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'MONTE CARLO SIMULATION OF THE NUCLEAR-ELECTROMAGNETIC

CASCADE DEVELOPMENT AND THE ENERGY RESPONSE
OF IONIZATION SPECTROMETERS
Contract NAS9-10986
Final Report
. by
W.V. Jones "f '
Department of Physics and Astronomy . ‘
Louisiana State University
Baton Rouge, Louisiana 70803

I. GENERAL SUMMARY OF WORK

Monte carlo program for cascade studies. During the

contract period (1 July 1970 - 30 June 1973) work has been
carried out on developing a Monte Carlo sjmu]ation tech-
nique for studying nuc]ear-e]ectromagnetic cascades in
jonization spectrometers. The basic computer_program,for

performing the simulations existed prior'to this contract.

"However, the program was lacking in some areas which were

considered important for .a suff1c1ent1y detailed understand-‘,
ing of the cascade process. The‘contract has supported
much of‘the effortAwhich hes been necessary to modify the
original program so that the program could be applied more

reliably to the understanding of energy measurements made

over a wide range of energ1es with ionization spectrometers..‘

Ca]cu]atfons'for‘CRISP The primary objective of the

contract effort was to deve]op a program ‘which cou]d

reliably s1mu1ate the/cascade process in the spectrometer

designed and bu1]t as part of the Cosmic Ray-Ionjzat1on



Spectrograph Program (CRISP) being qarriéd out by -the Cosmic
Ray Physics Branch, Space Physics Division, of the NASA
Mannedepacecrafﬁ Center under the leadership of Dr. Richard
J. Kurz. To this end;vé‘version>of the pfpgram specifically
coded for the CRISP specfrometer was given to Kurz early

in the contract~period. Kurz was given additiona] versions
of the program as»major modifications were made in the pro-
gram ]ogic. | |

“‘Comparison of calculations and measurenents. As the.

~simulation techniqUe'was refined; the results of the calcu-
- lations were compared.W1th measurements made on protons and
pions by the CRISP group at the Alternating Gradient Synchrotron
(AGS) at the Brookhaven National Laboratory. Attempts were.
made to optimiie the program modifications so that the bést
possible agreement between the calculations and the measure-
ments could be achieved. The calculations were also compared
‘with measurements performed by the Cosmic Ray Physics Group
of the Goddard Space Flight Center_(GSFC). The GSFC;group-'
exposed apparétus similar to the CRISP. spectrometer to pro- ff
~tons and pions from the AGS and to e1ectronsifrom the Stan- -
ford Linear_Acce]erator Centér (SLAC). The measurement§“
mady by the MSC and'GSFC{groups were with particles of .
energies < 20'GeV ' A]though'there was good agreement
between the ca]culat1ons and the measurements at these -
energies, it was des1rab]e to check the calcu]at1ons w1th

measurements at much h1gher energies (up to -500 GeV) obtaln-:

able’ gt“the National Acceleratory Laboratqryr(NAL).‘-



NAL Experiment. The Cosmic Ray Physics;group at Louisiana A

State University (LSU) and the Max Planck Institute for

" Extraterrestrial Physics (MPI) have had an approved experi-'

ment (Expt. No. 34) at NAL for more than two years. This

‘experiment involves essentially a subcollaboration between

- LSU and MPI as paft-of a larger collaboration involving these

two groups and the Goddard Space Flight Center, the Marshaill
Spaée Flight Center and the University 6f Ariiona for the
High‘Energy Cosmic‘Ray,experiment ACR-6 which was schedu]ed
for Mission A of the High Energy Astronomy Observatory (HEAO-A).T
The LSU-MPI experiment at NAL will obtain dita on the develop-
ment of nuc]eér-elgctromagnetic cascades which are initiatgd_
by protons and pions with energies up td 500 GeV. It was
planned, as part of ‘this contract effort, to compare the
resu]ts,of.the calculations with the NAL measurehents at
these significantly higher energies. AHowever,’because of
problems at NAL ih developing the accelerator, and subse-
quently in -scheduling experiments,~ this work has not yet .
been carried out. Presently,.it appears that the LSU-MPI- 5.7'
experiment will not be schedu]ed unti1 late 1973 or perhabs,”
even in 1974. Therefore, it has not yet ‘been possible to ;
make the comparisons of the'calculations withimeasurements -
- ,

at the higher energies.

SLAC and Berkeley experiments. Although the NAL experiA

' ment has not begn cacﬂ%ed out, LSU and the ofher ACR-6'c01-

laborators with R.J. Kurz (TRW Systems) and C.D. Orth

(University;of‘Ca]ifornia.'Berke]ey) exposéd (in April - June

B
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Avof the calculations for cascades initiated by heavy nuclei.

1972) a tungsten spectrometer to 5 - 15 GeV/c electrons and

12C and 16

pions at SLAC and to 2.1 GeV/nucleon 0 ions at the
Bevatron. (This tungsten spectrometer is the one which wi]i

be used in the NAL experiment.) These SLAC measurements pro-
vided the first'opportunity to compare the calculations with
measurements for a.fungsten spectrometer. The comparisons
indicated that the Monte Cérlo program gives reliable results_‘

of the overall caséade development in tungsten. The Berke]ey:

- data prbvided'a unique obportunity to.check the reliability

4

Some minor modifications of the program are currently under- . .
way as a result of comparing the ca1cu1ati6ns with the heavy
ion data. One of these modifications involves taking into

account the nonlinearity of the scintillation light .output.

'when heavy ions penetrate plastic scinti]1ators,

- II. PROGRAM MODIFICATIONS -

“'Major program changes."Several major changes have been .-

made in the origina] computer.prdgram.' The most significant?V
of -these include: N | /!
‘].rMonte Carlo simulation of electromagnetic cascades.
‘Priorlto the contract, the average cascade develop- 1'
'ment'within Apprbximation B of cascade theorylwas /
used for the electromagnetic cascade ca]cu]at{ons.
2. Ex;énsion of ths/éalculations to include the devefgpﬁ
ment of cascadés initiéted by heavy nuclei. Pre-
viously, the calculations Qerg done only for‘protoﬁs.

“and ‘pions. - .. ’ R



3.

Improved treatment of the nuclear disintegrations
which occur durihg the interactions of hadrons in
héavy absofbers. This part of the program is still

believed to be somewhat questionable. There is very

little experimental information available from which

a reliable model of the disintegration process can
be constructed.

Incorporation of accurate multi-pion final-state

‘ . + + .
cross sections for p-p, n-p, m°-p and 7 -n interac-

tions at accelerator energies (<20 GeV). This change

was made in order to take advantage of the better

’knowh pion multiplicities in interactions occurring

Bt energies where'more detailed studies had been

‘carried oht. Previously the multiplicities at'thesef

lower energies were determined from the total pion
mu]tib]icities-under the assuhption.that 2/3 of the
produced pions were changed and 1/3'were neutral.
Restructuring of the program-logic so that ca]cu]atiohg,
can be made -for sandwich?type~detecfors. Originially: &;
the program logic was such.that the caiculations were |

done for cascades deve]oping'in single, pure absor-

. bers. - This change permits a more realistic simulation

/

of the cascade development in ionization spectrometers,

which frequently employ several different material§.f

._Lpgic‘changes;ngﬁated td execufion;of;the prpgram,

These changes include, for example, options to write -

outfintekmediate data on a disk or.a tape so the

:
i

v

.
e —— . .



program could be interrupted and later resterted'at
the p]ace.of interruption. This capability is
neoessary for acoumu]éting a statistically signif-
icant number of events if blocks of computer time
are not large enough to complete the required nuhber
of events for a particular set of data.

Minor program changes. In addition to the major program

modifications mentioned above, ‘several ‘relatively minor, but

nevertheless significant, changes have been made to perfonm

a more realistic sfmu]ation of the cascade process. Such -
changes 1nc]ude | | | | | |

1. US1ng energy dependent 1nteract1on ]engths for

Vhadrons.
2. Using enevgy dependent ionization energy loss rates
'.(dE/dX) for._ hadrons. | | | ‘

3. The propagation of recoil nuc]eone resvlting from
nucleon disintegrations. Previous]y-the'energies .3'dﬁ
of these recoil nucleons were taken to be deposited
at the point of the interaétfon.from;whiCh,thev
originated. o

III. SCIENTIFIC PAPERS

'PublicationS'in'print Several scientific papers. making

use of the ca]cu]at1ons supported by the contract have appeared"'

in pr1nt

1. "Measurement of ‘the Nuclear- E]ectromagnetlc Cascade
: Development in G]ass at Energles above 200 GeV e



- Publications -in presé. Some’additional papers regarding -

work

C.R. Gillespie, R.W. Huggett, D.R. Humphreys, W.V.
Jones, and L.B. Levit, Conference Papers (University
of Tasmania) Vol. 4, p. 1282. Presented at the
Twelfth International Conference on Cosmic Rays,
Hobart, 1971, Paper HE-58. _

"Nuc]ear-E]ectromagnetic Cascades from Alpha Particles
Incident on an Iron Absorber," W.V. Jones, Conference
Papers (University of Tasmania) Vol. 1, p. T84, Pre-
sented at the Twelfth International Conference on
Cosmic Rays, Hobart, 1971, Paper 0G-56.

"Nuclear-Electromagnetic Cascades from Nuclei with

Z > 3," W.V. Jones, Conference Papers (University of
Tasman1a) Vol. 1, p. 190. Presented at the Twelfth
International Conference on Cosmic Rays, Hobart, 1971,
Paper 0G-57.

"Cascades Initiated by Heavy Nuclei," W.V. Jones,
Trans. Am. Nucl. Soc. ‘15, 168 (1972). 1Invited paper
presented at the International Conference on Nuclear
Solutions to World Energy Problems, November, 1972,
Washington, D.C.

"Stopping Pions in High Energy Nuclear Cascades,"
W.V. Jones, D.P. Johnson, and J.A. Thompson,
Phys. Rev. D 7, 2013 (1973).

"Electron Calibration of a High-Energy Cosmic Ray
Detector,"” C J Crannell, R.A. Gearhart, F.A. Hagen, .
W.V. Jdones, ‘Kurz, J.F. Ormes, R.D. Price, R.F.
Silverber and G.M. Simnet, Nucl. Instr. Methods-
108, 445 ?1973) '

. , . .
supported by this contract are currently in press. .

!

Abstracts of these papers, which . are 1isted below, are

appended to this report.

]'

R
“Energy Calibration of a Cosmic Ray Ionization Spectro- -
meter," H. Whiteside, C.J. Crannell, H. Crannell, - |
J.F. Ormes, M.J. Ryan, and W.V. Jones, Nucl. Instr. ’
Methods  (in press) _

"Hadron Energy Measurement in a Stopping Pion Calori~
meter," J.A. Thompson and W.V. Jones, in Proceedings

. of the 1973 International Conference on Instrumen- .

tation for High Energy Physics, Frascat1; Ita]y,

8-12 May ]973 (1n press) {



“Measurement of the Fragmentation Cross Section of 2.1

GeV/nucleon ]ZC and 160 Ions," D.L. Cheshire, R.W.
Huggett, W.V. Jones, S.P. Rountree, S.D. Verma, W.K.H.
Schmidt, R.J. Kurz, T. Bowen, and E.P. Krider, in
Proceed1ngs of the Thirteenth International Conference

'on Cosmic Rays, Denver, 1973 (in press).

"Instrumental and Ana]yt1c Techn1ques for Separating
Protons from Electrons in the Cosmic Ray Flux,"

C.J. Crannell, W.V. Jdones, R.J. Kurz, R.F. Silverberg
and W. Viehmann, in Proceedings of the Thirteenth
International Conference on Cosmic Rays, Denver, 1973

(in press).

"PaperS‘presented'at national ‘meetings of -‘the ‘American

‘Physical Society. In addition to the above cited pubiications,

several papers on work supported by this contract have been

presented at national meetings of the American Physioal

Society. The published abstracts of these papers, which

‘are listed below are also. appended to this report

1.

“Separating Interacting Protons from Electrons in the

‘Cosmic Ray Flux," C.J. Crannell, W.V., Jones, R.J.

Kurz, and R.F. Silverberg, Bull. Am. Phys. Soc. 18,
541 (1973).  Abstract. co

"Exposure of a Tungsten Sc1nt1]1ator Ionization Spectro—»
meter to 2.1 GeV/c 12C and 160 Ions," W.V. Jones, D.L.
Cheshire, R.W. Huggett, D.P: Johnson, S.P. Rountree,

S.D. Verma, W.K.H. Schmidt, R.J. Kurz, T.A. Bowen, and

E.P. Krider, Bull. Am. Phys. Soc. 18, 541 (1973). Abstract.

“Calibration of a Tungsten-Scintillator Ionization
Spectrometer with-5, 10, and 15 GeV/c Electrons," W.V.
Jones, D.L. Cheshire, R.W. Huggett, D.P. Johnson, S.P.
Rountree, W.K.H. Schmidt, R.J. Kurz, T.A. Bowen, D.A. ,
DeLise, E.P. Krider, and C.D. Orth Bull. Am. Phys. Soc..
18, 541 (1973). Abstract. ‘

"Response of a Tungsten-Scintillator Ionization Spectro--
meter to 5, 10, and 15 GeV/c Pions," R.W. Huggett, D.L.:
Cheshire, D.P. Johnson, W.V. Jones, S.P. Rountree, ..
W.K.H. Schmidt, R.J. Kurz, T.A. Bowen, D.A. Delise,

E.P. Krider, and/C.D. Orth, Bull. Am. Phys, .Soc. 18,

541 (1973).. Abstract. . .

~ —



ENERGY CALIBRATION OF A COSMIC RAY IONIZATION SPECTROMETER

Haven Whiteside and Carol Jo Crannell

Department of Physics
Federal City College
Washington, D.C. 20005 -

Hall Crannell

, Department of Physics
The Catholic University of America
Washington, D.C. 20017

Jonathan F. Ormes and Michael J. Ryan’
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

W. Vernon Jones

Department of Physics and Astronomy
Louisiana State University - '
‘Baton Rouge, Louisiana 70803

Nuclear Instruments ‘and Methods (in press).
| Abstract

- The NASA/GSFC High Energy Cosmic Ray Experiment was calibrated
at the AGS at Brookhaven National Laboratory during the summer
of 1970 using protons and pions with energies from 9.3 GeV to
17.6 GeV. 4 _

The best measure found for the energy - E of an incoming primary
particle is rI, the total number of ionizing particles observed.
in the 1nstrument, summed over the various iron modules. The
resolution in the calibration energy range is about +30% (s.d.)
over a wide range of incident angles and positions.

The calibration function may be parameterized as E = £ I/K, where

K is predominantly a function -of the location of the first inter-

action and the trajectory of the incoming particle. To a fair
approximation the geometrical .dependence of K can be encompassed
by writing K as a function of d, the distance from the first
interaction along the primary ray- to the edge of the instrument.
Empirically, K = 5.83 (T-exp(-d/r)) cose, where A is a character-
istic length which is_a slowly varying function of energy. The
value of K, and thus the average energy values calculated from
the exper1menta1 data are accurate to about +10% under calibra-
t1on cond1t1ons S : :



HADRON ENERGY MEASUREMENT IN A STOPPING PION CALORIMETER

J.A. Thompson

Department of Physics>
" University of Utah :
Salt Lake City, Utah 84112

w V. Jones

Department of Physics and Astronomy
Louisiana State University
Baton Rouge, Louisiana (USA) 70803

1n
Proceedings of fhe 1973 International Conference

on Instrumentation for High Energy Physics, -
Frascati, Italy, 8-12 May 1973 (in press).

Abstract

The energy of a hadron can be estimated from a know]edge~
-of the stopping charged pions produced in a nuclear-
electromagnetic cascade. Monte Carlo results for the
slow pions are presented and discussed for primary

hadron energies from 3 to 3000 GeV. The number of
charged pions which stop in an absorber increases loga-.
rithmically with the primary energy of the hadron in-

. itiating the cascade. The delayed electrons from the ,
- m>u+e decay chain distinguish between a cascade with a -
nuclear component and a purely electromagnetic shower.
Since the largest fraction of the cascade energy is fed-

. into the electromagnetic component via the production
and immediate decay of m 's, the number of stopp1ng
pion decays gives only a rough estimate of the primary
hadron energy; normal standard deviations range from

. 66% at 3 GeV to 30% at 3000 GeV. Therefore ionization
spectrometer measurements are necessary if a cascade
energy measurement of high statistical precision is
required. This-technique has been successfully used
in a cosmic ray. exper1ment study1ng 1ne1ast1c muon
1nteract1ons , :



MEASUREMENT OF THE FRAGMENTATION CROSS SECTION
OF 2.1 GeV/NUCLEON '2c AnD '®0 IONS
IN CsI AND TUNGSTEN

D.L. Cheshire, R.W. Huggett, W.V.;Joneg,
S.P. Rountree and S.D. Verma

Department of Physics and Astronomy
Louisiana State University
Baton Rouge, Louisiana (USA) 70803

W.K.H.- Schmidt_

Max Planck Institut fuer Extraterrestrische Physik -
‘ 8046 Garching bei Muenchen, West .Germany..

. ‘R.J. Kurz | ,
~ TRW Systems, Redondo Beach, California (USA) 90278

T. Bowen and E.P. Krider

“Department of Physics, University of: Arizona
Tucson, Arizona (USA) 85721

1
in

.Proceedings of'the‘Thirteenth‘Tntefﬁeffeneieéeﬁfefeﬁce
on Cosmic Rays, Denver, 1973 (1in press).-

Abstract
. A tungsten-scintillator ionization spectrometer (1000 g/cm2
" total depth) has been exposed to 2.1 GeV/nucleon 12C and ]60_

jons at the Bevatron. The apparatus included a five-layer
CsI target (each layer 9 g/cm2 th1ck) Fragmentations of

~the incident ions could be observed in the five layers of

the CsI target and in five "high resolution” layers (each

13 g/cm2 thick) of tungsten and scintillator. . The number

of fragmentations occurring in each of these layers has

been used to determine the total fragmentation cross sec-
tions and the Bradt-Peters overlap parameters for the inci- -
dent beam partxc]es in" CsI and tungsten.;:



INSTRUMENTAL AND ANALYTIC TECHNIQUES FOR SEPARATING
PROTONS FROM ELECTRONS IN THE COSMIC RAY FLUX

Caro] Jo Cranne]] A :
Federal City Co]]ege, Wash1ngton, D.C. (USA) 20001

W.V. Jones
Louisiana State University, Baton Rouge, LA (USA) 70803

: Richard J. Kurz
TRW Systems Group, Redondo Beach, CA (USA) 90278

Robert F. Silverberg and Walter Viehmann :
NASA/Goddard Space Flight Center,‘Greenbe1t,'MD (USA) 20771 .

in

Proceedings of the Thirteenth International Conference
on Cosmic Rays, Denver, 1973 (in press).

Abstract

Techniques are being investigated to aid in distinguishing
between electrons and the large background of interacting
protons which simulate electron-induced electromagnetic
cascades. For cosmic ray primaries, incident on the HECRE -
ionization spectrometer, statistical criteria are employed-
"to test the cascade curves with the incident energy and
start1ng point as free parameters. The physical signif-
icance of the distribution of apparent cascade starting
"points is being studied using Monte Carlo 100-GeV protons.
‘The proposed use of a CsI detector module (totally-active

~and high Z) to further discriminate against protons ‘is
~described, : ' ' ' .



“BULL. AM. PHYS. SOC. 18, 541 (1973).

AF 12  Separating Interacting Protonas from Flec-
trons in the Cosmic Ray Flux.* CAROL JO CRANHELL,

" Federal City Collepe; W. V, JONES, Loulsiann State

University; RICHARD J. KURZ TRY sttrmu Group; and

.ROBERT F. SILVFRBERG, N. /ycodanrd Space Flipht
." Center.--Instrumental and analytic techniquea are
. being investigated to aid in distingulshing between

electrons and the large background of interacting

~ protons which simulate electron-induced electromag- Y

netic cascades. The dependence of .the apparent case '’
cade starting point on the nuclear disintegration

- energy will ve presented. Discrimination, based on -

this dependence, will also be described.

': *Wbrk supported in part by NASA Grants NGR-O9-050-001 ]

and NGR-19-001-012, NASA Contract NAS-9-10986 and

' NSF Grent GP-27527. . , , KR

i



. -

BULL. AM.

PHYS. SOC. 18, 541 (1973)

.

AT 13 Exposure of a Tungaten-Scintillator Ionization

. Spectrometer to 2.1 GeV/c L2C snd 100 Yons* W. V. JONES

D. L. CHESHIRE, R, W. HUGGETT, D. P. JOHNSON, S. P. .
ROUNTREE, and S. D. VERMA, LSU, Baton Rouge; W. K. H. ::°
SCHMIDT, MPE, Garching; R. J KURZ IRW Systems; T. A.

_ BOWEN and E. P. KRIDER, Univ. of Arizona -- Results ' . g

_ from the exposure of & tungscan-scintillator {oniza~
tion agectromecgr (1000 g/cm? total depth) to 2.1 .

. GeV/c 12¢ and 190 fons at the Bevatron will be pre= o
‘sented. The apparatus included a five-layer CsIl Ny
.target (50 g/cm® total thickness) which was used in ot
conjunction with the spectrometer to study the cascada -
development as a function of the initfal break-up of -

.~ the incident nucleus. - Although the interaction mean

! freo path decreases for heavier nuclef, the attonuae ,"

" tion coefficient. for cascades inftiated by heavy ’

nuclel is smaller than that for cascades 1nitLated

by nucleons and pions.

* Supported in part by NASA Concracts Noa. NAS5- 11426 St
NAS5-11425, NAS8-27408, NAS9-10986, NASA Grant No. S
NGR 19-001-012 and by the Na:tonal Sctenco Foundation."

Mot i

S




BULL. AM. PHYS. SOC. 18, 541 (1973]

.

AF 14 Calibration of a Tungsten-Scintillstor Jonization

Spectrometer with 5, 10, and 15 GeV/e Electrons* W, V,
JONES, D, L. CHESHIRE, R. W, HUGGETT, D, P, JOHNSON, and
S. P. ROUNTREE, LSU, Baton Rouge; W. K, H. SCHMIDT, MPE
Garching; R. J. KURZ, IRW Systemsg; T, A. BOWEN, D. A,
DeLISE, and E. P. KRIDER, Univ. of Arizona; C.D. ORTH,
Univ. of Cal., Berkeley -- A tungsten-scintillator
{onization spectrometer has been exposed to 5, 10, and

15 GeV/c electrons at SLAC. The apparatus, which had a -
total depth of 1,000 g/cm2 end {ncluded a five-layer It
Cs1 target, was & prototype for an experiment designed

to study the composition and energy spectra of primary |
cosnic rays. Studies have been made of the cascade
development cuxves for electrons in Csl and W and of ...
the transition effect when cascades cross tha boundary
between these two materfals, !

_ * Supported in part by NASA Contracts Nos. NASS~ 11426 ;?
NAS5~11425, NAS8~27408, NAS9-10986, NASA Grant No. .-
- NGR. 19-001-012 and by the Nationnl Science Foundation.
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BULL. AM. PHYS. SOC. 18, 541 (1973)

AF 15 Response of & Tunpsten-Scintillator Yonization
Spectrometer to 5, 10, and 15 GaV/c Pions™* .R, W.

HUGGETT, D. L.CHESHIRE, D. P. JOINSON, W. V, JONES,
and S. P, ROUNTREE, LSU, Baton Rouge, W. K. H. S
SCHMIDT, MPE, Garching; R..J. KURZ, TRW Systema; T, A. R .
BOWEN, D, A, DeLISE, and E. P, KRIDER, Univ. of '~ . o
Arizonn; C. D. ORTH, Univ. of California, Berkeley «=
A study has becen made of the response of a tunggtens
scintillator fonization spectromcter (1000 g/cm® total
depth) to 5, 10, and 15 GeV/c pions from SLAC. The
.distribution of starting points of cascades has been
used to determine the interaction mean free path of
plons in tungsten. The cascade development is such
that the energy rcsolution (standard deviation) is
about 40% at S GeV/e and 207 at 15 GeV/c. Wedgo-
shaped scintillators wore used at two depths in the
tungsten.in order to study their effectiveness as a
neans of trajectory dotermination.

.* Supported in part by NASA Contracts Nos. NAS5-11426, ;

NASS5-11425, NAS8-27408, NAS9-10986, NASA Grant No. .«
NGR 19-001~012, and by the National Science Foundation .




