alignment.

The chambers are typically mounted in “fhpper”
mechanism that kecps them inverted except while at
float altitude, but in two flights a *“plate shifter”™ was
used. Either technique permits discrimination of inter-
actions registered at the top of the atmosphere from
those recorded at sea level or during balloon ascent and
descent. The ability to reject low altitude background
from the high altitude “live time” exposure 1s vital in
measurements of the rare primary Li, Be. and B nuclel,
and it would also be important for measurements of
galactic electrons and gamma rays.

Table 2 lists some relevant parameters of the emul-
sion chambers for the six JACEE fhghts to date:
JACEE-0, JACEE-1, JACEE-2, JACEE-3, JACEE-4 and
JACEE-5. The first flight, JACEE-0, was a small-scale
engineering flight carried out in Japan. Electronic coun-
ters were combined with the emulsion chamber in
JACEE-3.

3. Event detection, selection, and tracing

The events are detected by observation of dark spots
produced by cascades in the X-ray films of the calorim-
eter. Individual electromagnetic cascades of energy E,
greater than about 300 GeV can produce spots visible to
the paked eye. After an event has been found in the
X-ray films/ associated cascades with energies above
about 50 GeV can be found by microscope scanning in
the emulsions. The detection threshold for total gamma
ray energy, LE_, can be as high as 1 TeV, because the
cascade family associated with the event has several

Table 2
Batloon Thghts
Fhght Launch Launch Altitude Duration " Area
date site [g/cm’] [h} jem?]
JACEE-0 5/79 Sanriku. 8.0 29.0 1(40 % 50)
Japan
JACEE-1 9/79 Palestine, 37 25.2 4(40 x 50)
Texas
JACEE-2 9/80 Palestine, 4.0 29.6 4(40 % 50)
Texas )
JACEE-3 6/82 Greenville, 5.0 39.0 1(50 x 50)
S. Carolina .
JACEEA4 9/83 Palestine, 5.0 59.5 4(40 % 50)
- . Texas
JACEE-5 10/84 Palestine, 5.0 15.0 4(40 x 50)
Texas
b faa ¢ VoA, A e g/)‘ B "((‘L\
Tiwv o ¢
; I _,7 Yo s L Cr‘vx_ 1‘ o ‘)
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Fig. 2. Longitudinal development of the optical density (D) in
X-ray films for cascades initiated by protons. The maximum
‘value (D, ) is used for the selection of events for analysis.

members each with E < 300 GeV. The actual detection
threshold (E ;) is a function of the incident angle of the
cvent and the background level. which depends on both
the freshness of the X-ray films and the processing
vanables.

Either optical densitometry in the X-ray films or
track counting in emulsions around the cascade maxi-
mum provides an initial estimate of LE , which serves
as the preliminary parameter for selecting events for
analysis. The D, ., of individual events is defined by the
optical density at the cascade maximum which is ob-
tained by fitting optical densities measured at several
layers to the shower curves (fig. 2). In practice, an
optical density threshold of D,,, =log,, 1o/1=0.2 1s
used, where J, and I respectively denote the source and
the transmitied light intensities in the optical pho-
tometer. Scatter plots of photometric density of X-ray
film spots (a measure of the total “ pulse height”) versus
LE_ from track counts in emulsion indicate a spread of
about 40% for 2 TeV <L E <20 TeV (figs. 3a and b).
This value includes the contributions from successive
interactions in the calorimeter. Typically, the highest
cnergy events are selected for earliest analysis, and the
lower energy events are analyzed as time and manpower
permut,

Following selection, the coordinates of dark spots in
the X-ray films are mapped directly onto the adjacent
emulsion plates, and the cascades are located using a
microscope. Zenith () and azimuth (¢) angles for the
event are then determined from the entrance and exit
points of indtvidual particles (high energy photons
and /or heavy nuclear fragments) in the acrylic base of
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Fig. 3. Correlations of the maximum optical density (D, of

X-ray films with measured cascade energy Q2F ) for miera

tion events in the target secuon (larget jets) (a) and in the
calorimeter section (Pb jets) (b).
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the emulsion plate. The angular accuracy (Atan 8 < 0.01
and A¢ < 0.2°) facilitates tracing the cascade (and its
accompanying charged hadrons and nuclear fragments)
back to the interaction vertex. If a large number of
particles are present, the traceback can be accomplished
by making observations in only every fifth to tenth
plates.
= The traceback procedure is continued until the
primary vertex is located, either by direct observation 1n
an emulsion or (more frequently) by triangulated con-
vergence of tracks to a point in a non-emulsion target
plate or other nonsensitive layer. The convergence of
the obvious cone of charged secondary particles in the
emulsion plates immediately below the interaction usu-
ally fixes the vertex to within 100 pm. If wide-angled
(8 =1°-10°) tracks are present in the nearest emulsion
layer, the vertex can be located even more accurately.
generally to within 50 pm.

A vertex is presumed to be a primary interaction if
no accompanying parallel tracks are found within a
radius of about 125 pm of the primary track in the
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upstream emulsion plates. Background heavy nucleus
tracks are often used as temporary fiducials for plate-
to-plate scanning. parlicularly for proton and helium
primaries, in order 10 ensure correct association of the
primary particle with the vertex.

Although the overall tracing efficiency is estimated
10 be about 98%, a vertex is not found for every event
during the tracebacks. In some €ases the cascade begins
as a narrow, low multiplicity jet where central tracks
exhibit the multiple scattenng characteristics of elec-
trons rather than the more persistent trajectones assocl-
ated with charged hadrons. Such events are classified as
electromagnetic in origin. Fewer than 2% of the events
are lost during tracing.

4. Charge measurements

Several methods are used, either individually or in
combination, for determining the charge Z of each
primary nucleus. Different methods are required for
different charge groups, and the specific procedure de-
pends-on the angle of incidence. The approximate z
value is easily assigned at first glance under a micro-
scope as being either a proton, a He nucleus, a light
nucleus (Z=3-5), 2 medium nucleus (Z=6-8), 0ra
heavy nucleus (Z=29).

The use of low sensitivity emulsion permits grain
counting even for nearly vertically incident tracks [9].
The track registration properties of the three different
Lcnsitivity emulsions employed (Fuji 7B, Fuji 6B, and
bup 2F) are given in table 3. while table 4 shows the
painings of the different emulsion types used to make
plates for specific experimcma\ objectives, €.8- identifi-
.auon of the pnmary particle species.

Protons and helium are Cclearly separated, even for
nearly vertical incidence, by the method of grain count-
ing in emulsion plates having different sensitivities on
the two sides of the acrylic base. For light nuclei, gap
measurements in electron sensitive emulsions (Fuji 7B)
and grain counting in reduced-sensitivity emulsions (Fuji
oB and Fuji 2F) are used. For medium and heavy
nuclei, delta ray counts are combined with CR-39 etch-
pil measurements.

The use of low sensitive emulsion makes grain count-

ing possible for nearly vertical incident tracks. The

Table 3
Track registration properties of Fuji emulsion

t.mulsion Particle track sensitivity

ype Electrons Protons Alpha particles
Fuji 7B all, all all

Fuji 6B <BiMev <200 Mev  all

Fuji 2F none < 20 MeV < 500 MeV

Table 4

JACEE emulsion plates. All plates are coated on both sdes of
either 504 or 800 pm methacrylate base with Fujr cimulsion as
specified -

-

Platc Emulsion Layer Particle
type coating thickness

upper /lower [pm]

identification /purpose

A 78/7B 200 p. alpha

B 7B/6B 200 alpha, light nucleus

C 7B/7B 50-75 track coordinates and.
angle

D 1B/2F 200 medium, heavy nucleus

E 7B/6B 400 medium, heavy nucleus

grain density (pg)s OF more exactly, the blob density
(which is the number of separated grains, or unresolved
clumps of grains, per unit track length) is used to
measure the jonization rate. Tracks are viewed in a
vertical projection, and the vertical microscope resolu-
tion (¢, =1 pm) is poorer than the horizontal resolu-
tion (e, = 0.12 pm). The grain size (0.27 pm for Fuji 7B
and 6B emulsions, and 0.17 pm for Fuji 2F emulsion) is
comparable to the microscope resolution of gaps be-
tween grains, so more grains are unresolvable for steeper
tracks.

The distribution of gap length between grains for a
unit length is given by {10]

H(r)dr=r0-2exp(—r/r0)dr. 1)

where I, denotes the average Bap length, which is
equivalent 10’ the inverse of the grain density p. Their
charge dependences can be reasonably assumed  as
I(2)= Z7H(Z=1) 01 p(Z)= poZ*. The measured
number of ‘separable grains or blobs N, for a track
length L therefore defines the blob density Ppioe: and 1s
related to the minimum grain density p, by

Poion=(No ™ y/L= f’ P’ exp(—pT) dr

=p,Z* exp(—poZ’T") (2)

where I’ denotes the minimum resolvable gap length.
and depends on the microscope resolution, I =
min{e,/cos 6. e, /sin 0}

Fig. 4 shows the observed distribution of blob den-
sity for 333 relativistic singly charged tracks having
tan 8 = 0.5 in on¢ layer of 50 pm thick type 7B emul-
sion. The blob density and its dispersion are 319157
blobs /100 pm. From eq. (2) with €, = 0.12 and sin 8 =
0.45, the median and its statistical error of the grain
density for a singly charged particle (po) in 7B emulsion
is estimated to be 35.0 + 0.4 grains per 100 pm. The
corresponding median values of grain densities of pro-
ton tracks in 6B and 2F emulsions are also estimated by
the same method as 13111 and 961 per 100 pm,
respectively.
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Fig 4. Observed distribution of blob density for 333 singly
charged relativistic tracks in Fuji 7B emulsion. The solid curve
represents a Gaussian distribution with mean 31.9 and stan-
v dard deviation 5.7 blobs /100 pm.

Figs. 5a—c compare some JACEE data with expected
blob densities from eq. (2) for p, He, and Li tracks in
Fuji 7B, 6B, and 2F emulsions as a function of zenith
angle. The data points are consistent with calculations
using €, =08 umand ¢, = 0.12 pm.

Due to the reduction in the number of resolvable
grains, identification of p and He for tan 4 < 0.25 and
separation of He and Li nuclei for tan 6 <0.5 are
ambiguous in electron-sensitive 7B emulsion. However,
by using reduced sensitivity 6B and 2F emulsions; unique
scparations of these light nuclei are made possible for
almost all zenith angles. Nearly 100% discrimination of
p and He is possible in a 7B /6B or 7B /2F combination
emulsion plate, because a steep He in 6B or 2F emul-
swon leaves a track similar to that of a proton in 7B
cmulsion, while a proton does not produce an obvious
tiach in the low sensitivity 6B and 2F emulsions.

Separation of He and Li for tan 6 < 0.1 is verified by
the gap counting method. Provided the minimum (pro-
.evled) gap length considered is much greater than the
gram size, the grain density, p,Z?2, can be determined
by measuring the gap length distribution for two or
more different values of I'. This method is useful up to
/ - 61n 7B emulsion and up to Z = 10 in 6B emulsion,
sithough longer track lengths are needed to get suffi-
-ent statistics for larger gap lengths.

I'he charge resolution (o0) of p and He by these
mcthods is better than 4Z = 0.1 for # > 30° and better
than 47 = 0.2 for all angles. Greater accuracy can be
schieved by continuing the measurements in several
wonsecutive plates.

Delta ray density measurements are used if only a
{ew or no gaps are visible, i.e., for medium and heavy
nuclei tracks. A delta ray is operationally defined as a
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Fig. 5. Comparison of measured and calculated blob densities
for proton. hehum, and lithium tracks as a funcuon of zenith
angle for Fuji 7B (a), 6B (b) and 2F (c) emulsions.

“whisker” of four or more grains attached to a heavy
track. This widely used convention [9] corresponds 1o
mean delta ray energies greater than about 15 keV. The
number of delta rays is approximately proportional to
Z? for relativistic nuclei, and for this convention there
are approximately 3.8 delta rays per 100 pm fora Z =16
track in Fuji 7B emulsion.

For nearly vertical tracks of heavy nuclei, accurate
delta ray counts are difficult, because of the overlapping
views of delta rays. In such cases, the etch-pit measure-
ment in CR-39 provides easy and accurate charge de-
terminations for vertical tracks of heavy (Z > 6) nuclei
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{11]. For the latter method, the Z threshold increases
and the resolution becomes poorer at larger zenith
angles, because of the competition between the bulk
etch rate and the track etch rate. The combination of
emulsion and CR-39 charge measurement techniques
augment each other to cover the full charge range
(Z =1-26) for all angles from 0° to 90°. The charge
resolutions for an iron nucleus using the delta ray and
etch-pit methods in this experiment are. respectively,
AdZ=2and AZ=0.5.

5. Energy measurements

In emulsion chamber experiments the part of the
primary energy going into gamma-rays, LE,, is the
parameter most easily related to the primary cosmic ray
energy spectrum. Measurements that rely on the distri-
butions of emission angles (8.,) of secondary charged
particles through the conventional energy estimation
formula LE,, = X,(Py)/0;,, where (Pr) denotes the
average lransverse momentum (approximately 400
MeV/c), or the total estimated energy Eo= YE +
kL E,, are less practical for primary energy spectrum
studies.

Measurements of LE  in an emulsion calorimeter
+1c made by twb separate methods, depending upon the
lowation of the interaction vertex. Track counting for
mdividual y-ray cascades is possible if the interaction
vertex is in, or upstream of, the target module, i.e. for a
“target jet”. For a “calorimeter jet”, i.¢., the interaction
.ertex located inside the calorimeter module, individual
. ascades are not usually resolved, and track counting is
Jone for the collective family of cascades.

<} Individual cascades in a “target jet”

The photons emanating from a target jet are geomet-
nally separated in the calorimeter, so LE, can be
obtained by summing the measured energies E, of the
ndividual cascades. The energy of a photon-initiated
_ascade is determined in the traditional manner by
.omparing the observed number of cascade electrons
within a circle of radius r (12.5-100 pm) about the
_ascade axis with numerically calculated curves based
on three-dimensional cascade theory [12]. (Examples of
.aleulated curves and data are shown in fig. 6). In this
theory, the number of cascade electrons N as a function
of the initial photon energy E ., depth 1, and radial
Jdistance r satisfies the similanty relation

(3)

provided tHat E r/K <« 1, where K is the scattering
constant (K = 19.6 MeV in Pb). This similarity relation,
the so-called “core approximation”™, is valid for the

cEr
.\'(l‘,,, ro1)- .\'\ AV . 1).

oy 1 T T 1T

Ne (R <50 um)

02 Qo
A
12 14 16 18

T(RL)

Fig. 6. Longitudinal development for cascades initiated by
gamma rays. This family of sample calibration curves give: the
number of cascade electrons N between radi R,={ and
R; =50 pm vs depth 1 in radiation lengths for a verticalis
incident cascade. The curves are labeled with the primary
photon energy in TeV. The data points are from typical
cascades. ad the dashed lines indicate fitted transition curves.
The arrows near the bottom show the maximum thickness of
the calorimeter for photons incident at 0°,45° and 60° zemth
angles.

small range of radii used in counting electrons for
individual cascades. Individual energy measurements of
the cascades in a family are possible if the individual
photons are separated by distances greater than the
track counting radius. The radial spread of electrons
within a cascade is minimized by using lead in the
calorimeter, while the distance between cascades 1s en-
hanced by the spacer module. Spatial resolution of the
cascade cores permits their coordinate measurements
and provides the emussion polar angle 6, , from which
the transverse momentum of photons, Py, is obtained
through the relationship Py = E,sin o,

For well separated cascades, electron counting 15
typically carried out within a 50 pm radius. Track
counting is not possible in the cores of very dense
cascades. In such cases, a ring-area is chosen for track
counting, and the data are compared with calculated
cascade curves that eliminated the uncountably dense
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cores. If the cascades overlap, track counting is done in
the half- or quarter-circle sectors away from the neigh-
boring cascades, and the numbers of tracks are scaled
appropriately,

Multiple cascades closer together than about 12.5
um are counted as one cascade, and the energy is
allocated to each one in proportion to its core size
around the shower maximum. Identification of individ-
ual cores in such collimated events are made in the
upper emulsion layers of the calorimeter, where they
can be distinguished with separation as small as § pm.

Both the individual energy and transverse momen-
tum of gamma rays can usually be obtained for emis-
sion angles as small as 10> rad. In a typical event. the
scanning for individual cascades is made for an area
that contains cascades with emission angles up to 20
mirad. The threshold energy for essentially 100% prob-
ability for detection of a cascade is approximately 50
GeV, which corresponds to an average of 9 electron
tracks within a 50 pm radius at shower maximum.
During scanning, a cascade is operationally defined as a
cluster of five or more quasi-parallel electron tracks
within a radius of 50 pm that persists for at least two
plates.

‘. Cuscades originating in a “calorimeter jet”

Photons emanating from calorimeter jets. or from
+cruces in the target layers very near the calorimeter, do
+ denerally produce geometrically separated cascades.
1 energy determination procedure for these superim-
i~ wcd cascades is essentially the same as for individual
- 3w ades, except that track counting is performed over a
+-ngle, larger radius (1ypically 200 pm) and a different
«t of cascade calibration curves is used. Such curves are
svncrated numerically by superposing cascades initiated
*+ individual photons [13]. The lateral spread is de-
¢nuned from both the transverse momentum distribu-
« of the parent pions and the spread of cascade
cavtrons 1n the electromagnetic process. The cascade
-«2l which simulates particle production based on
s.~cicrator results [14], is consistent with Fermilab elec-
« «abbration data [15]. Rapidity and transveise
~auentum distnbutions that assume scaling in the
spmcntation region (limiting fragmentation [16}) are
- <« An alternative model that assumes scaling viola-
+ vhosen to be consistent with data from 400 GeV
- ~ton experiments at Fermilab {17], cosmic ray experi-
«<uts around 40 TeV [18,19], and recent 150 TeV SPS
iwder expenments at CERN [20] does not affect the
‘~rwet curves appreciably, as Jong as the same average
atverse momentum ( Py = 400-500 MeV /¢ is used.
e 2 pm radius was chosen to be both practical for
» b counung and reasonably insensitive to the choice
" the empincal miodels A typical family of cascade
<oxes for a radus of 200 pm 15 shown with sample
~atan fig 7.

N, (R<200 um)

T(RL)

Fig. 7. Longitudinal development for “Pb Jet” cascades -
tiated by protons These transition curves are used for the
analysis of events interacting in the calorimeter. This sample
family gives the number of electrons between R, =0 and
R, =200 pm for vertically incident cascades. The notation is
the same as that used in fig. 6.
) o fe
6. Energy resolution

Cascade energies are determined by minimizing the
deviations of the measured points from the calculated
cascade transition curves. The shower maximum is de-
fined as the maximum of the calculated curve that best
fits the data. Both the number of electrons at shower
maximum and the total track length in a fixed radius
are approximately proportional to the cascade energy.
The total track length exhibits essentially Poisson
fluctuations, so the accuracy of the energy measurement
15 proportional to 1/»@?. However, fluctuation in the
number of electrons at shower maximum is known to
exceed Poisson fluctuations. A calibration experiment
[15} using Fermilab electron beams up to 300 GeV has
shown that the energy resolution from track counting in
emulsion chambers similar to the JACEE design will
vary from about 30% to 15% as the cascade energy
increases from 50 to 300 GeV. In principle, better
accuracy is expected for higher energy cascades. How-
ever, it is difficult to obtain energy resolution better
than about 10%, because of errors in the track counts.
Such errors result from the practical necessity of
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t., ~ Histogram showing the two-photon invariant mass
sainnuuon obtained for all possible pairings of observed
g+ hiua 14y initiated cascades in a single target event. The sohd
<nc 1epresents a Monte Carlo simulation based on random
i 2.::gs of the experimentally observed cascades. The width of
-+ ;.cah at the #° mass is 32%, which implies that the energy

tesolution for individual cascades is about 22%.

. - ai-nng counting for very dense cascades, from inac-
.- auics due to obscuration of tracks in cascades having
2 ¢ inclination angles, and from changes in track grain
. -1ty due to local variations of emulsion sensitivity.

i e snvariant mass distribution of gamma ray pairs

.- been used 1o check the cascade energy measure-

~=1» A sample distribution for a proton primary is
. .-~n1n fig. 8. The individual cascade energies range

=, W GeV 10 about 8 TeV in a single event. The
.+;~acnual photon energy distribution [18] (-~
~wj» - 10E /LE) indicates that the average energy of
photons in this sample is around 100 GeV. The

~ .. » around the pion peak at 135 MeV /c? is about
v which corresponds to an energy resolution of

. .1 22% for individual cascades from neutral pion

s+ These results are consistent with the Fermilab

. tatvon dala [15]

t acvuracy of determining the total gamma ray
. g+ LE . has been evaluated by Monte Carlo simu-
. & which show that the maximum spread in LE,~
.atgel yets is about 25%. Secondary interactions in
. al.-nmeter degrade the energy resolution, but care-
. scasurements of cascade coordinates can predict the
c1 bocaton of many cascades, so the effects of
~. oalary interactions can be minimized. For complete

.+ . al of secondary interactions, the resolution in LE,

.. bc as good as 10%, as illustrated in fig. 9 for
...z carbon (acrylic plate) interactions.
t .+ valonmeter jets, the resolution obtained by mea-
~¢ L&, 10 a single, track counting circle of 200 pm

-~ w: has been gatimated via Monte Carlo simulations
<+ sveount for the overlapping of individual cascades.
« .ampie result 1s shown in fig. 10 for the interactions
2400 1 Pb The standard deviation of this distni-

RELATIVE PROBABILITY
H

5-4-3-2-10 4 23 4 5
. 2By

Fig. 9. Energy resolution obtained for proton~carbon interac-
tions by summing individual gamma rays, which is the method
used for events occurring in the target section of the chamber.
The data points are from a Monte Carlo simulation based on
the experimental data for multiplicity and energy distribution,
with energy resolution for individual gamma rays taken to be
22%. The solid curve represents a Gaussian distribution with

o = 0.10.
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Fig. 10. Energy resclution obtained for proton-lead interac-

tions by counting the number of tracks within a 200 pm circle,

which is the method used for calorimeter (Pb jet) events where

individual cascades cannot be resolved. The data points are

from a Monte Carlo simulation with k > 0.1 and LE >1

TeV, with secondary interactions included. The solid line rep-
resents a Gaussian distribution with ¢ = 0.21.
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bution 1s 21%. A similar calculation for helium- lead
interactions gives a standard deviation of 24%.

Overall, a reasonable estimate of the resolution of
LE, in the JACEE chambers is better than 25%.

7. Geometrical efficiency factor

Determination of the primary energy spectrum re-
quires knowledge of both the event energies and the
collection efficiency of the detector exposures for each
primary species. In order to be detected in the JACEE
apparatus, a primary nucleus must interact in the emul-
sion chamber. Therefore, the collection factor depends
on both the geometrical aperture and the number of
interaction mean free paths along the primary trajectory
in the apparatus, i.e., on both the mass and angle of
incidence of the primary particle.

The geometrical efficiency factor G(Z), for a nuclear
species of charge Z, is a convolution of the geometrical
acceptance of the chambers and the probability P that
the cosmic ray species will interact in the detector. For
a given species, G is given by

szd\'fd_yfﬂl' sin 8 cos 8 d6
0
x [T dgP(x. v, 8. 9). (4)
L

where 6, 1s the maximum accepted zenith angle, ¢ 1s
the azimuth angle, and x and y define the cross sec-
tional area of the detector. The values of G(Z) have
been calculated by Monte Carlo simulations, with inter-
actions separately identified in the target, calorimeter,
and external portions of the apparatus. Fig. 11 il-

120
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Fig. 11. Calculfted dependence of the geometrical efficiency
factor G on incident zenith angle & and primary mass number
A for the accumulated JACEE exposure.

lustrates the caleulated dependence of G(Z7) on the
selected zenith angle 8, .

8. Primary spectrum analysis

The measured energy spectrum of LE_ is a convolu-
tion of the primary cosmic ray spectrum with the energy
response function of the detector. The latter depends on
the distribution of partial inelasticity &, which relates
LE, to the primary energy E, by

Y E,=k,E,. (5)

The coefficient & has a broad distribution (a(k ) ~
50%), and the uncertainty in E; for an individual event
is correspondingly large. However, there is a unique
relation (simple scale shift) between the £, spectrum
and the correspond|2g primary spectrum, as long as the
spectral index and the characteristics of the interactions
do not change substantially over the observed energy
range. (A primary spectrum index change would be
reflected in LE, spectrum, but the transition energy
would be broader.)

To avoid confusion in the discussion below, we will
use E_ to represent E . k 1o represent k., and the
conventional symbol y will be used for the cosmic ray
spectral index, i.e.. the slope of the integral energy
spectrum.

When the differential primary (£,) spectrum ol a
cosmic ray species is given by the simple power law
relation

K(Eu)d,@):]OE(;rl dE,, (6)

the differential spectrum (E,_) measured by an emul-
sion chamber is given by

G(E,)dE, = db'mjkft f(k)dk

x1,E;Y " dES(E,, — kE,)
= IE, VAE, [ (k) dk. (7)
(1]

Therefore, the measured spectrum has the same slope as
the primary spectrum, but the normalization is changed
by the factor

F(v)=f0'k’f(k) dk. (%)

This result holds for any f(k) as long as that distribu-
tion is independent of energy [21].

We can determine the energy scale shift between the
primary (E,) spectrum and the measured (£ ) spec-
trum by finding the energies E_ =FE, and E,= £,
where the integral intensity of the E,, spectrum equals
that of the E spectrum:

[:G(Em) dEm=j:g(Eo) dE,. 9)
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Putting egs. (6) and (7) in this relation we get

(E;/El)'=f0'k*/(k ) dk. (10)
or

Y/y
lfz’:El(f(]k'/(A)dk) =C(k.,v)E,. (1)

The conversion factor,

(‘(A.y)=(j:‘|l~'f(l\)dk)l/y. (12)

represents the energy scale shift required to go from the
E, spectrum to the E =LE spectrum. lis reciprocal
(C(k. v)) ! represents the multiplicative factor to be
applied 10 LE, values to obtain the E; spectrum. The
value of C(k, vy) is a stable function of f(k) and v,
provided that y is greater than unity, which is the case
for high energy cosmic ray spectra. Varations in the
distribution f(k) at small k have negligible effect on
C(k, v). N

The effective energy region of E, corresponding to
the observation of a specified E_, is readily understood
by sinilarly defining the average of 1/k’ where the
“prime” indicates the bias caused by the power law
energy spectrum;
/lk"’f(k) dk

BOk y)=( k7= g — (13)

0

Note that B(k, v) is always smaller than (C(k. y))™*
(although they are very close in numerical value). due to
the bias from the power spectrum and the E | trigger. It
is incorrect to use B(k, v) instead of (C(k, y))~! for
the energy scale shift of E_ to get the E, spectrum,
because B(k, y) gives only an “effective” average value
of 1/k’.

It should also be noted that the reciprocal of the
average of the observed k' values, (k*y~?, should not
be used for either C(k, y) or B(k, y). Because of the
F,. trigger. the distribution of k’ values derived from
studies of the interaction characteristics of detected
events, will be an average of biased Ak values, ie., (k')
given by

[ (k) dk
0

Atk y)z ™ e
fulk'/(k) dk

(14)

The difference in the moment factors for egs. (13)
and (14) causes the inequality relationship, A(k, y)~!
# B(k, v), duc to the fact

A(k,v) -B(kay)= (k') (1/k") > 1. (15)

An observed (E_) spectrum in the energy region
E_(1)-E,_(2) should be transformed into the E, spec-

trum by using (C(k, v))~' for the energy scale shift of
the spectrum, and by B(k, v) for the energy scale shift
of the observed E,, energy range 1o the corresponding
range of the primary spectra, 1.,

E . (V)B(k.v)-E (2)B(k.Y).

9. Effect of uncertainties in the inelasticity distribution

In calculating the coefficients C(k. ). B(k. y). and
A(h. y) we need the parual inelasticity distnbution
f(k). The f(k) can be derived from the total inelasucity
distribution f,(A) by two different assumptions about
the gamma ray/charged hadron energy partition: (1)
binomial fluctuation in isospin space and (2) uniform
fluctuation in isospin space. Although the physical bases
for the two assumptions are different, and even though
they yield differences in f(x) at small & values, calcu-
lated results for the coefficients C(k, y) and B(k, v)
are practically the same for both assumptions. This is
due to the suppression factor (moment power) existing
in the integrand of eqs. (12) and (13). The total melas-
ticity distribution function f,( K) has been convention-
ally considered uniform if integrated over the Py of the
protons {13] (Case I). Deviations from this are also
considered by using the inclusive data of protons at
P, = 300 MeV/c obtained from 100 GeV
proton -nucleus experiments of FNAL (Case 11) {22},

folK) = 5% = 0u(4)

4€Xp[(lf(7!){(] - K)z _ ('n: + (l’%>)/k‘“}"/:]

X et .

{a- K)y —(m?+ <1'.;’>)/1;U}'"
(16)

where m and P; are the proton mass and transverse
momentum, and A denotes the atomic number of the
target nucleus. The normalization factor o4(A4) 1s de-
termined from the original invariant cross section. The
nuclear effect is fully"taken into account, and the factor
a( A) is defined by

a(A)=1.507—0.6224°", (17)

which fits well to all experimental data of Barton et al.
for 1 < A4 <207 [22]. This formula gives larger C(k. v)
values than the standard (uniform) f,(K) distnbution
of Case I.

Numerical results for the C(k, y) conversion factor,
taking into account secondary interactions in the JACEE
chambers, are given in table 5. Values for helium
primaries are subject to some ambiguities depending on
the collision model, for which we have used the wounded
nucleon model [23].

The assumption that the inelasticity distnbution in
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Table 5

Numerical values of C(k, v) for a primary energy spectrum
with y =17

Interaction CLI\ v) Case 1 C(k, y)Case 11
Proton-carbon 0.22} 0.25
Proion-lead 0.24 0.29
Helium-carbon 0.16 0.18
Helium-lead 0.17 0.21

~—

proton or helium-nucleus interactions remains ap-
proximately independent of incident energy is equiv-
alent to the hypothesis of limiting fragmentations [16].
Data on the inelasticity distribution at different energies
permut us to examine the validity of this assumption for
our use. However, use of eq. (17) for Case 11 is valid for
the data by Barton et al. [22] at 100 GeV and Whalley

et al. [24] a1 400 GeV, while the 24 GeV data by EiCh(C;l'

et al. [25] and the CERN ISR data at 1.8 TeV by
Albrow et al. {26] are considered for Case 1. The am-
biguity in conversion factors caused by different accel-
erator results remains within 20%.

Data on inelasticities around 150 TeV from the pp
collider are not directly available so far. However, we
can cvaluate the energy dependence of (K ) in elemen-
tary nucleon collisions by comparing the total energy
flow for secondary particles within the measured rapid-
ity space at two energies, e.g., 1.8 TeV from the ISR [27]
and 150 TeV from the SPS collider {20]. Taking into
account the reported abundance of gamma rays at 150
TeV, we get less than 20% increase in average inelastic-
ity as the pnmary energy E, increases from 1.8 to 150
TeV. This implies that the increase of average partial
inelasticity could be slower than EJ®. The ambiguity
corresponding to the measured spectral index for
primary cosmic rays is estimated to be less than 0.075
for y=18. Some reports [28] indicate a much smaller
change, less than 10% for (K ), (up to 405 TeV (Vs = 900
GeV)) which leads to negligible correction for the spec-
tral index obtained by the analysis method described
here. -

10. Results for proton and helium spectra

The integral proton and helium spectra shown in fig.
12 were obtained by applying the techniques described
herein to the JACEE data. Several different sets of the
JACEE data with different threshold energy and ex-
posure factors are shown here with subthreshold data
points (down to 80% of E,) to illustrate characteristic
detection efficiencies. For comparison, the results from
the PROTON satcllite experiments [4) and the highest
energy balloon data [6] are also given. No indication of
a change in the spectral index for protons has been
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Fig. 12. Integral energy spectra for protons and helium nucler

The large, open squares represent data of Grigorov et al. [4]

from the PROTON satellites. The previous highest energs

balloon data, Ryan et al. [6] are indicated by the inverted

triangles. Different sets of JACEE data, which were combined

1o produce this figure, are indicated by different symbols (open
and full circles, and normal tniangles).

observed with the JACEE emulsion chambers up to at
least 100 TeV. The best fits to power law spectra above
1 TeV in units of (cm? srs)” ! have been reported [2] us

protons: I(> E) =69 x 10 % #1013
helium: J(> E)y=2.9x 10 7~ #1020 (1%)

11. Concluding remarks

Application of the described analysis techniques to
balloon-borne emulsion chambers has permitted meu-
surement of the primary cosmic ray proton and helium
energy spectra over the approximate range 5-500 TeV.
This dynamic range was made possible by the large
geometnic aperture of the emulsion chambers. The ex-
perimental methods rely on proven characteristics of
both hadronic and electromagnetic interactions. This
method 1s equally valid for much higher energies. Spec-
tral measurements up to about 10" eV could be achieved
with a larger area and /or longer exposures of apparatus
similar to the JACEE chambers. This would allow
examination of the “knee” in the cosmic ray spectrum
{29], in addition to covering the energy region where
protons and helium nuclei are expected to exhibit steeper
spectra as a result of leakage from the local confinement
volume 1n the galaxy [30).

The emulsion chamber method is also applicable to
both charge and energy determinations for nuclei heavier
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than helium Some special information, e.g., the depen-
dence of the nelasticity distribution on atomic mass
number. must be known for accurate energy estimates
of heasy nucler Such information can be obtained
directly from studies of nucleus—nucleus interactions in
the chambers. which will be considered in a subsequent
report
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