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Abstract

The response of a tungsten-scintillator ion-
ization spectrometer to aécelerated particle beams
has been investigated. Results obtained from ex-
posure of the apparatus to 5, 10, and 15 GeV/c pions
as well as to 100, 200, aﬁd‘300 GeV/c protons are
pregented. The results include cascade development
curves,‘fractiqns of the primary energy measured by
the spectrometer, and-resoluéions of the apparatus
for measuring the primaryjehergiﬁs. The responses
of spectrometers having depths smaller than the total
depth of ~ 1000 g/cm% WL c:.;:;-timc.atcd Ly :!auccc:::s;iw_:l,y
omitting signals from the doWnstream end of the mo-
dular apparatus. The meaéﬁiéments show remarkably
good agreement with our Monte Carlo simulations of

the cascade development.



1. INTRODUCTION

A tungsten-scintillator iconization spectrometer
(calorimeter) has been expose@ to 100, 200, and 300 Gev/c
protons.at the Fermi National Aécelerator Laboratory
(FNAL). The same apparatus had preyiously been exposed
to 5, 10, and 15 GeV/c pions and electrons at the
Stanford Linear Accelerator Cenﬁer (SLAC) and also to
2.1 GevV/c nucleon 12C and 16O beéms{at the Lawrence
Berkeléy Laboratory (LBL). Ehé'spectrometer was built
as a prototype for a satellite*experimentl to measure
energy spectra and charge com@osition of high energy
cosmic rays.

Results for the fragmentation cross sections of l2C

and 16

O in CsI and tungsten héve been presented pre-
viousiy,  as have measuremenglen ﬁhe interaction mean
free path of pions in tungsten?'and other data obtained
in the exposures at SLAC4. Results from the exposures
at NAL are presented here. The data from both SLAC and
FNAL are also compared with ?hé'results of a Monte Carilo

computer program for simulating nuclear~electromagnetic

cascades in dense materials.

2. APPARATUS
The apparatus used in the FNAL experiment is shown
schematically in Fig. 1. {The experimental configuration

is very similar to that used at LBL and at SLAC. Re-



ferences 2-4 contain a more detailed description of the

. i

apparatus than is given here.) . Wire spark chambersg SCl
and SC, provided trajectory information which was used
for event selection in analyzing the data. An event

trigger was defined by plastic scintillators S, and S,.
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Plastic scintillators By and_Bét_each 5 ¢m in diameter
and 0.65 cm thick, were used to tag beam particles pass-
ing through the center of the spectrometer. This infor-
mation was intended to supply-éome knowledge of the in-
cident particle trajectory in éqse éf a spark chamber
fallure. However, for much éf“the data accumulation,
this tag was reguired in the event trigger, in order to
obtain as many events as possible with trajectories in
the central region of the spectrometer. The results
presented here are, unless othéﬁwise indicated, for
events satisfying a Bl'Sé-éz-Sé.trigger reguirement.

The target consisted of a stack of five CsI(TQ)
crystal detectors viewed by separate photomultipliers.
‘Each crystal was é cm {9 g/cmz)rthick and was immersed
in 0il in a plexiglass casing W%E@.walls 1 mm thick.

| 'Modules Ti - TS are ;alléd'highresolution modules
(we shall réfer to these modules, collectively, by the
abbreviation HRM). Each consiéted of a 13 g/cm2 thick
tungsten layer (95% W, 5% Ni) followed by a 0.65 cm thick

- sheet of plastic scintillator. Each module was viewed

by a separate photomultiplier. Each of the eleven thick
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modules T_ - Tl6 consisted of four layers of tungsten

6
(total thickness 79 g/cmzy andfﬁhreé sheets of 0.65 cm
thick plastic scintillator a?ranged in alternating layers,
with 26.3 g/cm2 or 3.7 radiaﬁiéﬁ lengths (r.l1.) of .
tungsten between each pairlof.scintillators. 2 photo-
multiplier on each of the two opposite sides of the
module viewed all +hree scintiilators. The signals from
the two photomultipliers were.édded electronically, and
the resulting signal was use& to determine the response
of the module. Thus, althoughpfhe ionization was

sampled every 3.7 r.1., the signal from a module was

a measure of the average icnization over the entire

module (11.1 r.1l.).

3. RESULTS

Cascade Curves. Figure 2 shows, for several incident-

particle energies, the average number of eguivalent part-
icles <n> in the cascade as a ?unction of depth ¢t in

the spectrometer. By nuﬁﬁer of equivalent particles,

one usually means the total }onization enerqgy loss rate
expressed in units of the energy loss rate of some stan-
‘dard particle. Since the iogization energy loss rate of
acharged particle is a statisti9§}_process, sometimes

the peak and sometimes the méén of the standard particle's
energy,loss‘distribﬁtion is used.  We have chosen the mean

of the energy loss distribution for vertically-incident
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.cosmic ray muons to define an equivalent particle.

The 300 GeV/c data were obtained from a beam which
was essentially lod% protons,. while the 200 GeV/c and
'100 GeV/c data were for mixeé proton-pion beams. The
pion contaminations are estimated to be 5% and 50%,
respectively, at 200 GeV/c and 100 GeV/c. The data at
5, 10, and 15 GeV/c were obtéinéd for negative pions at
SLAC and have been presented.previously in Ref. 4. 1In
Ref. 4lthese cascade curves were expressed in units of
the average energy loss rate.of‘a 15 GeV/c pion. They
are expressed here in termscxffhe average energy loss
of sea-level cosmic ray muons .

The cascade curves shown iﬁrFig; 2 are for events
in which the signal from each CsTI module was less tﬁén
two equivalent particles. The“curvés rise rapidly in
the tungsten modules, with the;maxima occurring at
progressively greater depths in the spectrometer with
increasing incident energy. Tﬁé number of particles
in a cascade at the maximum is given approximately by

the relation

0.9

e = 1.3 (B (1)

where Eo is the incident energy in GeV. At depths far beyond
the maximum each cascade dies out exponentially.

In Fig. 3, for the 300 GeV/c proton and 15 GeV/c

" plon data, separate cascade development curves are shown



for all events and for the subset of those events in
which the first interaction inthe‘incident particle
occurred near the top of the spectrometer (in the IHRM).
Localizing the first interacgidn results in two rather
striking features: {1) the cascade maximum contains
about twice as many particles as does the maximum of
the corresponding cascade for éll events; and (2) for
the 300 GeV/c data, the cascade curve exhibits a sig-
nificant change in slope just beyond the maximum. The
greater average number of particles at the maximum is
expected, since the data for all events includes many
single particles which have not yet interacted. The
explanation for the pronounced peaking in the curve for
localized interactions lies in the high inelasticity

as well as in the large ratio of the interaction length
to the radiation length for tu%gsten. Cascades curve
in lighter materials, such aé i;on, do not show such
pronounced changes in slope.’

Energy Measurements. The energy measured in each

module of the spectrometer is determined from the number
of eguivalent particles comprising the cascade in that

module. The energy deposited in the scintillator layers

of a module is given by the relation

AESC = Ni'tsc* (AE/dx), (2)

where Ni is the number of equivalent particles ocbserved

{n



in the scintillator layer(s)‘pf,the 1 module, t
is the total thickness of scintillator in that module,
and dE/dx is the energy 1055'£ate in scintillator of the
equivalent particle. The eneigy loss in the tungsten
layers of the module is then]esfimated using the re-

lation

" = E * 3
:’_\.Ew A e R (tw/tsc), (3}

where tw is the total thicknes;'of tungsten in the mod-
ule. The factor R includes such effects as different
dE/d# rates for électrons iﬁ‘the different materials,
multiple coulomb scatﬁering, and transition effects.
Values for R were determined”iﬁ a series of Monte carlo
caicﬁlationsfor the variocus incident energies and éar—
ticle types. The energy losse; AEW and AESC are known
in a Monte Carlo calculation; hence Eq. {3) can be solved
for R. This value could depend, in principle, on the
age of the cascade and other factors. However, the
values we have obtained are ﬁraéfically independent of
incident energy and particle type,I§o we have chosen
to use the séme value, R = 0.78; for all calculations
involving tungsten and scintillator.

The energy loss in a matériél other than tungsten
is estimated in a similar manner, i.e., by scaling the
measured energy loss in the scintillator layers (or

other signal-producing elements, e.g., the CsI layers)

-~



by the ratioc of relative thicknesses (tmat/tsc) and

by the appropriate faétor R.n_fhe ﬁotal energy loss in
any module is, of course, eqdal.to the sum of the
energy losses in the various-ﬁaterials comprising the
module. A sum over all moduies then gives the total
energy measured by the spectfometer.

Figure 4 shows, for 15 GéV/c_pions and for 300 GevV/c
protons, the measured energy distributions for spectro-
méters of several different tqtal depths. The data were
all obtained using the same épeétrometer, which has a
total depth & lOOOg/cm2. HoweVer,‘by not including in
the analysis one or more madules from the downstream
end, we effectively obtain a shorter spectrometer. -Some
particles from interactions in the downstream modules
contribute to the signal okserved in nearby upstream
modulesS. Excluding the dowhséréam'modules from the
analysis does not eliminate ﬁhis "backscattered" con=-
tribution. Nevertheless,Vsome“ideaqof the performance
of the spectrometer as a funétion of depth can be obtained.

In Fig. 4 distributions are shown for the measured
enercy Em (as a percentage of the total energy Eo of the
incident particle). Lach distribution has been normalized
to 3000 total events to fdci;itate_comparisons. {There
were cctually 7376 plon eveﬂts and 2545 proton events
in the data sets.) The "peak“zon the left side of the

distributions for shallow depths represents particles

which nrave not yet interacted. It may, in the distri-



butions for pions, also include muons from pion decays
upstream. As the depth increases, more and more of the
incident particles interact,‘énd the "non-interacting"
peak consequently decreases. JThe péak does not

appear i1if the incident partiﬁles_are reguired to inter-
act in the HRM or elsewhere ﬂéér the top of the spectro-
meter (distributions nct shownj. In the analysis of the
pion data, the muon contamina£ion was removed (or
greatly reduced) by requiring a signal of at least five
particles in one or more of the tungsten modules. This
effeétively requires an interaction somewhere in the
spectrometer. Pions ﬁhich pénétrated the full depth.
without interacting were alsé‘eiiminated, since they

are indistinguishable from muons under this criterion.

The broad peak at higher‘v§lues of Em/EO represents
cascades initiated by particies which have interacted.
At shallow depths the cascades are in various stages of
development, giving rise to a xéther broad peak. &t
greater depths, more fully déﬁeidped cascades cause
the peak to kecome narrower én@-thejcentroid to shift
toward higheg‘values of Em/EO:‘

The average percentage of the primary energy measured
by the potal depth of the spét@fometer varies from about
70% to about 80% for the primafy energies studies in
this experiment. Values are given in Table 1 for a}

all events, and for b) the subset of those events in



which the first interaction of  the incident particle
occurred in the HIM. The_errofs shéwn are statistical
only, and are generally small.  More significant are

the errors due to uncertaintieé‘in the guantities in

Egqs. (2)Yand (3) andg, particulafl?, in the numbers of equiv-
alent particles N, which, in ‘tdirn, depend critically

on the module calibrations. {Sge Refs. 2-4.) We

estimate that the overall erré;“in each total measured
energy is less than 5% of the quoted percentage value.

For the three lowest enefgie; shown in the table,
approximately the same percenﬁage of the primary energy
is measured irregardless of éhé‘loéation of the first
interaction. Hence, the totéllaepth of about 1000 g/cm2
is apparently adequate to contain most of the cascades.
However, for the three highef energiles, a somewhat
greater percentage of th. primary energy 1s measured
when the incident particle interacts in the HRM, implying
that the full depth is not adéquate for complete contain-
ment.

In most applications a spectrometer is used to pre-
dict the energy EO cf the inc;dent particle. Therefore,
it i1s important to know the average response as a function
of I - In Fig. &, our results for <Em> are glven as a
function of E for three different spectrometer depths.

These results are well represented by

O w

<E_> = of
m

(4)
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where o = 0.73 and 3 = 0.89,'0.96, and 1.01 for % depth,

% depth, and full depcth, respectively, for Eg in GeV.

Energy Resclution. The energy resolution of the
apparatus is taken to he thetratio of the standard de-
Viatidn to mean for the distribution of measured energies,
oxr G/Em. The dependence of the'energy resclution on the
spectrometer depth t is illust;éted‘in Fig. 6 for 200 ZeV/c
protons. Curves are shown for the,ﬁollowing‘sets of
events: |

a) all incident particles{ 

b) particles interacting in‘the HRM;

c) particles interacting in the HRM with upper limits

on the signals from £he last two modules (T16 <

50 particles, (T15+Tlé)w< 100 particles).
The energy resolution improves with increasing t for all
three curves. The differenceslin the curves result from
the spectrometer not being suffiéiéntly deep to contain
2ll cascades. The'resolutioﬂ; particulary at shallow depths,
is much better when the incident particle interacts near
the upstream end of e spectrometer (in the HRM). How-~
ever, even when the cascade originates in the HRM, con-
siderable energy may still escape out the downsitream end.
The use of criterion ¢ (bocttom cﬁrve) provides an estimate
of the energy resolution for é much deeper spectromcter,
since 1t selects evénts whosé,éneﬁgy is mostly contained.

]

For large depths there is notfmuch difference in the
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energy resclutions for the three criteria.

Energy resolutions for 5 'and 15 GeV/c pioﬁs, and fozr
100 and 300 GeV/c¢ protons are shown as a function of
spectrometer depth t in Fig. 7. In each case the in-
cident particle was reguired to have interacted in the
HRM, but no reguirements weréAimposed on the energy
containment. The resclutions for 5.and 15 GeV/c pions
reach plateau values, since mosﬁ of the cascades are
contained within the total déé*{:h of about 1000 g/cm>.
However, for the higher primary energies this depth is
not sufficient to contain the cascades.

Energy resoclutions for eacﬁ”of the particle beams
studied are presented in Table 2. Values are given
a) for all events 3nd’b) for_e%ents‘in which the firet
interaction occurred in the HRM.

Events in the tails of afﬁeésured energy distribution
greatly influence the staﬂdar&;deviation and, hence,
the energy resolution. In the!BOO GeV/c proton distri-
butions in Fig., 4, for instaﬁcé, the tails extend almost
to zero energy even when the ﬁull depth of the spectro-
meter is used. The tail is due to cascades which are
only partially contained in fhe-épectrometer, either
because the incident particle interécted late or because
of statistical fluctuations in'the cascade develcpment.
Such events can be rejected by imposing limits on the

total measured energy. As the limits are made more re-
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strictive, a greater number of events in the tails of a
distribution are rejectad and the étandard deviation
decreases. For some data seﬁé;the inclusion or exclusicn
of one or two events has a sighificant effect on the
value obtained for the energy resolution. In determining
the cnergy resoluticn, we have £ried to choose limits
such that only events clearlj not part of the main peak,
i.e., those relatively far out in the tails, are excluded.
The dependence of the enérgy resolution on the in-
cident energy is shown in Fié..é. Values are given fgi
three different event selection criterias:
a) ERM interactions;
b) HRM interaction with cuts on the total measured
energy (to reject events in the low-energy tail);
¢c) HRM interaction with”cuts on the signals from T

15
and T16 (to accept only events with cascades

\

essentially contained in thg spectrometer) and
with cuts on the total measured energy.

For each criterion, the enérgy resolution improves
with increasing incident enefgf: For criterion (a), a
plateau value of approximateiy-lO% is reached at about
100 GeV. The plateau results from the poorer energy
containment with increasing energy. Most of the events
with pPoOOr energy containmentmaré found in the low-energy

tail of the measured energy distribution and are removed

by criterion (b). There are some events, however, whose
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total measured energy is in the peak of the distribution,
yet a significant amount of energy escapes out the end
of the spectrometer. These events arec eliminated Dby
criterion (c).

The straight line in Fig. 8, represented by the

equation

-0.337

o/E (3] = 46.4 E, (E_ in GeV) (5)

has been drawn to fit the data for criterion (cJ.
This power law dependence isfnét.as steep as that
(o/u(g) = 110.5 E"O'S) observed by Barish, et al.6 The
discrepancy may be due in part £Q the different sampling
frequencies of the two experiméﬁts. Barish's measure-
ments were made with a sampling frequency of 5.6 r.1l.
(10 cm in an iron calorimeter), wherezas ours were made
with a sampling freguency of 3.7 r.l. (1.5 cm in tungsten
alloy). The fine sampling shbula be more important for
lower energies. In Fig. 9 the results are compared with
7-10 '

additional measurments having a sampling freguency

more similar to ours.

4. MONTE CARLO CALCULATIONS
One of the reasons for carrying out this experiment
was to check a Monte Carlo program used to predict the
cascade development at energies above those available

at accelerators. Monte Carlo extrapolations are necessary



for experiments using spectrometers at higher cosmic
ray energies. |

In Fig. 10 our measurements for cascadz development
curves (100 GeV/c protons) age-éompared with Monte Carlo
calculations, both for all iﬁCident particles and for
particles interacting in the‘HRM. In fig. 11, the com-
parisons are made for 15 GeV/c pioné interacting in the

HRM and for 300 GeV/c protons. interacting in T, (the

)
first thick tungsten module)r_ fhe cascade curves are
given as a function of the distance (in g/cmz} from the
start of the interaction regidﬁ,‘i)e., from the beginning
of either the HRM or T6’ res?ectively, rather than from
the upstream end of the spectrometer. There is generally
good agreement betweencalculétionsand the data, although
the Monte Carlo results for 15 GeV/c are somewhat

higher than the data points in#the vicinity of the cas-
cade maximum.

Distributions of the tota} measyured energy are shown
in Fig. 12 for 15 GeV/c pioné for the spectrometers of
two different depths. Predictions of the Monte Carlo
calculations are indicated by dashed lines. The data
are indicated by solid lines.  Each distribution has becn
normalized to 3000 total eﬁepts. (There were actually
7376 real events and 742 Monéeuéarlo events.)

Monte Carlo predications_fbr the total measured

energy (as a percentage of the primary energy) are pre-



sented in Table 3 for 5, 10, and 15 GeV/c pions, and for
100 and 300 GeV/c protons. Vaiues are given for all in-
cident particles and for particles interacting in the HRM
(in'Ts for the 300 GeV/c proﬁoﬁs). Because of limited
computer time, only 300 GeV/c évents with interactions
in the first thick.tungsten ﬁoaule (T6) were calculated.
Comparison of Tables 1 and 3§howsthat the data and the
Monte Carlo predictions are iﬂ;ﬁeasonébly good agree-
ment over the entire range, of energies studied. Dif-
ferences are typically 1 - 3% Sf the values quoted for
the data.

The enerqgy resolution as a - -function of spectrometer
depth t is shown in Fig. 13 fbr 100 GeV/c protons. Data
as well as predictions of the'Mbn{e Carlec calculations
are given a) for all_incidenﬁ particles and b) for
particles interacting in the‘HRM. fhe agreement is
L;neraily good, particularly for,the HRM~interaction
events.

Monte Carlo predictions for the full-depth energy
 resolution are presented in Tébie 4. .for 5, 10, and 15
GeV/c pions, and for 100 and 360 GeV/c protons. Values
-are given for'ail incident pgrtibles and for particles
interacting in the HRM (in Té for the 300 GeV/c protons).
Comparison of Tables 2 and 4 shows that the Monte Carlo
caleculations give scomewhat betfer energy resolutions for

piens than are obtained from the experimental data.
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One reason may be the presence in tﬁe particle beams of
maons from pion decavs T‘pstre":"z‘n‘of the apparatus. This
beam contamination was reducéd;by requiring a signal

of five or more eguivalent pd;ﬁicles in at least one
spectrometer module. The same selection criteria were
applied to both real and “onﬁe”éarlo events. However,
_becagse of statistical filuctuations, some of the muon
events may not have been eliminated. In addition,
electrons in the beam could éive rise to events on

the high-energy side of the ﬁéasured energy distributions.
Fer 100 GQV/C protons, theeeﬁé;gy resolutions for the
Monte Carlo events and for the real events are in
agreement. For 300 Gev/c protdns interacting in T6'
the energy resclution is somewﬁat better for the

real events than for the Monée-Carlo events. It should
be mentioned, however, that &héfe were only 148 Monte

carlo events, so that here we are probably statistics-

limited.
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TABLE 1. Percentage ¢ the primary energy measured by

the spectrometer. The indicated errors are statistical

only.
=2 (9

Incident Particle 211 Events HRM Tnteraction
5 GevV/c W 72.2 + 1 2‘ 73.9 + 2.1
10 GeV/c ¥  72.6 + 0.7 72.5 + 1.1
15 GeV/c 7 72.6 + 0.2 71.7 + 0.4
100 Gev/c p 75.5 + 0.3 78.5 +:0.3
200 GevV/c p 75.3 + 0.4, 78.4 + 0.3
300 GeV/c b 75.1 + 0.3 78.0 + 0.3




)

Table 2. Inergy resolution -- the ratic (given as
percentage) of the standard dev.uzticon to the mean of the
distribution cof measured energies. The indicated errors

are statistical only.

o/E, (%)
Incident Particle All Events HRM Interaction

5 GeV/c : 32.3 + 0.6 27.7 + 1.1

10 GeV/c = | 27.1 + 0.5 21.8 + 0.7

15 Gev/c 22.5 + 0.z 18.4 + 0.3
100 GeV/c ©p 12.4 + 0.2 9.9 + 0.2
200 GeV/c »p 1.7 + 0.2 8.6 + 0.3
300 GeV/c p 11.8 + 0.2 7.7 £ 0.2




TABLE 3. Percentage of the primary energy measured by

the speCctrometer as pre by the Monte Carlo results.

jol!
[0
o
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The indicated errors ar

O

statistical only.

Incident Particle All Eventd HRM/T6 Interaction

5 GeV/c 7 70.4 + 0.6 69.4 + 1.0
10 GeV/c 7 71.4 + 0.€ 71.7 + 0.9
15 GeV/c = 73.7 + 0.5 73.4 + 0.7
100 GeV/c p 75.3 + 1.0 76.4 + 0.6

300 GeV/c

]
!
1
I
|
1
I
1
f
I
i

~J
o
h
I+
o
o




-1

TABL

4]

4. Energy resolution of the spectrometer
dicated by the Monte Carlo results. The indicat

are statistical only.

o
Lo

el errors

HRM/T6 Interaction

g/Em [%]
Incident Particle All Events
5 GeV/c 7 28.7 4 0.8 23.9 +
10 GeV/c m 22.8 + 0.6 20.0 +
15 GeV/c 18.3 + 0.5 13.1 +
100 GeV/c p 12.4 + 0.7 9.4 +

300 GeV/c p @ mmmmee ——m 9.1 +




T ICGURE CAPTIONS

Fig. l. Scale drawing of the apparatus. SC1 and SC2 are wire
spark chambers; B B SO 82, and S3 are plastic
scintillators.

Fig. 2. Cascade development curvés. Results for: 5 GeV/c

*

plons -2 , 10 GeV/c pions - %/, 15 GeV/c pions ~ &
100 GeV/c protons - 4\ , 260 GeV/c vrotons - 3, 300
GeV/c prétons -0 Statisticél errors [(ovYN, where
q is the standard deviatiﬁn and N is the number of
cvents) are shown when 1argér than the symnbols.

Fig; 3. Cascade development curves. Results for 15 GeV/c¢
pions: All events - U, Interaction in HRM -~ Lu .
Results for 300 GeV/c protons: All events - O,
Interaction in HRM - ﬁh.f ééatistical errors (ovN)
are indicated when larger than the symbols.

Fig. 4., Distributions of the total;meaSured energy Em; given
as a percentage of the iﬁcident enexrgy Eo' for wvarious
spectroneter depths. The numbers of evenis per one-
percent intervals in Em/EOiare shown. All distributions
have been normalized to 5000 total events.

'Fig:'S; ‘Average measured enerqy <E_> a% a function of the

incident energy EO. Results for the following spectro-

meter depths: % depth - 4., % depth -~ O, full depth -
LI
Fig. ©. Energy resolution for 300 GeV/c protons as & function

of spectrometer depth . All &vents: C . Inter-

action in the HRM: £) . Interacticn in the HRM, and



Fig.

Fig.

Fig.

7.

10.
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T16 <50 particles, 7 +'$ <100 particles: £,
Energy resolution s a function of spectrometer
depth t. Results for: § C2V/c pions - ﬁb, 15 GeV/c
pions ~ /%, 100 GeV/c protons - W , 300 GeV/c pro-
tons - (O .

Energy resolution as a function of incident energy

¥ . Results for: (a) HRM. interaction - 3 : (b)

ERM interaction, no low-énergy tail - ; {c) ERM
interaction, cascade contained in spectrometer, no

low-energy tail AN

Energy resolution as a function of incident energy

Fh

E . Results for: Re

o . 6 - O, Ref. 7 = [A, Ref.

8 - X, Ref. 9 - Li, Ref. 10 f‘t?, this experiment -
&
Cascade development curveé for 100 GeV/c protons.

Results for all events: data - Cﬁ, Monte Carlo cal=-

culations - 4 . Results for events with the first
interaction in the HRM: data - jl, Monte Carlo *Zﬁ .
Statistical errors (oJﬁ} a}e.shown when larger

than the symkhols. i

Cascade development curvéstor §) 15 GeV/c pions
which interacted in the ﬁRM: data - /., Monte Carlo
calculations - £%; and b)Y 300 GeV/c protons which
interacted in T, : data - [}, Monte Carlo - \U.

Statistical errors (c¢v/N) are shown when largex

than the symbolis.



Fig. 13.
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Distributions of the total peasured cnerygy for 15

GeV/c plong at two different sp
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Resulis of Monte Carlo calculations are indicated
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by dasi. i lines. The

Energy resolution as. a function of spectrometer
depth t, for 100 GeV/c proﬁdns.- Results for alil
events: data -~ .., Monte Cario calculations - FANE
Results for events with first interaction in the

HRM: data - , Monte Carlio - .
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