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Abstract

To aid in the design of a particular class of ionization spectrometers,

calculations have been carried out to determine the response of a large all-

liquid scintillation spectrometer to incident protons and charged pions in

the low-GeV energy range. Included for comparative purposes is the calcu

lated response of a 24-layer iron-plastic sandwich spectrometer of comparable

gram/cm2 thickness. The calculated data include spatially dependent energy

deposition, spatially integrated contributions to the total energy deposi

tion, leakage and binding energies, scintillation pulse-height distributions

including and excluding saturation effects, and correlations between dif

ferent variables. Also included for several cases is the calculated Cerenkov

response.





1. INTRODUCTION

To aid in the design of certain scintillation spectrometers, calculations

have been carried out to determine the response of a large all-liquid organic

scintillation spectrometer to incident protons and charged pions in the low-

GeV energy range. The spectrometer used in the calculations is cylindrical

in shape with a diameter of 254 cm and a length of 355.6 cm. The composition

is CH2 with a density of 0.87 g/cm3. For comparison, the response of a 24-

layer iron-plastic scintillation spectrometer of comparable g/cm2 thickness

has also been calculated.

The calculational techniques, which were previously proven to be valid1),

were applied to the present calculations. These techniques provide in de

tail the energy deposition produced by the hadron and electromagnetic cas

cades which occur when the incident particle interacts within the spectrom

eter and a means of conversion from energy deposition to scintillation light

through the use of Birks' law2). The data include spatially dependent en

ergy deposition, spatially integrated contributions to the energy deposition,

leakage and binding energies, pulse-height distributions including and ex

cluding saturation effects (Birks' law), and various scatter plots which

yield correlations between different variables such as binding energy, en

ergy deposition, etc. Also included for several cases are the calculated

Cerenkov responses and the correlation between Cerenkov and scintillation

responses. The calculational methods are described in Sec. 2 and the re

sults are presented and discussed in Sec. 3.
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2. METHOD OF CALCULATION

The three-dimensional, high-energy nucleon-meson transport code HETC3) was

used to obtain a detailed description of the nucleon-meson cascade produced in

each of the energy-absorbing devices. This Monte Carlo code takes into account

the slowing down of charged particles (via the continuous slowing-down approx

imation) , the decay of charged pions and muons, nonelastic nucleon- and charged-

pion-nucleus (excluding hydrogen) collisions [through the intranuclear-cascade-

evaporation model1*) (E ^ 3 GeV) and the extrapolation-evaporation model5)

(E > 3 GeV)], nonelastic nucleon- and charged-pion-hydrogen collisions [via

the isobar model6) (E ^ 3 GeV) and phenomenological fits to experimental data7)

(E ^ 3 GeV)], elastic neutron-nucleus collisions (E ^ 100 MeV), and elastic

nucleon- and charged-pion collisions with hydrogen. In most applications using

HETC, nucleons are transported to 15 MeV and charged pions are transported to

~ 2 MeV, with negative pions being captured when they slow down to their cut

off energy. In the present application, neutrons below 15 MeV (below 10 MeV

in the iron-plastic spectrometer) were assumed to deposit their energy at their

point of origin. In applications where the transport of the low-energy neu

trons is important, the three-dimensional multigroup neutron and gamma-ray

Monte Carlo transport code MORSE8) or the three-dimensional neutron Monte Carlo

transport code 05R9) are used. (MORSE has been utilized in this paper for two

cases to check the assumption concerning the low-energy neutrons.)

The source distribution for the electromagnetic-cascade calculation, i.e.,

photons from neutral-pion decay and electrons and positrons from muon decay,

is provided by HETC. The transport of these particles was carried out using a

modified version of the Monte Carlo code developed by Beck10). This code takes

into account most of the significant electron-, positron-, and photon-interaction

processes, i.e., Compton scattering, pair production, bremsstrahlung, photo

electric effect, annihilation, and the slowing down of electrons and positrons

due to ionization and excitation.



The two major modifications of the original code are: (1) the change

from a one-medium transport code to a multimedium transport code, and (2) the

inclusion of a more generalized geometry package so that a three-dimensional

transport calculation can be performed. For all processes except Compton

scattering, however, the products of an interaction are assumed to be emitted

in the same direction as the particle producing the interaction.

Gamma rays from the decay of excited nuclei following a nuclear inter

action were not transported in the present calculations but were assumed to

have deposited their energy at their point of origin. This is a fairly good

approximation since a large portion of the electromagnetic-cascade source

energy for the problems considered here results from neutral pions. Also,

since most de-excitation photons are of low energy, they are rapidly ab

sorbed by the media.

The nonlinearity of the light pulse (i.e., the light observed is not

in direct proportion to the energy deposited due to saturation) has been

taken into account by the use of Birks' law2):

clx =1+kB dE/dx or L(E2^ •L(Ei) =/21+kB dE/dx * (1)
1

The light curves corresponding to several particles at low energies for the

media indicated are shown in fig. 1 for kB = 0.01 g/cm2/MeV. In the calcu

lation, the light curves were extended to the maximum necessary energy.

The ionization energy loss, dE/dx, used in evaluating eq. 1, was taken from

a program due to Armstrong and Chandler11). It has been assumed that for

electrons and positrons a linear relation holds between the light observed

and the energy deposited; i.e., L = E. This is a very good approximation

for all electron energies above 0.1 MeV.
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Neutrons with energies < 15 MeV (< 10 MeV for the iron-plastic spec

trometer) were assumed to lose all their energy at their point of origin

and to produce light in the scintillating material through proton recoil.

Since low-energy neutrons produce a small fraction of the light observed,

this is a good approximation. In addition, the light produced by the re

sidual excitation energy which remains in a nucleus following a nuclear

interaction and which is emitted in the form of gamma rays was assumed to

be directly proportional to the energy available.

The Cerenkov response of this device, which is considerably weaker than

the scintillation response and which is useful only when other modes of

light emission are extremely small, can be obtained from the following equa

tions :

dl 4tt2 e2 Z2 A /, 1 1
" Av 1 -

or

where

dx"
2 «2he2 \ B2 n

i. jE iilsLii 4v
THRESHOLD °

1 -

52 n2/

dE
aE7dx"

dl
-i— = the number of photons emitted per centimeter,

Av = the frequency interval of the photons,

Z = the charge of the particle,

Threshold = the thresnolcl energy for emitting Cerenkov radiation,

£ = the velocity of the particle relative to light velocity c,

n = the index of refraction of the medium in the frequency

interval considered,

dE/dx = the ionization and excitation energy loss, and

e,h,c = the electronic charge, Plank's constant, and the speed of

light, respectively.



In the calculations, Av has been taken to be 2.9 * 10ll+ sec"1, which

corresponds roughly to the frequency range of the visible spectrum, and n

has been taken to be 1.5. Also, the number of photons has been converted to

electrons by assuming an average photocathode efficiency in the Av frequency

range of 0.06, i.e., 0.06 electron/photon. The Cerenkov radiation curves

for the media indicated are shown in fig. 2. Charged particles with A > 1

are not considered since the number of these particles having energies above

their Cerenkov threshold energies is negligible. The charged-muon response

is not plotted but corresponds very closely to the curve for the charged

pions. In the calculations, the Cerenkov radiation curves were extended

from threshold to the maximum necessary energy.
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3. RESULTS

The dimensions and composition of the all-liquid organic scintillation

spectrometer used in the calculations are shown in fig. 3. In all of the

calculations, the incident beam is assumed to enter at the center of and per

pendicular to the front face. Calculated results for 1-GeV/c incident tt"

are summarized in figs. 4-12 and in tables 1-3. The spatial distribution of

the total energy deposition as a function of depth in the spectrometer is

given in fig. 4 for several radial intervals. In table 1 complete data for

the spatial energy deposition are given. The numbers below the tabulated

data represent the statistical errors in percent for one standard deviation.

The spatially integrated energy deposition (linear) in several categories

and the leakage energy as to particle type and region of escape are given in

table 2. As can be seen from this table, the major modes of energy deposi

tion are from primary ionization, secondary pion ionization, secondary proton

ionization, and from the electromagnetic cascade initiated from the decay of

the tt0,s. The data in the table also indicate that the major modes of leakage

energy are from neutrons with energies > 15 MeV and from y-rays. Even though

the device is quite large, the low average Z of the material is ineffective

in converting the y-rays to e" and e+ pairs.

To check the assumption concerning the neutrons with energies < 15 MeV

(i.e., the low-energy neutrons were assumed to deposit their energy within

the device), a transport calculation was performed using the code MORSE8)

to obtain the amount of low-energy neutron leakage. Of the possible 15.9 MeV

of neutron energy that could leak out, less than 31 did. This good contain

ment of the low-energy neutrons is a direct consequence of the large amount

of hydrogen contained within the system. Also given in the table are the

electromagnetic source energy and the binding energy plus neutrino energy.

The latter quantities were obtained through an energy balance.

"This is not a limitation of the calculation as arbitrary geometric
orientations are possible.
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Fig. 3. Geometry and composition of the large scintillation
spectrometer.
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TABLE 1

SPATIAL ENERGY DEPOSITION IN A LARGE SCINTILLATICN SPECTROMETER

TYPE OF INCIDENT PARTICLE PI ♦

MOMENTUM OF INCIDENT PARTICLE 1 GEV/C

ENERGY DEPOSITION

IMEV/CM**3»

RACIAL INTERVAL

DEPTH IN (CM»
SPECTROMETER

(CM) 0 TO 10 10 TO 20 20 TO 30 30 TC 40 40 TO 50 50 TO 60

0 TO 20 9.96E-03 3.82E-04 1.14E-04 4.98E-C5 2.75E-05 1.73E-05
1.4 4.3 4.1 7.1 6.2 7.7

20 TO 40 9.32E-03 6.78E-04 2.18F-04 8.24E-05 4.40E-05 2.51E-05
1.3 3.4 3.0 4.5 5.3 6.8

40 TO 60 7.62F-03 7.11F-04 2.61E-04 1.09E-04 5.79E-05 3.42E-05
1.7 2.2 4.2 5.6 ".9 7.5

60 TO 80 6.26F-03 7.28E-04 2.75E-04 1.35E-04 7.05F-O5 4.38E-05
2.2 3.7 4.0 5.1 3.5 3.8

80 TO 100 4.97E-03 6.23E-04 2.74E-04 1.44E-C4 8.28E-05 4.21E-05
2.0 4.1 4.2 5.0 4.0 5.0

100 TO 120 3.98E-03 4.79E-04 2.44E-04 1.34E-04 7.41E-05 4.37E-05
2.3 4.8 3.7 2.9 3.0 6.1

120 TO 140 3.42E-03 3.72E-04 2.05E-04 1.12E-04 7.13E-05 4.76L-05
2.5 4.6 3.2 4.8 6.5 6.6

140 TO 160 2.69E-03 3.22E-04 1.63E-04 9.06E-05 5.86E-05 4.46E-05
3.5 6.2 4.6 4.6 5.2 7.1

160 TO 180 2.21E-03 2.20E-04 1.19E-04 8.02E-C5 4.72E-05 3.67E-05
3.0 5.1 7.7 7.8 7.6 5.2

180 TO 200 1.70E-03 1.64E-04 9.53E-05 5.77E-05 3.96E-05 3.28E-05
2.3 5.7 7.0 8.2 5.2 6.5

200 TO 220 1.41E-03 1.35E-04 7.90E-05 5.64E-C5 3.51E-05 2.61E-05
3.9 6.4 7.7 7.9 9.5 5.0

220 TO 240 1.25E-03 1.06E-04 5.60E-05 4.28E-C5 2.81E-05 2.48E-05
3.0 8.1 8.9 8.9 7.6 9.3

240 TO 260 9.94E-04 7.31E-05 3.73E-05 3.02E-05 2.41E-05 1.93t-05
4.3 12.8 7.2 5.2 9.6 11.4

260 TO 280 8.04E-04 8.52E-05 3.69E-05 2.82E-C5 2.C8F-05 1.41E-05
5.3 10.3 5.4 10.5 9.5 12.1

280 TO 300 6.85E-04 6.66E-05 3.94E-05 2.36E-C5 1.82E-05 1.62E-05
7.S 8.5 11.5 9.0 e.O 13.5

300 TO 325 5.87E-04 6.02E-05 3.06E-05 2.36E-05 1.53E-05 1.14E-05
6.8 9.7 8.7 9.6 13.1 9.4

325 TO 356 3.93E-04 4.65E-05 1.86E-05 1.10E-C5 8.11E-06 5.54E-06
9.0 9.5 21.7 17.4 18.9 13.5
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TABLE 1 (CONT'O)

SPATIAL ENERGY DEPOSITION IN A LARGE SCINTILLATION SPECTROMETER

TYPE OF INCIDENT PARTICLE PI ♦

MOMENTUM UF INCIDENT PARTICLE 1 GtV/C

ENERGY DEPOSITION

(HtV/CH**J)

RADIAL INTEHVAL
DEPTH IN (CM)

SPECTROMETER

(CM) 60 TO 10 7J TO JO 80 TO 90 9J TO 10D LOO TO 110 110 TU 127

0 TO ZO I.IIE-Od a.34t-06 5.03E-06 4.46E-06 3.84E-06 2.55E-06
li.4 10.0 11.9 6.6 13.U 12.*

20 TO 40 1.56E-05 1.18E-05 8.39E-06 6.19E-06 5.00E-06 3.60E-06
6.1 8.5 12.4 12.0 14.7 10.2

40 TO 60 2.40E-05 1.53E-05 1.08E-05 7.66E-06 6.13F-06 3.93E-06
a.5 o.U 9.3 8.1 11.3 12.5

60 TO 8J J.06E-05 1.60E-05 1.06E-05 7.55E-06 6.28E-06 4.<»5E-06
5.9 3.1 11.0 10.9 8.0 o.6

80 TO 100 2.69E-J5 1.74E-05 1.29E-05 1.06E-05 6.24E-06 5.40E-06

6.2 d.O 5.2 7.7 7.0 d.l
100 TO 120 2.7oE-C3 1.84E-05 1.49E-0S 9.89E-0O 7.33E-06 5.36E-06

4.1 0.1 7.6 6.4 6.1 6.7

120 TO 140 3.10E-05 2.08E-05 1.4aE-0b 1.07E-05 O.93E-06 4.77E-06

8.0 5.2 t)./ 9.7 6.7 6.5
140 TO 160 3.05E-0S 1.63E-05 9.95E-06 d.65E-06 7.02E-06 4.75E-06

6.3 6.1 6.9 12.1 11.0 12.3

160 TO 180 2. 55E-CS l.ddE-05 1.29E-05 8.28E-0o 6.78E-00 J.95E-06

7.3 7.4 10.0 8.5 9.5 10.3

180 TO 200 2.41E-05 1.75E-05 1.16E-05 9.53E-0o 3.96E-06 4.12E-06

9.j 7.2 6.4 10.0 17.2 9.0
200 TO 220 1.93E-05 1.62E-05 1.24E-05 9.llt-06 d.7bE-06 4.35E-06

7.6 7.8 6.8 7.7 7.y 11.9

220 TO 240 1.6JE-05 l.ljE-05 9. 06E-06 9.15E-06 b.48E-06 4.44E-06

8.5 7.4 10.4 9.6 9.4 11.8

240 TO 260 1.63E-05 1.16E-05 d.25E-06 5.84E-06 4.2dE-06 3.dOE-06
8.9 9.6 11.2 12.1 7.7 12.5

260 TO 280 1.16E-03 9.43E-06 U.70E-06 6.17E-06 4.49E-0o 3.13E-06

12.1 8.1 10.1 11.1 10.0 12.9
280 TU 300 8.34E-U6 7.53E-06 5.4/E-C6 4.43L-06 3.66E-U6 2.676-06

13.3 10.2 12.2 14.5 17.B 10.8

300 TU 323 7.01E-06 5.70E-06 5.33E-06 3.72E-06 2.67E-06 1.90E-06

15.7 10.3 16.2 20.9 14.5 12.0

325 TO 356 4.04E-06 3.d8E-06 2.41E-06 2.33E-06 2.23E-0O 1.18E-06

20.9 19.7 13.9 16.3 15.5 15.3
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Table 2

Energy Deposition and Leakage Produced by the Interaction
of 1-GeV/c Tr* in a Large Scintillation Spectrometer3-

Energy Deposition
(MeV)

Linear Nonlinear"

Primary ionization 170. 166.

Secondary proton ionization 265. 213.

Secondary rr1 ionization 127. 123.

Secondary y1 ionization 15.5 14.9

Nuclear recoil and evaporated charged
particles other than protonsc 29.4 4.70

Excitation energy following evaporation0 6.76 6.76

Neutrons with energy < 15 MeVc 15.9 6.81

Electromagnetic from the decay of tt0,s 134. 134.

Electromagnetic from the decay of l^'s 16.1 16.1

Total Deposition 780. 686.

Leakage Energy
(MeV)

Front Side Back

P 0.86 0.78 0.46

n 4.52 17.9 4.43

,*d 8.43 6.97 6.26

p±d 0.16 0.85 3.05

Y 12.6 32.2 4.20

e±<* 2.63 5.97 1.22

Total 29.2 64.7 19.6

Total Leakage = 114. MeV

(Binding energy + v energy) = 117. MeV

Electromagnetic Source Energy = 208. MeV

a. CH2, p = 0.87 g/cm3; 254 cm in diameter, 355.6 cm in length.
b. kB = 0.01 (g/cm2)/MeV.
c. Assumed to deposit their energy at their point of origin.
d. Includes rest mass energy.
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Table 3

Average Cerenkov Pulse Height From the Interaction of 1-GeV/c
Incident tt+ in a Large Spectrometer

Cerenkov Pulse Height
(electrons)

Primary particles 1289.

Secondary protons 12.6

Secondary charged pions 633.

Secondary muons 82.9

Electromagnetic cascade 944.

Total 2961.
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Because of the nonlinearity of this device with respect to light out

put vs energy deposition, not all of the deposited energy can be viewed due

to saturation. The column in table 2 labeled "nonlinear" gives the amount

of energy deposited which, according to our light curve normalization (see

sec. 2), can be viewed. The electromagnetic contribution is unaffected by

the saturation effect, whereas the heavy-recoil and evaporation fragments

show the largest deviation.

All of the quantities shown in table 2, i.e., binding energy plus neu

trino energy, the leakage energy, and the saturation effect, have a direct

bearing on the resolution of this spectrometer. The calculated resolution

of this device for 1-GeV/c tr can be seen in the pulse-height distribution

given in fig. 5. (All pulse-height distributions are normalized to 5000

events, except for fig. 9 which has 3000 events.) The solid histogram rep

resents the pulse-height distribution obtained with the linear data, i.e.,

with the saturation effect neglected. The dashed histogram represents the

pulse-height distribution with the effect of saturation taken into consid

eration. It is clear from this figure that the saturation effect is not

small and should be taken into account. The resolution obtained (for the

dashed histogram) considering the full width at half maximum is 401 (+ 161,

- 241).

Since no time gate has been applied to these calculations (and most

scintillation time gates are set at ~ 50 nsec), the amount of light viewed

experimentally should be slightly less than that shown in fig. 5. One of

the many reasons for this originates from positrons which are born from

the decay of positively charged muons which come from positively charged

pions decaying at rest. The number of positively charged pions decaying at
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rest per incident 1-GeV/c tt+ was calculated to be 0.44 ± 0.03. Not only is

a lot of energy lost to neutrinos but, experimentally, the energy deposition

of the positron (~ 40 MeV) will not be detected.

In order to obtain a more complete understanding of this particular

spectrometer, several scatter plots (all scatter plots contain 1500 events)

are given in figs. 6, 7, and 8. The binding energy plus neutrino energy is

shown in fig. 6 as a function of linear energy deposition. The line of

points on the right side of the figure is the energy conservation line; i.e.,

the sum of energy deposition plus binding and neutrino energy gives the

total energy of the incident 1-GeV/c tt+. Any point to the left of this line

indicates the degree of leakage energy.

The difference between the linear- and nonlinear-energy deposition vs

the linear energy deposition is shown in fig. 7. The difference between the

linear- and nonlinear-energy deposition vs the binding plus neutrino energy

is shown in fig. 8. The data in this figure split into two distinct groups.

The group which appears to intersect the x axis at ~ 100 MeV is due to second

ary positively charged pions which slow down to rest. As stated before, a

significant amount of neutrino energy (~ 100 MeV) is lost when this occurs.

Since a combination of scintillating and Cerenkov-response devices is

employed in many experiments, the expected Cerenkov pulse-height distribution

»

for the spectrometer is given in fig. 9*-, and the average individual contrib

utors are given in table 3. Even though this represents an unrealistic

case since it is next to impossible to separate the scintillation and Cerenkov

pulse in the same material, many of the conclusions which can be drawn are

still applicable.

In contrast to the scintillation pulse-height distribution (fig. 5),

the Cerenkov response is relatively flat and would be of little use at this
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energy for determining the energy of incident particles. The small peak at

4900 electrons primarily results from the few incident particles which com

pletely transverse the device without interacting. The average contributions

to the pulse-height distribution are given in table 3. Since protons have a

relatively high threshold for producing Cerenkov light (~ 340 MeV), it is

not unexpected that the secondary proton contribution should be small rela

tive to the pion, muon, electron, and positron contributions.

The one-to-one correlation between the scintillation (nonlinear) and

Cerenkov pulses is given in fig. 10 in terms of a scatter plot. As can be

seen, a large Cerenkov response usually necessitates a large scintillation

response and vice versa. This is the expected result since a large scintil

lation response usually requires a large electromagnetic cascade which also

leads to a large Cerenkov response.

The one-to-one correlation between the linear minus nonlinear scintil

lation pulses and the Cerenkov pulse is shown in fig. 11, and the correla

tion between the binding energy plus neutrino energy and Cerenkov pulse is

shown in fig. 12. As the difference between the linear and nonlinear pulses

approaches zero indicating a large electromagnetic contribution, the Cerenkov

response becomes large. As the binding energy plus neutrino energy becomes

large indicating that less energy is available for the electromagnetic cas

cade, the Cerenkov pulse becomes small. These correlations do not indicate

anything surprizingly new, but they do indicate the amount of spread in the

correlations that can be expected.

Since much of the previous discussion concerning the incident 1-GeV/c t:+

is applicable to the remaining cases, only a brief summary of each case will

be presented.
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The spatial distribution for 1-GeV/c incident it" is given in table 4,

and the spatially integrated individual contributions and the leakage energy

are given in table 5. The total containment for this case is slightly less

than that for the 1-GeV/c tt+ case. This decrease in containment is due

primarily to the availability of one reaction channel open to the -n' but not

to the tt , i.e., tt" + p ->- 2tt° + n. This reaction channel allows for more

neutron and gamma-ray leakage. The pulse-height distributions are given in

fig. 13, and a comparison between the 1-GeV/c tt+ and tt" nonlinear pulse-

height distributions is given in fig. 14. The binding plus neutrino energy

vs energy deposition (linear), the linear-nonlinear energy deposition vs

energy deposition (linear), and the linear-nonlinear energy deposition vs

binding plus neutrino energy are shown in figs. 15-17, respectively. The

data in fig. 17 do not split distinctly into two groups as did the data for

the incident 1-GeV/c tt+, indicating a large decrease in the number of second

ary positively charged pions which come to rest.

Similar data for 3-GeV/c incident tt" are given in tables 6 and 7 and

in figs. 18-21. The large peak at approximately 700 MeV in fig. 18 is due

to those few incident particles which transverse the entire device without

interacting. Due to the increase in leakage at this energy, the energy con

servation line, so evident in fig. 6, is not nearly as evident in fig. 19.

The data for 1-GeV/c incident protons are given in table 8 and in fig. 22.

The spatial dependence of the energy deposition is not given for this case

since many of these incident particles will slow down due to ionization and

excitation rather than undergo nuclear interaction. Those primary protons

that do interact usually elastically scatter with the hydrogen in the media,

thereby enhancing the probability of slowing down rather than undergoing
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TABLE 4

SPATIAL ENERGY DEPOSITION IN A LARGE SCINTILLATICN SPECTROMETER

TYPE OF INCIDENT PARTICLE PI -
MOMENTUM OF INCIDENT PARTICLE I GFV/C

ENERGY DEPOSITION

<MEV/CM**3»

RADIAL INTFRVAL

DEPTH IN (CM)
SPECTROMETER

(CM) 0 TO 10 10 TO 2C 20 TO 30 30 TC 40 40 TO 50 50 TO 60

0 TO 20 9.16E-03 3.68E-04 1.23E-04 6.76E-C5 3.59E-05 2.26E-05
1.6 4.6 6.3 5.8 5.7 7.9

20 TO 40 8.67E-03 6.69E-04 2.32E-04 1.05E-04 5.79E-05 3.60fc-05
1.2 2.9 2.8 5.3 4.0 2.9

40 TO 60 7.02E-03 8.19E-04 2.97E-04 1.38E-04 7.08E-05 3.97E-05
1.? 4.8 4.9 4.4 5.3 6.6

60 TO 80 5.18E-03 7.52E-C4 3.09E-04 1.54E-04 7.94E-05 4.73E-05
1.2 3.3 5.3 5.0 3.6 3.6

80 T3 100 4.36E-03 5.89E-C4 2.88E-04 1.46E-C4 8.17E-05 5.21E-05
1.7 2.3 4.1 3.0 4.7 8.7

100 TT 120 3.42F-03 4.62E-04 2.45E-04 1.36E-C4 9.01E-05 5.03fc-05
3.5 3.0 4.0 4.8 5.9 4.0

120 T3 140 2.76E-03 3.55E-C4 1.90E-04 1.22E-04 7.89E-05 5.55fc-05
3.5 4.5 3.3 4.7 5.9 5.2

140 TJ 160 2.09E-03 2.73E-04 1.50E-04 9.75E-C5 7.C0E-05 4.31E-05
4.2 4.2 3.7 4.5 4.2 6.5

160 TO 180 1.63E-03 2.29E-04 1.27E-04 8.51E-05 5.31E-05 3.83E-05
4. I 5.7 6.5 5.7 6.1 4.8

180 T3 200 1.27E-03 1.49E-C4 9.76E-05 6.52E-05 4.84E-05 3.38E-05
3.6 7.3 6.5 6.3 8.9 6.3

200 T3 220 1.08E-03 1.25E-04 7.17E-05 4.79E-C5 3.86E-05 2.44E-05
4.2 7.5 8.0 8.9 9.3 8.5

220 TO 240 8.89E-04 6.74E-05 6.37E-C5 3.83E-C5 3.10E-05 2.30E-05
5.7 8.4 8.1 10.1 12.1 8.3

240 TT 260 7.11E-04 7.70E-C5 5.04E-C5 3.37E-05 2.47E-05 1.966-05
5.8 8.0 9.3 7.9 5.7 7.6

260 n 280 5.51E-04 5.46E-05 3.56E-C5 3.26E-C5 2.41E-05 1.69E-05
6. I 13.<5 6.2 7.9 10.3 9.9

280 TO 300 4.55E-04 4.63E-05 2.68E-05 2.48E-05 1.91E-05 1.56E-05
6.8 12.3 15.2 11.8 9.0 13.9

300 TT 325 3.10E-04 4.41E-C5 2.32E-05 1.77E-05 1.71E-05 1.31E-05
6.P 12.0 15.3 11.9 10.6 14.0

325 TJ 356 2.16E-04 2.15E-05 1.49E-05 1.07E-C5 8.98E-06 6.28E-06
7.7 ID.6 14.6 12.8 10.8 12.0
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TABLE 4 (CONT'D)

SPATIAL ENFRGY DEPOSITION IN A LARGE SCI NT ILLATICN SPECTROMETER

TYPE OF INCIDENT PARTICLE PI -
MOMENTUM OF INCIDFNT PARTICLE 1 GEV/C

ENERGY DEPOSITION

<MEV/CM**3)

RADIAL INTERVAL

DEPTH IN (CMI
SPECTROMETER

(CM) 60 TO 7C 7C TO 80 80 TO 90 90 TC 100 100 TO 110 110 TO 127

0 TO 20 1.44E-05 1.C9E-05 7.77E-C6 6.21E-06 5.00E-06 3.65E-06
5.8 7.1 7.6 6.6 7.8 9.3

20 TO 40 2.34E-05 1.77E-05 1.14E-C5 7.71E-06 5.11E-06 3.81E-06
9.0 7.9 7.3 7.0 14.4 10.2

40 TO 60 2.81E-05 1.81E-C5 1.27E-05 9.12E-06 5.95E-06 4.84E-06
6.4 6.1 7.3 9.7 12.0 8.7

60 TO 80 3.25F-05 2.06E-05 1.56E-C5 1.16E-C5 8.10E-06 6.27E-06
5.3 8.C 5.8 13.8 10.5 7.9

80 TO 100 3.55E-C5 2.44E-05 1.62E-05 1.12E-05 8.13E-06 5.20E-06
5.c 7.7 6.6 7.5 9.2 5.3

100 TO 120 3.27F-05 2.01E-05 1.66E-C5 1.21E-05 9.10E-06 5.80E-06
8.7 7.3 7.3 9.5 9.8 8.8

120 TO 140 3.51E-05 2.37F-05 1.39E-05 1.06E-C5 9.01E-06 5.69E-06
8.4 6.4 6.0 11.I 4.7 7.7

140 T3 160 3.15E-C5 2.21E-C5 1.62E-05 1.13E-C5 9.12E-06 6.49E-06
4.3 5.4 8.1 S.O 7.2 9.2

160 TO 180 2.57E-05 2.17E-05 1.65E-05 1.02E-05 8.83E-06 6.54E-06
6.8 4.5 4.3 5.9 6.7 8.5

180 TJ 200 2.46E-05 2.12E-C5 1.37E-05 8.16E-06 7.37E-06 5.20E-06
7.6 7.4 8.6 11.4 6.5 7.1

200 TO 220 1.64E-05 1.43E-05 1.27E-05 1.02E-C5 6.83E-06 4.52E-06
7.4 11.8 8.4 3.7 8.5 7.6

220 Tl 240 1.68E-C5 1.33E-05 1.05E-05 8.7SE-06 6.26E-06 5.17E-06
8.7 9.7 13.7 11.3 9.7 4.3

240 T3 260 1.46E-05 1.09E-05 9.14E-06 8.26E-C6 6.15E-06 4.84E-06
9.1 13.6 11.7 16.3 11.0 7.1

260 TO 280 1.40F-C5 1.00E-05 7.56E-C6 6.53E-C6 6.14E-06 3.78E-06
10.7 °.8 9.6 14.7 15.4 10.5

280 TO 300 I.O5E-05 7.7ZE-C6 6.17E-06 5.C9E-06 3.83E-06 3.02E-06
13. ? 8.6 12.6 12.3 14.4 10.6

300 TO 325 8.95E-06 6.90E-06 5.60E-06 2.89E-C6 2.97E-06 2.46E-06
16.1 9.3 9.8 12.8 14.1 12.3

325 TO 356 5. 04F-C6 4.51E-C* 4.44E-06 3.87F-C6 3.02E-06 2.04E-06
12.0 13.0 12.3 14.7 10.7 19.4
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Table 5

Energy Deposition and Leakage Produced by the Interaction
of 1-GeV/c it" in a Large Scintillation Spectrometer"

Energy Deposition
(MeV)

Linear Nonlinear"

Primary ionization 147. 144.

Secondary proton ionization 240. 188.

Secondary tt* ionization 131. 127.

Secondary y* ionization 13.4 12.9

Nuclear recoil and evaporated charged
particles other than protons0 39.3 5.71

Excitation energy following evaporation0 9.26 9.26

Neutrons with energy < 15 MeVc 26.4 11.4

Electromagnetic from the decay of tt°'5 146. 146.

Electromagnetic from the decay of ur's 7.05 7.05

Total Deposition 760. 651.

Leakage Energy
(MeV)

Front Side Back

P 0.35 0.92 0.30

n 8.21 33.8 8.88

rr±d 11.1 5.87 5.05

y±d 0.15 0.77 2.49

Y 15.8 36.4 6.69

e±d 1.75 7.17 1.02

Total 37.4 85.0 24.4

Total Leakage = 147. MeV

(Binding energy + v energy) = 104. MeV

Electromagnetic Source Energy = 222. MeV

a. CH2, p = 0.87 g/cm3; 254 cm in diameter, 355.6 cm in length.
b. kB = 0.01 (g/cm2)/MeV.
c. Assumed to deposit their energy at their point of origin.
d. Includes rest mass energy.
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TABLE

SPATIAL ENERGY DEPOSITION IN A LARGE SCINTILLATICN SPECTROMETEK

DEPTH IN

SPECTROMETER

(CM)

0 TO 20

20 TO 40

40 TO 60

60 TO 30

80 TO 100

100 TO 120

120 TO 140

140 TO 160

160 TO 180

180 Til 200

200 TO 220

220 TO 240

240 TJ 260

260 TO 280

280 T3 300

300 TO 325

325 TT 356

TYPF OF INCIDENT PARTICLE

MOMENTUM OF INCIDENT PARTICLE

ENERGY DEPOSITION

(MEV/CM**3)

PI -

3 GEV/C

RADIAL INTERVAL

(CM)

0 TO IC 10 TO 20 20 TO 30 30 TC 40 40 TO 50 50 TO 60

1.01E-02 3.66E-04 1.22E-C4 5.86E-05 4.21E-05 2.72E-05
1.2 5.1 7.5 6.6 5.4 10.0

1.08E-02 9.C8E-04 2.89E-C4 1.31E-04 7.01E-05 4.23E-05
1.3 5.0 4.5 5.8 6.2 4.1

9.55E-03 1.18E-03 4.97E-04 2.27E-04 1.14E-04 6.00E-05
l.<; 4.7 5.4 5.4 7.4 4.1

9.39E-03 1.41E-03 6.00E-04 3.05E-04 1.69E-04 9.80E-05
2.4 5.1 4.7 5.9 5.6 5.9

7.22E-03 1.46E-03 6.90E-04 3.85E-04 2.21E-04 1.35E-04
1.5 6.6 1.7 7.7 7.6 5.3

6.41E-03 1.30E-03 7.03E-04 4.03E-04 2.42E-04 1.59E-04
2.2 4.6 4.2 4.7 3.7 6.0

5.26E-03 1.25E-03 6.62E-04 4.20E-04 2.59E-04 1.55E-04
2.6 2.6 3.1 4.9 2.1 2.2

4.35E-03 1.C8F-03 5.68E-04 4.16E-04 2.68E-04 1.83E-04
5.5 4.3 5.6 2.5 6.1 4.8

3.71E-03 9.72E-04 5.65E-04 3.46E-C4 2.39E-04 1.93E-04
3.3 2.9 2.4 4.9 6.2 6.5

3.00E-03 P.16E-C4 4.96E-04 3.06E-04 2.21E-04 i.72fc-04
5.6 4.1 4.4 7.1 5.1 5.0

2.44E-03 6.28E-04 4.48E-04 2.99E-04 2.03E-04 1.43E-04

Z.C 3.2 2.1 6.6 8.0 6.3
2.17E-03 5.81E-04 3.47E-04 2.55E-C4 1.86E-04 1.41E-04

5.7 7.9 10.1 6.1 7.4 9.3
1.81E-03 5.12E-04 3.23E-04 2.30E-04 1.54E-04 1.25E-04

6.3 9.2 8.9 5.9 5.4 7.1
1.50E-03 4.67E-C4 2.65E-04 1.80E-04 1.3 1E-04 1.08E-04

11.I 6.^ 5.0 9.2 6.2 7.6
1.09E-03 3.66E-04 2.41E-04 1.80E-04 1.35E-04 9.79E-05

9.2 6.6 4.0 4.5 4.5 2.8
9.08E-04 3.CPE-04 1.S9E-04 1.63E-04 1.19E-04 8.32fc-05

11.0 8.1 5.8 3.9 6.0 11.1
6.35E-04 2.15E-04 1.52E-C4 1.13E-04 8.82E-05 6.94t-05

13.7 4.5 8.c 6.4 4.3 7.1
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Table 7

Energy Deposition and Leakage Produced by the Interaction
of 3-GeV/c tt" in a Large Scintillation Spectrometer5

Energy Deposition
(MeV)

Linear Nonlinear°

Primary ionization 184. 180.

Secondary proton ionization 657. 536.

Secondary tt* ionization 330. 320.

Secondary y* ionization 14.3 13.7

Nuclear recoil and evaporated charged
particles other than protons0 82.3 12.4

Excitation energy following evaporation0 19.1 19.1

Neutrons with energy < 15 MeVc 51.4 22.1

Electromagnetic from the decay of tt0,5 638. 638.

Electromagnetic from the decay of y±!< 15.7 15.7

Total Deposition 1991. 1757.

Leakage Energy
(MeV)

Front Side Back

P 0.62 18.3 33.7

n 10.5 118. 88.6

TT±d 11.4 48.6 146.

±d 0.21 3.61 14.0

Y 17.8 126. 84.5

e±d 3.18 29.0 28.0

Total 43.7 344. 395.

Total Leakage == 782. MeV

(Binding energy + v energy) := 229. MeV

Electromagnetic Source Energy == 943. MeV

a. CH2, p = 0.87 g/cm3; 254 cm in diameter, 355.6 cm in length.
b. kB = 0.01 (g/cm2)/MeV.
c. Assumed to deposit their energy at their point of origin.
d. Includes rest mass energy.
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Table 8

Energy Deposition and Leakage Produced by the Interaction of
1-GeV/c Protons in a Large Scintillation Spectrometer5

Energy Deposition
(MeV)

Linear Nonlinear"

Primary ionization 240. 225.

Secondary proton ionization 147. 122.

Secondary tt* ionization 0.57 0.54

Secondary y* ionization 0.044 0.041

Nuclear recoil and evaporated charged
particles other than protonsc 8.76 0.88

Excitation energy following evaporation0 3.08 3.08

Neutrons with energy < 15 MeVc 5.59 2.39

Electromagnetic from the decay of tt0,s 1.34 1.34

Electromagnetic from the decay of y±fs 0.29 0.29

Total Deposition 406. 356.

Leakage Energy
(MeV)

Front Side Back

p 0. 0.16 0.013

n 1.12 7.49 0.34

TT±d 0. 0. 0.068

y±d 0. 0. 0.

Total 1.12 7.65 0.42

Total Leakage = 9.19 MeV

(Binding energy + v energy) = 17.9 MeV

Electromagnetic Source Energy = 1.63 MeV

a. CH2, p = 0.87 g/cm3; 254 cm in diameter, 355.6 cm in length.
b. kB = 0.01 (g/cm2)/MeV.
c. Assumed to deposit their energy at their point of origin.
d. Includes rest mass energy.



46

104
ORNL- DWG 73-2886

I I I

- 1GeV/c PROTONS
I LINEAR RESPONSE5

|\|UNLIINt AK KL5 ruiNit

2

103

••

_ m

r
•

5 rJ 1

«-J r
i

> 2
o
z
Ld 0
z> 102

_.

1

r
J

i
o
111 *-j

Ul

ll- 5
^n

1 Lj r^
1
1 r-^

2

101

1 J

r
1_

n

5 _r
; i

2

mO L

0 100 200 300 400 500

ENERGY DEPOSITED (MeV)

600

Fig. 22. Linear and nonlinear scintillation pulse-height distributions
for incident 1-GeV/c protons.



47

nuclear interaction. Similar data for 3-GeV/c incident protons are given

in tables 9 and 10 and in figs. 23-26.

A summary of the spatial energy dependence for the 3-GeV/c proton and

tt" cases and the 1-GeV/c tt+ and tt" cases is presented in fig. 27. The fig

ure shows the integral rate of energy containment as a function of depth in

the spectrometer integrated over all radial intervals and the integral rate

of energy containment as a function of radius integrated over all depths.

The 24-layer iron-plastic spectrometer is composed of 12 iron plates

with individual thicknesses of 3.81 cm and of 12 plastic (CH1#12S,

p = 1.05 g/cm3) plates (sandwiched between the iron plates) with individual

thicknesses of 0.476 cm. The diameter of both the iron and plastic sheets

is 121.92 cm. The total gram thickness (~ 350 g/cm2) of this device is com

parable to the total gram thickness (~ 310 g/cm2) of the all-liquid spec

trometer already discussed. As before, the beam is assumed to enter at the

center of and perpendicular to the front face.

The radially integrated energy deposition for 1-GeV/c tt" incident on

the iron-plastic spectrometer is given in table 11. The low-energy-neutron

cutoff for this series of calculations was reduced to 10 MeV. The spatially

integrated energy deposition (in several categories) and the leakage energy

(as to particle type and region of escape) are given in table 12. A MORSE

calculation for this case indicated that 141 of the available low-energy-

neutron energy will leak out. The linear and nonlinear energy deposition

in the plastic only is also included in this table. It is rather obvious

that the average amount of viewable energy deposited has been greatly re

duced as compared to the similar 1-GeV/c tt" case for the all-liquid scintil

lation spectrometer.
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TABLE

SPATIAL ENERGY OPPOSITION IN A LARGE SCINTILLATION SPECTROMETER

TYPE OF INCIDENT PARTICLE PRCTCNS
MOMENTUM OF INCIDENT PARTICLE 3 GEV/C

ENERGY DEPOSITION

(MEV/CM**3)

RADIAL INTERVAL

DEPTH IN (CM)

SPECTROMETER
(CM) 0 TO 10 1C TO 20 20 TO 30 30 TC 40 40 TO 50 50 TO 60

0 TO 20 1.02E-02 3.30E-04 8.33E-05 4.27E-05 2.15E-05 1.45E-05
1.6 4.9 6.0 12.4 7.4 8.6

20 TO 40 1.09E-02 7.23E-04 2.29E-04 9.02E-05 4.99E-05 2.62t-05
1.6 3.0 3.2 4.5 3.1 9.1

40 TO 60 1.06E-02 1.07E-C3 3.34E-04 1.50E-04 7.91E-05 4.29E-05
l.P 2.4 3.9 4.3 5.2 6.4

60 TO 80 9.04E-03 1.18E-03 4.56E-04 2.01E-04 9.44E-05 5.896-05
1.7 3.4 3.3 4.3 5.4 4.3

80 TD 100 8.06E-03 1.27E-03 5.04E-04 2.51E-C4 1.33E-04 7.01E-05
1.7 1.5 2.4 5.7 6.5 i.2

100 T3 120 6.49E-03 1.29E-03 5.13E-04 2.76E-04 1.47E-04 9.03C-05
1.2 3.2 4.2 4.0 6.4 6.4

120 T3 140 5.47E-03 1.22E-03 5.07E-04 2.90E-04 1.55E-04 9.36E-05
2.7 1.7 2.4 4.4 4.1 3.9

140 TO 160 4.46E-03 1.12E-03 5.22E-04 2.44E-C4 1.64E-04 1.01E-04
3.1 2.9 3.5 4.6 4.6 4.0

160 TO 180 3.66E-03 9.96E-04 4.83E-04 2.61E-04 1.63E-04 1.02E-04
3.7 3.8 3.6 2.8 4.8 3.7

180 T3 200 2.80F-03 e.28E-04 4.51E-04 2.55E-04 1.46E-04 9.30E-05
4.5 2.7 2.6 4.7 3.4 3.7

200 T3 220 2.22F-03 7.76E-04 3.85E-04 2.27E-04 1.35E-04 1.03E-04
3. e 3.9 4.1 3.4 5.6 4.5

220 TO 240 1.79E-03 5.95E-04 3.27E-04 2.17E-04 1.37E-04 9.02E-05
3.4 2.4 3.8 4.6 5.8 5.7

240 T3 260 1.37E-03 4.97E-04 2.81E-04 1.84E-04 1.27-E-04 8.59E-05
4.6 5.6 4.2 3.3 4.8 9.3

260 T3 280 1.15E-03 4.54E-04 2.59E-04 1.55E-04 1.12E-04 6.93t-05
6.6 5.4 3.8 4.9 4.9 6.5

280 TO 300 8.63E-04 3.56E-04 2.19E-04 1.37E-04 9.62E-05 6.99E-05
9.5 4.8 3.7 5.0 3.8 5.7

300 T3 325 6.60E-04 2.83E-04 1.83E-04 1.15E-04 8.16E-05 5.60E-05
5.9 6.3 4.fi 5.4 6.6 5.1

325 TT 356 4.15E-04 1.92E-04 1.28E-04 9.54E-05 6.60E-05 4.88E-05
7.1 3.9 5.8 4.9 5.1 7.8
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TABLE 9 (CONT'D)

SPATIAL ENERGY DEPOSITION IN A LARGE SCINTILLATICN SPECTROMETER

TYPF OF INCIDENT PARTICLE PRCTCNS
MCMFNTUM OF INCIDENT PARTICLE 3 GEV/C

ENFRGY DEPOSITION

(MEV/CM«*3)

PADIAL INTERVAL
DEPTH IN (CM)

SPECTROMETER

(CM) 60 TO 70 7C TO 80 80 TO 90 90 TO 100 100 TO 110 110 TO 127

0 TO 20 9.37E-C6 7.49E-C6 5.24E-06
8.6 10.5 14.0

20 TO 40 1.65E-05 1.C2E-05 8.45E-06

8.9 10.0 9.6
40 TO 60 2.15E-05 1.42E-05 9.35E-06

5.7 9.5 14.8

60 TO 80 3.38E-C5 2.26E-05 1.34E-05
8.4 11.8 7.3

80 TO 100 4.74E-C5 2.97E-C5 2.06E-05

6.2 2.7 9.8

100 TO 120 5.01E-05 3.57E-05 2.33E-C5
5.9 8.4 5.4

120 TO 140 6.07E-05 4.09E-05 2.73E-C5

5.5 6.9 6.8

140 TO 160 6.00E-05 4.53E-05 2.98E-05

7.C 8.1 7.0

160 TO 180 7.39E-05 4.66E-05 3.25E-05
4.7 5.5 6.5

180 TO 200 6.22E-05 <i.94E-05 2.94E-C5

2.8 5.2 7.7

200 TO 220 6.15F-05 4.25E-05 3.56E-C5

5.1 7.0 4.1

220 TO 240 6.02E-05 4.40E-C5 3.01E-05

5.5 5.4 8.5

240 TO 260 5.83E-05 4.21E-05 2.53E-05

6.5 9.8 6.6

260 TO 280 4.83E-C5 3.29E-05 3.00E-05

5.4 6.9 5.9

280 TO 300 4.85E-05 3.43E-C5 2.34E-05
6.2 7.B 5.5

300 TO 325 4.52E-C5 2.89E-05 2.13E-05
6.2 6.4 6.7

325 TO 356 3.34E-05 i.31F-05 1.84E-C5

3.2 6.P 6.2

3.73E-06 2.41E-06 1.96E-06
14.1 15.8 8.8

4.96E-06 4.32E-06 3.07E-06

11.4 8.8 8.9

6.41E-C6 5.13E-0 6 3.43E-06
1C.4 7.5 10.8

9.36E-C6 7.03E-06 5.01E-06

7.5 11.5 8.7
1.35E-C5 9.39E-06 6.69E-06

7.2 10.2 2.6

1.67E-05 1.17E-05 7.8CE-06
3.9 7.1 5.5

1.97E-C5 1.45E-05 9.71E-06
6.6 7.6 5.6

2.05E-05 1.58E-0 5 9.08E-06

6.2 7.2 5.1

2.28E-C5 1.76E-05 1.15E-05
9.1 6.1 7.2

2.34E-C5 1.80E-05 1.28E-05
4.4 9.2 6.0

2.35E-05 1.55E-05 1.11E-05

5.2 5.6 6.8

2.C8E-C5 1.75E-05 1.08E-05

9.5 6.7 5.7

2.26E-05 1.64E-05 1.20E-05
6.8 7.1 5.1

2.09E-C5 1.41E-05 1.03E-05

11.4 10.5 4.8

1.65E-C5 1.38E-05 9.81E-06

7.8 8.4 5.6
2.CCE-C5 1.51E-05 1.08E-05

7.7 9.1 7.9

1.48E-05 1.18E-0 5 3.43E-06

5.2 6.4 6.6
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Table 10

Energy Deposition and Leakage Produced by the Interaction of
3-GeV/c Protons in a Large Scintillation Spectrometera

Energy Deposition
(MeV)

Linear Nonlinear*5

Primary ionization 137. 134.

Secondary proton ionization 871. 742.

Secondary tt* ionization 156. 151.

Secondary y* ionization 7.59 7.28

Nuclear recoil and evaporated charged
particles other than protons0 67.5 9.70

Excitation energy following evaporation0 17.6 17.6

Neutrons with energy < 15 MeV° 42.8 18.4

Electromagnetic from the decay of tt0,s 217. 217.

Electromagnetic from the decay of y^s 22.2 22.2

Total Deposition 1539. 1318.

Leakage Energy
(MeV)

Front Side Back

P 0.32 12.9 101.

n 5.56 88.3 114.

TT±d 3.00 5.59 12.2

y±d 0.070 0.47 0.70

Y 10.5 47.9 19.8

e±d 1.64 9.79 5.28

Total 21.1 165. 253.

Total Leakage = 439. MeV

(Binding energy + v energy) = 221. MeV

Electromagnetic Source Energy = 335. MeV

a. CH2, p = 0.87 g/cm3; 254 cm in diameter, 355.6 cm in length.
b. kB = 0.01 (g/cm2)/MeV.
c. Assumed to deposit their energy at their point of origin.
d. Includes rest mass energy.
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Table 11

Spatial Energy Deposition Produced by the
1-GeV/c tt" in a 24-Layer Iron-Plastic

Interaction of

Spectrometer

Depth Interval
(cm)

Energy Deposition
(MeV/cm)

0. 3. 810 27.3

3. 810 - 4. 286 5.47

4. 286 - 8. 096 28.4

8. 096 - 8. 572 5.36

8. 572 - 12. 38 25.5

12. 38 - 12. 86 4.62

12. 86 - 16. 67 21.2

16 67 - 17 14 4.32

17 14 - 20 95 17.7

20 95 - 21 43 3.29

21 43 - 25 24 14.7

25 24 - 25 72 2.96

25 72 - 29 53 11.5

29 53 - 30 00 2.41

30 .00 - 33 81 9.31

33 81 - 34 29 1.99

34 .29 - 38 10 7.63

38 .10 - 38 58 1.31

38 .58 - 42 39 5.98

42 .39 - 42 86 1.34

42 .86 - 46 67 4.60

46 .67 - 47 .15 0.804

47 .15 - 50 96 3.61

50 .96 - 51 .44 0.528
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Tablei 12

Energy Deposition and Leakage Produced by the Interaction of
1-GeV/c tt" in a 24-Layer Iron-Plastic Spectrometera

Energy Deposition
(MeV)

Iron and

Plastic

]

Linear

Plastic

Nonlinear*3

Primary ionization 197. 3.66 3.59

Secondary proton ionization 193. 5.35 3.85

Secondary tt1 ionization 88.5 1.95 1.89

Secondary y* ionization 2.22 0.050 0.049

Nuclear recoil and evaporated charged
particles other than protons0 20.2 1.32 0.16

Excitation energy following evaporation0 38.3 0.60 0.60

Neutrons with energy < 10 MeV° 40.1 1.06 0.42

Electromagnetic from the decay of ir°'s; 116. 2.39 2.39

Electromagnetic from the decay of y1'* 0.12 0.003 0.003

Total Deposition 696. 16.4 13.0

Leakage Energy
(MeV)

Front Side Back

P 0.84 0. 044 0.58

n 17.0 4. 04 25.2

TT±d 6.95 0. 36.3

y±d 0. 0. 1.19

Y 5.72 0.0066 1.41

e±d 1.52 0. 0.29

Total 32.0 4. 09 65.0

Total Leakage =101. MeV

(Binding energy + v energy) = 202. MeV

Electromagnetic Sourcej Energy = 127. MeV

a. Fe: 3.81-cm thick; plastic (CH1.ias, p
spectrometer: 121.92 cm in diameter.

b. kB = 0.01 (g/cm2)/MeV.
c. Assumed to deposit their energy at their point of origin.
d. Includes rest mass energy.

1.05 g/cm3): 0.476-cm thick;
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The linear and nonlinear pulse-height distributions are given in fig. 28.

The large peak at 12.5 MeV is due primarily to those incident particles which

transverse the device without interacting. Due to the relatively small

amount of energy which is sampled, the resolution of this device for 1-GeV/c

tt" is poor 100%. Also, the slowly decreasing high-energy tail could

cause problems if this device were to be used to measure a hadron spectrum

which is decreasing very rapidly with increasing energy. The expected Ceren-

kov pulse-height distribution is given in fig. 29, and the average contribu

tors to this distribution are given in table 13.

The same type of data presented for the 1-GeV/c incident tt" is given

for 3-GeV/c incident tt" in tables 14-16 and in figs. 30 and 31. The scintil

lation pulse-height distribution in fig. 30 has a better-defined shape than

that for the 1-GeV/c tt" case, but still the resolution is poor due to the

small amount of sampled light.
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Table 13

Average Cerenkov Pulse from the Interaction of 1-GeV/c tt"
in a 24-Layer Iron-Plastic Spectrometer

Cerenkov Pulse

(electrons)

Primary 26.5

Secondary protons 0.12

Secondary charged pions 8.51

Secondary muons 0.29

Electromagnetic cascade 14.1

TOTAL 49.5
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Table 14

Spatial Energy Deposition Produced by the
3-GeV/c tt' in a 24-Layer Iron-Plastic

Interaction of

Spectrometer

Depth Interval
(cm)

Energy Deposition
(MeV/cm)

0. - 3. 810 40.5

3. 810 - 4. 286 9.45

4. 286 - 8. 096 51.3

8. 096 - 8. 572 10.9

8 572 - 12. 38 55.9

12. 38 - 12. 86 11.1

12 86 - 16. 67 55.9

16 67 - 17. 14 10.7

17 14 - 20 95 53.1

20 95 - 21 43 9.69

21 43 - 25 24 47.3

25 24 - 25 72 8.83

25 72 - 29 53 42.8

29 53 - 30 00 8.06

30 00 - 33 81 37.7

33 81 - 34 29 7.31

34 .29 - 38 .10 32.0

38 10 - 38 58 6.02

38 58 - 42 39 26.7

42 .39 - 42 86 4.92

42 86 - 46 67 22.7

46 .67 - 47 15 4.27

47 15 - 50 96 17.8

50 .96 - 51 44 3.31
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Table 15

Energy Deposition and Leakage Produced by the Interaction of
3-GeV/c tt" in a 24-Layer Iron-Plastic Spectrometer5

Energy Depos
(MeV)

>ition

Iron and Plastic

Plastic
Linear Nonlinear'

Primary ionization 221. 4.14 4.05

Secondary proton ionization 648. 16.8 12.7

Secondary •n± ionization 248. 5.43 5.26

Secondary u* ionization 1. 34 0.034 0.033

Nuclear recoil and evaporated charged
particles other than protonsc 57. 3 2.88 0.35

Excitation energy following evaporationc 88. 9 1.40 1.40

Neutrons with energy < 10 MeVc 92. 9 2.51 0.99

Electromagnetic from the decay of tt°'< 529. 11.8 11.8

Electromagnetic from the decay of y±T< 0.34 0.011 0.011

Total Deposition 1887. 45.0 36.6

Leakage Energy
(MeV)

-

Front Side Back

P 1 87 0. 12 30.1

n 39. 0 12. 7 167.

TT±d 15 1 0. 279.

M±d 0 032 0. 1.69

Y 7 85 0. 012 18.2

e±d 1 89 0. 0064 5.57

Total 65 7 12. 8 502.

Total Leakage = 580. MeV

(Binding energy + v energy) = 534. MeV

Electromagnetic Source Energy = 565. MeV

b.

c.

d.

Fe: 3.81-cm thick; plastic (CHi.X2S, P = 1.05 g/cm3): 0.476-cm thick;
spectrometer: 121.92 cm in diameter.
kB = 0.01 (g/cm2)/MeV.
Assumed to deposit their energy at their point of origin.
Includes rest mass energy.
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Table 16

Average Cerenkov Pulse from the Interaction of 3-GeV/c tt"
in a 24-Layer Iron-Plastic Spectrometer

Cerenkov Pulse

(electrons)

Primary 26.4

Secondary protons 2.90

Secondary charged pions 25.9

Secondary muons 0.13

Electromagnetic cascade 64.4

TOTAL 120.
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