University of New Mexico

UNM Digital Repository

Physics & Astronomy ETDs Electronic Theses and Dissertations

5-26-1953

An Investigation of the Collision Lengths of
Penetrating-Shower-Producing Radiation in
Various Materials

James Francis Kenney

Follow this and additional works at: https://digitalrepository.unm.edu/phyc_etds

b Part of the Astrophysics and Astronomy Commons, and the Physics Commons

Recommended Citation

Kenney, James Francis. "An Investigation of the Collision Lengths of Penetrating-Shower-Producing Radiation in Various Materials."
(1953). https://digitalrepositoryunm.edu/phyc_etds/131

This Thesis is brought to you for free and open access by the Electronic Theses and Dissertations at UNM Digital Repository. It has been accepted for
inclusion in Physics & Astronomy ETDs by an authorized administrator of UNM Digital Repository. For more information, please contact

disc@unm.edu.


https://digitalrepository.unm.edu?utm_source=digitalrepository.unm.edu%2Fphyc_etds%2F131&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/phyc_etds?utm_source=digitalrepository.unm.edu%2Fphyc_etds%2F131&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/etds?utm_source=digitalrepository.unm.edu%2Fphyc_etds%2F131&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/phyc_etds?utm_source=digitalrepository.unm.edu%2Fphyc_etds%2F131&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/123?utm_source=digitalrepository.unm.edu%2Fphyc_etds%2F131&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalrepository.unm.edu%2Fphyc_etds%2F131&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/phyc_etds/131?utm_source=digitalrepository.unm.edu%2Fphyc_etds%2F131&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:disc@unm.edu

UNIVERSITY OF

NEW

Al4y4y29

MEXICO

CO-UNIVERSITY
A Ban
I
WH“”M
|
‘l”f‘l‘ | |

085k

‘\
|
3

LIBRARIES
0






THE LIBRARY
UNIVERSITY OF NEW MEXICO

Call No. Accession

378.789 Number
Un30k 186870
1953

COPe2
















UNIVERSITY OF NEW MEXICO LIBRARY

MANUSCRIPT THESES

Unpublished theses submitted for the Master’s and Doctor’s de-
grees and deposited in the University of New Mexico Library are
open for inspection, but are to be used only with due regard to the
rights of the authors. Bibliographical references may be noted, but
passages may be copied only with the permission of the authors, and
proper credit must be given in subsequent written or published
work. Extensive copying or publication of the thesis in whole or in
part requires also the consent of the Dean of the Graduate School
of the University of New Mexico.

This thesis by ..... Jemes .Francis Kenney..... . .vcviins
has been used by the following persons, whose signatures attest their
acceptance of the above restrictions.

A Library which borrows this thesis for use by its patrons is
expected to securc the signature of each user.

NAME AND ADDRESS ~ DATE







AN INVESTIGATIOR OF THE COLLISION LENCTHS OF
PENETRATING-SHOWER-PRODUCING RADIATION
IN VARIOUS MATERIALS

A Thesis
Presented to
the Faculty of the Physics Department
The University of New Mexico

In Partial Fulfillment
of the Regquirements for the Degree
Master of Selence in Physies

by
James Francis Kenney

June 1953







This thesis, directed and approved by the candidate’s com-
mittee, has been accepted by the Graduate Committee of the
University of New Mexico in partial fulfillment of the require-
ments for the degree of

MASTER OF SCIENCE

ﬁ,’ééé 3

DATE

Thesis committee

2 awel Froreaw

CHAIRMAN







CEAPTER

Ie
IX.

I1I,

'—‘ 7' ‘ : 7 :— /.
Zlnfok

19573
Azﬁ,l-
v

IMRODUCTIOR . @ & 5 & ® 4 4 5 9 @ 0 0o s 9 »
METHOD AND THEORY OF THE EXPERIMENT, o + « »
THE FROMAN, KENNEY, RECERER EXPERIMENT . »

1
11

C.

Eo

F.
Gs

He

Ie

TABLE OF CONTENTS

Io Apparatuf . o ¢ o ¢« ¢« o s o o o & »

PAGE

F F W -

I, Treatment of dataes ¢« ¢« ¢ « ¢« o & ¢ & 2

I.Conclulionl............o33
EVALUATION OF OTHER EXPERIMENTS, « . « « + o 35

Ay = Collision length of the NPSPR in
WAtOY 4 o ¢ o o & 0 o & 8 8 8 8 = 8 » 35

« Collision length of the NPEPE in
"r‘rfino A - wiw BT e eV 9 W 37

=~ Collision length of the IPEPR in
1"‘ '.'.Q..‘0.0.0'.Q.”

« Collision length of the IPSPR in
load and 4n 2200¢ o ¢ 4 o ¢ o ¥ o & h2

- Collision length of the IPSPR in |
lnd,im,m”mn........%

« Collision length of th0~!PBPl in gold W46

« Collision 1nagth of the IPSPR in lsad
as a funoction of enETrEY ¢ s »  » +

« Collision lengthes in lead and carbon
for the IPSPR and the NPSPR , o . « « 52

-~ Collision lengtiks of the NPSPR in

lead and in earbon

O T 55

= Collision lengths of the IPSPR in
carbon, sulphur and irofs « « s s » « 57

186970






TABLE OF CONTERTS
CHAPTER

K¢ = Collizion lengths of the PSPR in

lead, aluminum, and paraffin . . .
Ls = Penetrating showvers in lead. . . .

M, = Correlation of penstrating showers
with ailr showers « ¢ ¢ s &« ¢ o o »

Ne = Latitude effect of the IPSPR , .
0s = Absorption of Nerays in air, . .
P, = Absorption of the IPSPR in air .

Qe = Collision length of the IPSPR in
beryllium ., o ¢ o » ¢ o 5 & & &

1v, DATA AND CALCULATICRS ¢ o o ¢ o o o »

5

v, NUCLEAR TRANSPARENCYs « o « » 5 5 & » o
VI VARIOUS THEORIES OF NUCLEAR COLLISIONS,
Geometric “le IO‘OL B e NS

Geometric nuelear wodal vm; statistieal
W

M“am””’“ﬂno .
QMMMML .0
VII.  EVALUATION OF THE TEEORIES, .
VIII,  SMMMARY AND CONGLUSIONE o » o
BIBLIOGRAPEY & o o acabétbin s o w's 8
APPEEDEX o s o & B 4 Binre.n & % &

-

5 ¥ .0 8

.

.

-

113

PAGE

& 8

o™
[¥%

b

FEB 8 EBRIA J3IJIT &S







LIET OF FIQURES

FIGURE PAGE
1, Front View of Experimental Arrangement . « « 5
2, BSide View of ixperimentsl Arrangement. . . . 6
3¢ Block Diagram o+ o o o ¢ s« » ¢ 5 ¢ » ¢ « ¢ » 2
%4 Three Fold Coincidence Cireudt . + « + « « » 10
5« Thres Fold Coineldence Cireuit Detail, ., . . 11
6s Two Fold Coincidence Circuit o s + o« ¢« ¢« +» « 13
7+« Two Fold Coinecidence Cireuit Detail, . « . + 1%

8, Anticoincidence Panel ., & « o ¢ o« & + « « &« 15

9« Anticoincidence Panel Detall . « s ¢« o ¢« « &« 16

10 Mixer Cirouit o » s o ¢« ¢ 45 o 4 ¢ % o ¢+ 18

11, Printing Mechanism o « o « 4 o« » + » s » s ¢« 20

12, Low Voltage Power Supply « « « « « s s « s « 21

13, nghVolthmrMpir..........zz

%, Corrected NPS Counting Rates « « s « + o + & 31 .
.i 15, Experimental umt of Rollosson. » + « 36 :
| 16, Experimental Arungomtet!m. ¢ v 38 )
[ 17.  Experimental Arrangement of ssm o v %o WO
! 18, Bxperimentsl Arrengement of Tinlot snd
{ CrPogoTye + o o o o o o o ¢ o 8 ¢ s o 0 s o 43

19, Experimental Arrangement of Cocconi, . . « « 45

20, BExperimental Arrangement of Gottlied , . ., . W7

21, Experimental Arrangement of Walker . . . ., + 90







FIGURE PAGE

22,4 Energy Dependence of the Collision Length
of the IPEPR in Lead P P98 i 8w b 51

23« Experimental Arrangement of Walker ot al ., 53

2k, Exgerimental Arrangemant of Boehmer and
rid‘. 8 8 & 9 W v 8 O 0 D 8 8w 8 B 56

25« Experimental Arrangement of Brown, . . . . 58

26, Experimental Arrangement of Georgs and
JASOR o+ 4 » & & & S * o 5 0 B 8 8 v 8w 61

27, Collision Radii for 90 Mev Neutrons. . . . P

28, Nuelear Radii from the Geometrie Nuclear
Model O RN AR ERORN T P L R R S 76

29 Nuclear Radiil from the Geometric Model with
- Tranaparincy L% 9. N ehd B edee 81

30s Nuclear Radii from the Thomasonian Nuclear
Model , ¢ o ¢ » T S T T 87







TABLE
I,
11,

III,
Iv.
Va
VI,

LIST OF TABLES

Observed Counts and Corrections . « « « « «
Rates of Production of Penetrating Showers

by Neutrel Nelay¥® o s o o o o 5 ¢ 0 s & o
Collision Length Data « « « « « « « & « + o
Selected Collision Length Datae o ¢ o o o o
Average Values of the Collision Lengths , »
Experimental and Theoretical Cross Sections

PAGE

29

30
67
69
72
89






CHAPTER I
IRTRODUCTION

For the past few years there has been a considerable
amount of work done in the investigation of nuelear interace
tions of high energy oosnio.rndiatian-vith various materials,
The general purpose of work in this field is to obtain a
better understanding of nucleon-nucleonenucleon and nucleons
nucleus interactions at high energy,

The existence of elementary particlss with a mass ine
termediate between the electron and the proton masses has
now been definitely established, These particles are une
stable, and the mechanism of their production is of prime
importanee in the theory of nuclear forces, One of thase
elementary particles 1s called the pi iasun. and can be
produced with high kinetic energy in a penstreting shower,
If a highly energetic cosmic ray strikes a nucleus, it
can oreate a shower of several highly energetic elementery
particles such as protons, neutrons, V particles, and mesons,
This event is known as th§ yiodhcfioh‘or a ponetrating shower,

The purpose of this papor 1s to compile and tabulate
some of the experimental datea that have been obtained on

penetrating showers, and to coupare these data with the
results that should be expected from the various theories







that have been advanced,

One type of pertinent experiment is an investigation
of penetrating showers produced locally in some material,
An investigation of this nature will give the collision
length in a material of that component of the cosmiec radiae
tion which is eapable of producing penetrating showers, By
suitable coincidence-anticoincidence arrangements of gelger
tubes, one can select either foniging or neutral particles
as the primeries that initiate the shower,

Chapter II of this paper will constitute a rather
detailed analysis of one of these experiments so that the
overall method and theory of this type of experinment will
be elear. This will be followed in Chapter III by briefer
deseriptions of some of the pthlr-ep)orzlcata in which
collision lengthe of thn pcnstr:&ing-lhoworuproducing radia-
tion have bean -oa:ured in variols ltﬁ!!!lllg

The nuimot Mnmuuhmwtoa
presentation at some of the thnewlol et nneldar eollisions,
and to a eenparigon of these thqqt&qa u&ih the experimental
data, , 0 \






CHAPTER II
METECD AND THEORY OF THE EXPERIMENT

Cosuie-ray particles which are eapable of producing
nuclsar interactions are called "Herays™, The H-rays
may be subdivided into charged and neutral particles, At
appraeciable depths in the atmosphere, the charged Nerays
are composed almost entirely of proteons and pi mesons,

The flux of neutral pi mesons is certainly small because

of their short mean life, estimated by Carlson, Hooper,

and xincl to be about 3 x 10-1“ seconds, This is alse
true for the V_ particle whose mean life has been estimated
as being of the order of 10~1% seconds.? Therefore, the
neutral Nerays are believed to eonsist almost exelusively
of high energy neutrons,

The aversge distance that an incoming particle travels
in a material before the first nuclear event or collision
involving the particle is called the collision length L,.
The average distence that an incoming particle travels in
a particular substance before it 1s absorbed is called the
absorption length A. The eollision length, L., for a
radiation which produces penetrating showers, is given by:
1) L, = n/e” g/en?,

::i7Car1 G King
son . Hooper, J., Esy and Ds To
Phil, Mag. #1, 701 ( 15%0) ' ! s 4

2 ?rettor H. ’o
Phys. Rev, _83. 33)

,’ )l.ll.. m .‘hd.. nopog







T T —

B
where, for a molecular substance, m is the mass of a molecule
of the substance, and ¢~ is the sum of the effective colli-
sion eross sections for the production of penetrating showers
in the nucleil ecomposing the moleculs,

In the measurement of collision lengths of charged
Nerays, it is difficult to arrive at unambiguous results,
However, in 19%0, Rossi and Regener3 devised a coineidence-
anticoineidence system which csn be used for unambiguous
measuremente of the collision lengths of neutral Nerays.

The first experiment which will be analyzed in this paper
is based on the Rossi-Regener method,

THE FROMAN, KENNEY, REGENER EXPERIMENT®

I APPARATUS

Two elevations of the geiger counter and absorber
arrangement are shown in Figures 1 and 2, All of the equip-
ment below &, was mounted on a car which could be moved
under either of two stainless steel tanks 51, which were
filled with water and heavy water respectively., The counts
that were recorded were those that were caused by the dise
charge of a given counter in Tray A, a given counter in

Tray B, two counters of a selected portion of Tray C, one

R M'.i, Bo. and Rtg.n.r, v. ao’ m.t Rev, ﬁ, 837 (IM)

u”m. De K. ‘m’ Je ’o, and h”m’ V. nog
(paper not yet vnbliahed)
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7
counter from a selected portion of Tray D, and no counter
from Tray E« This 1s called an NPS event, i.es, 2 penetra-~
ting shower initiated by a neutra]l particle. In the remaine
der of this peper, PS and IPE shall bDe taken to stand for a
penetrating shower, and a penetrating shower inftiated by an
ionizing particle respectively, Other terminology that will
be useful will be PSPR, NPSPR, and IPSPR, which shsll be
taken to stand for penetrating-shower-producing radistion,
neutral penetrating-shower-producing r;diatioa, and lonlzing
penetrating-shover-produeing radization regpectively,

The selection of the various poseibls combinations of
tubes in Trays A, B, C, and D was made in such a way that
any straight line drawn thyough discharging eounters would
l1e inside £,, This should insurs that any particle that
initiated a showsr had to traverse €4+ This will have the
effect of eliminating primaries that are inelined far from
the vertiecal, » | .

In this experimant, it was desired to record the
number of penetrating showers produced in a bloek of M
£2) by non-fonizing primeries which had traversed £, without
@ nuelear interaction. The requirement that no tube in Tray
E was discharged ensured that the showsr wes initiated ing,
by a neutral particle that had traversed Zl without 2 auclear
intersciion, If it had hed a nuclear intersction mix it
would have been accompsnied by charged perticles as it crossed
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tube 2 with tubes 1l and 2 or 2 and 3 or 3 and b
tube 3 with tubes 2 and 3 or 3 and% or % and 5, and
tube ¥ with tubes 3 and % or % and 5.

The three-fold coincidence eireuit was therefors come
posed of ten simllar channels, one of whiech 1s presented
in Figure 5. A tabulation of the valuss of all the compone
ent parts of the equipment is presented in Appendix I,

Figure € is the schematie diagram of the 2-«fold coinecie
dence eireuit, By inspecting the eireuit, one can seec that
the allowable coineidences were the following:

One given tube in Tray B can register in coincidance
with one given tube in Tray Di

tube 1 with tubes l or 2 or 3 or &

tube 2 with tubes 1l or 2 or 3 or &b or §
tube 3 with tubes 1 or 2 or 3 or % or 5, and
tube % with tubes 2 or 3 or % or 5,

The 2-fold coineidence eireuit was therefore composed
of eighteen identical channels, one of which is presented
in Figure 7. The cireunits employed in the 2-fold coinci=
dence are basieally the same as those used in the 3-fold
chageis,

Figure 8 is the schematic disgran of the anticoineidence
pre-amplifier pamel, The cirecuit vu arranged so that the
outputs of five or six tubes wers put in perallel and amplie
fied by a vacuum tube, Figure 9 is a detailed view of one
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17
subgroup of tubes, The 1N3% erystal diodes were put in
series with the geiger tubes to prevent the capacities of
the tubes from edding and thus causirg a long dead tima.
Test points were included in this parel so that each
geiger tube gould be cheecked individuelly for proper opsra=
tion,

The outputs of the antieoincidence panel and the 2 and
3-fold coineidsnce chasses were fod into the mixer éircuit,
shown in Pigure 10, V 101 and V 102 conpqsed a pultivibra-
tor whode funetion was to lengthen ani ¢lip the output from
the 2-fold eheseis, V 10% and V 105 performed the same ]
funetion for the 3-fold eh.assil., v 103 and ¥ 106 composed a
coincidence eircuit for the outputa of the 2 end 3-1'016
ccincidences. Tkus, in a‘dcr ho get : ‘eoineidence at this
point there had to be a S&féld coineilence (4, B, 2C, end
D) of the proper geiger tubss, This Sufold goineldence was
amplified in V 107, and fed into V 108, V 115, end ¥ 118,

The outpits of the antieoineidence pre-amplifier penel
vere amplified and put into coincidence in tubes ¥ 109 and
V 110. This was then smplified suceessively in tubes V 111,
V 112, and ¥V 113, The output pulses of V 108 and ¥V 113 were
put into parellel coineldence and amplified in V 11%, The

purpose of this last coineidence is to form a blocking
pulse which will prevent the wultivibrator V 117 end V 118
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from firing when a pulse: from Tray E occurs at the same
tice as a 5~fold coincidience, This is necessary since

the bloeking pulse is lengthened to sbout nine miero-
seconds by the capecitor combination ¢ 130 and C 135,
Therefore, the multivibrator V 117 and V 118 gave an output
pulse evary time an HP8 event ocecurred, The multivibrator
V 115 and V 116 geve an output pulse sseh tire there was a
PE eventi.

The output pulses of these multivibrztors were sent
into a pair of 6VG's located in the low voltage power supply,
Filgure 12, They were then fed into the printing mechanism,
Figure 11, which was a modified Streeter-Amet traffic
recorders The total number of PS events, and the total
number of NP8 events wers recordsd hourly,

Tha counter tubes were of the type described by
Rogcners. All were two imchés inm diameter and tmtrtm
inches long, except those in Tray E which vere thirty-six
inches longs The high voltege pewer aupply is shown in
Figure 13. :
 The ciroults were Patlher straightforvard, and it is
bellieved that no further explanation of them {2 necessary.
The squipment was instelled inside a building at Los Alamos,

) i
Regnmr, Ve H., Rev. fei. Instr, ﬁ. 267 (1%7)
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New Mexico, altitude 2,280 m, under as nearly identical

roof secticons as peesible, The positions of the tanks were
Intarchanged twice so that the effect of the slight variation
in roef thickness could be eliminated,

As the thickmess of 21 is increased, zn exponential
decrease in the number of showers produced in 52 by none
lonizing primaries is sxpected, B8uch an exponentisl decrease
provides g measure of the ¢ollision length of the showvers
produeing radiation in 2)1.

It should be observed that g mmelear collision of en
incident neutron in 81 might conceivably lead to the transfer
of only a saall fraction of its energy te ﬁonizmg seconde
aries, These low-energy secondaries might be absorbed in Z'l
before reaching the anticoineidence Tray E, and the prinary
nsutron might still be able to produce a penetreting shower
in I, and thus an WPS count, If this process does happen
the magnitude of the effset would certainly be dependent upon
the thieknese of ahsorber in il and, mmunui, one oond
net obtain an unambiguous experimental result for the collision
length, However, the data from previous moﬂmtl,"’i‘

T
Rolleesen, G, R., Phys, Rev., u, 71 (1952)

7
Boehmer, H, ¥ and Brid Hs 5., Phys. Ray
863 (1952) ’ * ge, y Phy oy 83,
8

81tt3, K., Phys. n.‘.’ ﬁ’ 71" (19’0)
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performed under similar conditions seem to show an exponen=
tisl decrease of the NP8 rate with thickness 1nZ'1. This
indicates that the primary neutron does not penetrate bee
yond the distance which is penetrated 1nzl by its fonlzing
secondaries, This supports the view that an experiment of
this type does measure the collision length for nuclear
interactions of high energy non-ionizing Ne-rays.

Runs, usually of duration about 2% hours esch, were
made alternately under the tanks containing the H,0 and Dy0.
The number of penetrating showers, both P§ and NPS, and the
time were recorded for each run, Similar runs were made with
the tanks empty, end some data were taken with fillings of
intermediate depth, :

Some of the runs were made with lead in position .,
some without, A few NPS events were always observed with
no lead 1-2’. At legst some of these arose from showers
formed in the counter wells and the supports for Tray E, and
some may have come from udo-ug.;lc showers produced in the
main lead shisld 7, by Fave ineldent at & large zenith ancle.

II TREATMESY OF DATA

The anticoineidence Tray E was not 1004 efficient.
Its inefficiency was measured frequently by moving the equip=
ment away from both tanks, placing Tray B sbove Tray E, and
connecting two counters in Tray C together, Thus, single
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lonizing rays passing through the system could cause counts
on the P8 recorder but, since these rays would have to pass
through Tray E, no counts should be observed on the HPS
recorder, However, some NPS counte, arfeing in part possibly
from side showers and accidental coineidaﬁcos, were always
found, The ineffieiency, £+ defined as the ratio NPS/PS for
this case, was assumed to have the same value during normal
operations and this value was used to correct the observed
rate of KPS counts, 1In general, daily checks were made upon
the operation of the individual counters and the eleetronie
cirecuits,

The barometric pressure wae recorded and corrections
were applied to the data for variations of the pressure from
an arbitrary standard value near the mesn,

The absorption of the roof was not quite the sare for
the two tank positions, designated N(morth) end S(south),
and the times spent with the equipment in each position for
each arrangement of 21 and 22 were usually somewhat different,
A velghted average of the ratioc of the NP8 eounting rates in
the two positions for the same absorber conditlons shoved
that the counting rate in the N position exceeded that in the
§ position by 3.5%., That 1s, each differed from the average
by 1.75%.

Let &, and t, be the times spent in the N and § positione







<0
respectively, and let KB and lIs be the corresponding numbers
of KPS counts in the two positions, Then, in order to reduce
the total number of counts to the basis of average position,
the following corrections were applied:
0.0175 Nglty = t.)/ tge 1f 8.2 %y
and ~0,0175 ll(t. * ts)/ t.v ir t.> ta‘
All data were reduced to average values for the W end §
positions by applying the correction terms given above,

A correetion for inefficleney, §, of Tray E vas made by
subtrecting the quantity € x PS8 from the observed number of
NPS counts for esch configuration of the absorbersz’; and T,e

The absorption length of the NPSPR in air was taken
to be 115 g/em® g 3.33 inches Hg. Thus, the intensity of
the ineident radiation at pressure p (measured in Inches Hg)
isglvenby 1 &1 exp [ ~(p-po)/3.33) ¥ I’-‘ (1=0s3 4P). -;
where I < is the intensity expscted at an arbitrary pressure |
po, chosen near the mean pressure, and ap e P=Pys Thus, in
order to bring the results to a common barometrie pressure
basis, a eorrection of 0O,34p x NPE was added te the iPS
count for esch run after the correction for imeffielency of
Tray E had been made,.

The background NPS eounts, obtained with the lead re=-
moved fromS’,, were corrected in the same manner as the other
NPE counts, As will be seen later, the background counting
rate varies, vithin experimental error, at the same exponential
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rate with depth of water in 21 as does the NPS counting rate
when lead is present at 22. Thus, for ealeulations of cole
lislon lengths, it does not seem to metter, except for ace
cumalation eof errors, whether or not the bseckground rate is
subtracted frew the otherwise corrected value,

Let G5y T3y and og be the collision eross secticns of
the hydrogen, deuterium, and ozygzen nuclei respeectively, for
reutral Rerays, end let Ly and L,y be the collision lengths

for these rays in light and heuvy water, respectively, Let

RC, Rl' end d2 be the corrected rates of production of pene=
tratling showors in 22 by neutral Neraye with &; = 0 (the
enpty steel tank), with 21 » Xy g/cm2 Heo and with 21 =

%, g/em® Dg0, rospectively. Let my and my be the molecular
massea of light and heavy water respectively. If the number
cf penetrating showers produced mzz by neutral Nerays is
a decreasing exponential function of the depth of water in
21, then,
2) Ry = R, exp (=xy/ Le1)

and Ry = R, exp (-xp/ L,5),
3) where Loy = my/(203 + o)
and Loy & mp/(203 4 05)

From these above squation=, one obtains

) Ry/Ry = exp (xp/Lep =X3/Lg3)
s exp J2 [xp 3/mp - ¥y op/m] + [ro/m - ’1""1]"62 .







R 4o B

If the depths of water are chossn such thet

5) 12/32 & Xy/my,

es was done for the main part of this experiment, (i) re-

duces tos

6) R)/B, = exp [2x;(on = ap )/my] »

from which one obtalns

7 ot Bl Tl Bl T8 W SR N
From these above equations, oke obtainss

&) Loy ® X)/In( R,/By )  and

) Lep = %/In( B,/Ry ),

Equaticns (7), (8), end (9) were used to caleulate the
results of this experiment,

The inefficiency of Tray E was determined in 2% runs
whieh resulted in a totel of 80,851 PS counts and 1,020 KPS
counts, This givesg e 1,020/80,851 » 0,0126 2'0;0.06%;
Table I gives the magnitudes of the various corrections end
the eorrected values of the total NPB chatlo

Table IT gives the totel time of mlu under nﬂh
condition, the corrected total NPS counts, and the values
of the corrected counting retes, All errore quoted represent
standard deviations,

The logarithus of the corrected NPS counting rates
observed withg, composed of light water sre plotted in
Figure 1% against depth of water for Sp®0and forSy =6

inches Pbe Both curves have the sasme slope within experimental
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errcre One interpretation of this fact is that sost of

the background counts (5, = 0 ) arlse from rays incident
through$l;, end that these rays are subject to the same
absorpticn &s Che rays which produce the pemetrating showers.

Exasination of the data in Table II shows that, for

Sio> ® 6 inches Fb, the counfing rate with 5, = 85.09 g/en?
D20 15 elightly, but insignificantly less tham fhat with

1 ® 76.6 g/em® E,0, These depths of heavy and light water
contein the sems amounts of oxygen per square centimeter,
1e@ey they satisfy squatlon (5). Thus, the small difference
1s these eounting rates has a sign to correspend vith the
cross section of ths douforon being greater than that of
the proton, even though this difference is less Lhan its
statistical errore The difference between thi-ccrrOlnondill
background rates tsg.o)mmwu tlgn,—,ht tt
also is loaa than its ﬁt;i \j* al v obv;

depth of heuvy vater and, possibly, tas v L

expecteds If the true

ound with light water is squal

to or greater than that twmuw. m&m best
value of the background for the hﬂlwm be the
welghted average of the two values given in Table Ile
However, the statisilcal errors are sufficlently large to
include the possibility that the true baeckground vaelues are
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equal, or even inverted in magnitude, and the value of

o3 - op has been calculated using the individual values of
the background observed in the experiment,

Using the data of Table II, equation (7) gives:

°g -~ o5 = 13 4 15 millibarns,
( If the average value of the background had been used, as

indicated in the previous paragraph, the result would have
been

03 -0 = 44 12 millibarns,)

€imilarly, equations (8) and (9) give the collision lengths
as follows:

Loy ® 113 4 12 g/em® in B0,
and Lo * 123 % 13 g/em® 4n D20,

III CONCLUSIONS

From the analysis of this experiment, one can see
that an unambiguous measurement of the collision length is
obtained only if the following conditions are true,

1) The first condition is that the radiation that produces
the shower aetuslly passes through the absorber, Cone
siderable side shielding ( as niz,), and antiecincidence
tubes welleremoved from the equipment to diseriminate
against extensive air showers help in this matter, Lxe

tensive air showers, unless properly diseriminsted egalnst,







2)

3)

W)

5)

3
are the largest source of error in experiments that
allow ionising particles to initiate the shower.
The second condition is that some protection be estab=-
lished so that single particles at large angles from
the zenith, local soft showers, and knocke-on electirons
do not register as penetrating showers, This requirement
may be fulfilled by proper geomatric considerations.
Background measursments must be made to eliminate the
chance coincidences that would simulate showers., This
requirement may not be very important, since, as was
pointed out previously, the background counting rate
seems to vary at the same exponentisl rate with depth
of absorber as does the regular counting rate, Hovever,
the stetisties upon which this conclusion is based
are quite poor,
If the experiment measures showers produced by none
lonizing primaries, some preceution must be taken to
take account of the inefficiency of the anticoincidence
tray. :
The experiment must heve been conducted for a suffiefently
long time to have cancellation of the errors introduced

by short period variations ir the inecident flux.







CHAPTER III
EVALUATION OF OTHER EXPERIMENTS
A, = COLLISION LENGTH OF THE NPSPR IN WATER,?

In 1951, Rollosson determined the collision length
in vwater of the neutral component of the cossic radiation
which 1s ecapable of producing penetrating showers, The
equipment is essentially the same as that used by Froman,
Kenney, and Regener., The main changes whiech the latter
made on the equipment used by Rollosson were of a geometiric
nature. Figure 15 shows two elevations of the experimental
arrangement,

As one can see, there 1s a somewhat smaller amount
of shielding in 2,3, a8 slightly different shaped tank, and
a change ing5,. In the experiment described in the previous
chapter, o, was composed of 6 inches Pb, whereas in this
experiment it was composed of 12 inmches water. Thus, there
was a different allowable solid angle in the two leil‘it';
go that there was also a difference in the possible combinae
tions of tubes in Trays A, B, C, and D to give allowable
colncidences,

A velue of the ecollision length of the NPEPR was given
as: L, = 98 % 13 g/en? in water,

9

Rollesson, gp. git.
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This value ggrees quite well with the value presented by
Froman et al.. The experiment was performed at two alti-
tudes, 2,770 my and 1,570 m. From the difference in counte
ing rates, the following value was deduced for the absorpe
ticn length in sgir:

Xate * M52 129 g/em?,

The main difference in the treatment of data was that
the caleulated inefficlency was negligible in Rollosson's
experiment, and was not included in the final ecalculation
of the collision length,

B, - COLLISION LENGTH OF THE NPEPR IN PARAFFIN,1O

This experiment performed by Pomeroy in 1950 is gquite
similar to those deseribed previously., Two elevations of
the experimental arrangement are given in Figure 16,

Neither the anticoincldence tray nor the side shield-
ing were as extensive as in the experiments deseribed above,
Consequently, it is entirely possible that there were sone
extansive air showers that were included as local penetrating
showers, The design of 3y also left the possibility that

particles ineclined only somewhat from the vertical ecould canso‘

a penetrating shower that would activate the detector, even
though the ineident particle traversed oaly a fraction of the

10 |
Ponmy. Do’ Pm‘. MQ. ﬂz’ 77 (1951)
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absorber, In general, the magnitude of these errors should
be small, and the value given by Pomeroy is reasonably
reliable,
The collision length of the NPSPR in paraffin as dee-
termined by Pomeroy 1iss
L, =612 6 g/em? gt an sltitude of 2,770 m,
and Ly = 75 § 19 g/en® at an sltitude of 1,570 m.
From the difference in counting rates at the twe zltitudes,
a value was deduced for the absorption length of the NPSPR

in air vwhich was given as:

Aair = 104 & 6 g/cn?,
C, = COLLISION LENGTH OF THE IPSPR IN LEAD,ML

Using the experimental arrangement of Figure 17,
Sitte has investigated the collision length of the IPSPR in
Pb. Using two separate values for the thickness of lead
in the absorber 23. the required penetrating power of the
secondaries in the shower was changed. An increased penee
trating power of the secondaries corresponds to an increased
energy of the primary particle, The showers were produced
in the lead of 50 The reguired coincidences were those in

which only one counter in Tray A, at least two counters in

i :
Bitte, K., op. git.
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Tray B, and at lsast three counters in Tray € were dlscharged.
As the thickness of lead in 2, was increased, showers would

be formed 1nu81 which would discharge more than one counter
in Tray A« The count would then be rejected,

A bank of eounter tubes in the near vicinity was also
incorporated which registered a count esvery time one of these
tubes was discharged in coincidence with & penetrasting shower.
This effectively records the number of showers that were pro-
duced by extensive air showers. The correlation between the
number of penetrating showers and the number of air showers
was less than 1%, This is, therefore, a good indication
that this experiment actually measured the collision length
of the IPSPR in lead, Hodoscope plectures were used to de-
termine the actual number of secondaries in the shower,

The values obtained for the collision lengths of the

'

IPSPR in leed aves e
x.,-.mg:n QM,JMS .3008/"'0
and Le = 196 4 13 g/en?, mg3hm:lu’.

A eriticism that applies to any experiment of this
type is that & narrow or 'oo}liq;}gd"nhaucr could he formed
in 5, immediately above zny A. .‘!.‘ﬁi- would diseharge oni:'y
cne counter in Tray A, but still be registered as a penee
trating shower produaod ing,e ‘E!ll hodoseope tray a, as

used in this cxnerilont, should udniliza the error introduced
by this effect,
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De = COLLISION LENGTH OF THE IPSPR IN LEAD AND IN I[R()l.]'2

Tinlot and Gregory measured the mean free path of
the IPSPR in Pb and in Fe using the experimental arrangement
of Figure 18, The recorded event was one in which at least
one counter in each of Trays A, C, and D, only one counter
in Tray B, and no eounters in Tray E wers discharged. This
event was interpreted as a single iloniging particle travers-
ingz‘l and Treys A and B, and then creating a shower in the
lead separating Trays B and B from Trays C and D, If the
shower were produced in the absorber 21, then the count
would be discarded because it would be impossible for such
a shower to discharge both Trays C and D without discharging
more than one counter in Tray B or one in Tray B and one in
Tray B« This i also & sufficient condition to eliminate
any air showers, ,

8ince the primary particle passed through Tray B,
the shower could have been initimted any place between Tray B
and Trays C and D, If 1t were initieted near the top of 5 ,,
then the shower would have been & genuine penetrating shower,
because the seconderies would have had to penetrate about
4 inches of lead, If, however, the shower were initiated
near the bottom off,z, the Mn would not need to

1 -
Tinlet, J., and W, “" Phys, Rev,, n' 519

(1949) .
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have been very pemetrating to discharge both Trays C and D,
The event recorded in this case may or may not be a pene-
trating shower. This 1s a rather serious objection to the‘
validity of this experiment. The two inches of lead
separating Trays C and D make 1t unlikely that any shower
recorded was purely electronic in nature, or that the
shower consisted of a knock-on particle and an electron
shower, This helps to modify the objection to the validity
of the experiment. The values for the collision length
of the IPSPR presented in this paper ares
L, = 310 g/em®  where 51y 1s composed of lead,
and L, = 200 g/elz where o1 is composed of iron.
By = ggabggfgg LENGTHS OF THE IPSPR IN LEAD, IRON, AND
Using the experimental arrangement of Figure 19,
Cocconi measured the absorption curve of the IPSPR in Pb,
Fe, and C, rmm:urm;mnlwmu
parallel, as were the three ttt.ﬂn‘s in each of Trays B, C, and
D¢ The desired event vas one in which Trays A, B, C, and D
vere discharged along with the d;oc'barge of enly one tube
in Tray E., This event va§ intcfpreted es due to a single
ionizing particle passing through 21', Tray A, 2.1, Tray B,
and then initiating a shower in S5y the socondaries of which

Cocconi, Gey Phys. Reve, 7§, 1275 (19%9)
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would then discharge Trays B, €, and D,
The same eriticism appliés to this paper as 4id to
the experiment of Tinlot and Gregory. That is, the pensira=
tion of the primary particle was well guaranteed, but not
the penetrating power of the secondaries., Becauss of the
vider separation of tubes in Trays B, O, and D in this ex-
periment as contrasted with the separation of Traye C and D
in the previously deseribed expariment, the necesrary penee
tration of the secondaries was someﬁhat greater. Therefors,
the criticism 1s not to be taken &s seriously s& that pere
talning to the experiment of Tinlot and Gregory. In this
peper an absorption length was measured a2 & function of
the thickness of the absorber, 2; and%- The initial slope
of this curve should be equal to the eollision length of
the IPEPR, and this is pregented ase:
L, = 160 % 15 g/em? in lead,
L,-nstzsmn‘um,
and Ly = 200% 5 g/om® in carbons

F. - COLLISION LENGTH OF THE IPSPR IN GOLD,™*

Utilizing the combination counter tube and cloud
chamber arrangement of Figure 20, Gottlieb Investigated the

Gottlieb, N. B., Phys. Rev., 82, 349 (1951)
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collision length of the IPSPR in gold. As shown in the
diagram, most of the plates were composed of gold., The
required event was one in which en ifonizing particle entered
the chamber and created a shower in one of the gold plates.
The secondary particles hed to be sufficiently penetrating
so that at least three tubes in Tray C were discharged along
with one tube in Tray D. Sinee photographs were taken of
each event, there should be little error for which com=-
pensation cannot be made. Gottlieb calculated all the
errors, then added a certain amount to the statistical error
in nhis determinaticn of the eollision length., The value
which is presented in this paper should, therefore, be
quite acceptable. This velue is3

L = 145 4 15 g/en? in gold,

In addition to this, the flux of partiecles entering
the chamber that were capeble of initiating high energy
events in lead was mﬂ with the flux of primary protons
at the top of the atns’hon. rm this, a value was com=
puted for the absorption length in air of the particles that
are capable of producing high energy events in lead. This
value is:

Aair e 77 4 5 e/em,
This value is not very reliable because not only protons,
but also pl mesons are capable of producing high energy

events in lead,







Ge =~ Snggg.WGTH OF THE IPSPR IN LEAD AS A FUNCTION

In 1949, Walker determined the mean free path in lead
of the IPEPR as a funetion of energy using the experimental
arrangement of Figure 21. The energles of the primary
particles were not measured directly, but it was assumed
that the showers of many penetrating particles were made by
primaries of very high energy, while showers of fewer pene-
trating particles were initisted by primaries of lower energy.
Absorber I was composed of four inches of lead, Absorber ITI
was composed of eight inches of lead, and the thickness of
lead in Absorber II was varied from zero to eight inches,
A recorded event was one in which an ilonizing particle passed
through Absorbers I and II and initiasted a penetrating shower
in Absorber I1II. This means that only one tube in each of
Treys A and B were aalehntxOQ;jlg tubes in iﬂ (air shover
detector) were diecharged, uM ¥ tubu 1n M C were dise
cherged. After having mnem m mumnt. the curves
of Figure 22 were presented h Wo mﬁéh

Thus, it would smm;s t.h- energy of the primary
particle inereases, thn m rnc p‘th decreases, Since
nothing wae said about the number of tubes discharged in

15
u.lk‘f’ W De g Phys. BC'.. u' 686 (1950)
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Tray D, the penetration of the secondary particles may not
have been guaranteed, However, because of the large number
of tubes discharged in Tray C, it seems 1ikely that in the
two cases of N>5, and § >7, the mean free path is actually
the collision lemgth for the IPEPR in lead, These two
valuesvare:
L, = 150 & 8 g/em? 1in lead for §>5,
and L, ® 147 4 0 g/em® in lead for N 77,
A measurement of the zenith angle dependence of the
orimary radistion was determined to be Cos’ 8. From this,
1 using the method of Groisen16, the abscrption length of the

primary particles in air was calculated to bet

A -t - 100 8/3.2.

\ H, = COLLIBION -{5"“8 I LEAD AKD CARBON FOR THE IPSPR AND
; THE KPSPR. ;

Using the experimental errangement of Figure 23,
Walker, Walker and Greisen measured the collision lencths
in lead and earbon for both the IPSPR and the KPGPR,.

It was required thet no more than one counter in
Tray Ay, no more than one counter in Tray Ay, and at least
two eounters in eszeh of Trays B, C, and D be in coincidence,
and that this event be in anticoincidence with the unshielded

16
Greisen, K. I., Phys. Rev., 61, 212 (1942)

17
H.lkor . Walker, S, P and Oreiseny 1. I
ﬁi ;5 ' *y gy 4o lag

Phys. Rav. 3
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air shower detector (not shown in the figure), Part of the
time it was required that no tube in either Tray A, or Tray
A, be discharged, The first case corresponds to an IPS
event, and the latter to an NP8 event, The apparatus was
operated with various thicknesses of lead or carbon in the
Absorber S. This should give the ceollision lengths of both
the NPSPR and the IPSPR in lead and carben.

The experiment 1s certainly valld for the collision

length of the WPSPR, but there is an objection to the validity

of the measurement of the IPSPR eollision length, It is en-
tirely possible that either a neutral particle or a charged
particle could ereate a "ecollimeted" shower in the Absorber
8 1mmcdiately-cboyo'!ragl A; and Aye' This would then be
registered as an IPS event, and there would be an error ine
troduced into the determination of the collision length of
the IPSPR, However, since Q’\%} um:qm&
vcroea.‘lymimhﬁdjmt#,lﬂm%m
overlapped one ‘ﬂﬂﬁhﬂpy“t i‘.lﬂ“i!ﬁf‘li? that many sueh
showers were r'cﬂrdi& It il ﬁutlrocﬁilc to note that the
collision lengths for both &- pu\mx and the ionizing
particles is the same within the J aﬁh&$q§£b01 error of the
experiment, valioo“piOlqntod li‘it

[P 1 iy
A

-

Ly ® 164 & 15 g/en® for meutral particles in lead,

L, = 157 & 12 g/en® for ionizing particles in lead,
Lo= 803 7 g/em? ru- ‘neutral particles in carbon,

and Lg = 82 *. 8 g/em2 for ionizing particles in
A carbon.
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I. » COLLISION LENGTHE OF THE NPSPR IN LEAD AXD IR CARBON, 18

Using the experimental arrangement of Figure 2k,
Boehmer and Bridge investigasted the collision lengths of
the NPSPR in both carbon and lead. Thé thenry and method
of this experiment is again based on the Rossi-Regener method.
The counters in Tray A were connected in parallel, as were
the ecounters in esech of Trays C and D, The counters in

each of Trays B and E vere connected to addition eireults

so that the actual number of counters discharged in each of
these Lrays was recorded for each event., Tray A was in
anticoincidence, In order to diseriminate against all air
showers, Tray F was included to reject all events in which
one or more tubes in Tray F were discharged, The efficiency
of Tray A was sbout 99.9}4,‘_ and there wae no correetion
nscessary for the small 1nettiéaéiql¢

For events of high multiplieity (many counters in
Trays B and l.dioéﬁhtliéiy which would correspond tn*iezy
energatic primaries, the observed collision lengths weres

Lo = 143 § 30 g/em? for lead,
and Lo = 085 4 12 g/en® for carbon,

In discussing the apparent dependence of the eollision

length on the enargy of the primary particle, the suthors

18
Bomr’ H. ﬁo, m‘ B!'id‘e, B. BQ’ ﬂo m.
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Thues the results, if taken at face value, would ine
dicate that the mean free pzth decreases as the
energy of the particle producing the nuclear inter-
action increases, It is important to notice, now-
ever, that this effect may be of an instrumental
charaeter. For example, a high energy neutron on
traversing the absorber 3. may undergo a nuclear
interaction in whieh it llsoc only & small amount
of energy and produces a few low energy charged
articles, The charged particles may be stopped
ionization loss before they reach the anti-
coincidence tray A, while the neutron may go on
tec produce another nuclear interesction in the mater-
ial below A, The cceurrence of avents such as the
one described above would make the observed mean
fres path longer than the actual mean free path.
It is reasonable to assume that this sourece of
error is more effactive at low neutron energias
becguse, as the energy of the neutron increases
the ponstratiea of the secondary charged particiac
produced in its nuclear intersctions also increases,
Thus, the effect described may possibly explain
th:htaorgy dependence of the observed mean free
paths,

In view of this; the values for the collislon lesngths
which will be considered the most valid are those in which
the greatsst multiplicity is demanded, As mentioned previ-
ously, these are: e
L » 143 & 30 g/on? 1n lesd,
and Lo = 85 § 12 g/en? in carbon,

J. = COLLISTON gnams OF TH& IPSPR IN CARBON, SULPHUR,
AND IRON,1

Using the experimental arrsngement of Figure 25,

19

Brown, R, no’ Phys. R"o. §2, 999 (1952)
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Brown has investigated the collision length of the TPEPR

in carbon, sulphur, and iron at an altitude of 2,765 m.

The desired event was one in which an incident ionizing
narticle ereated a penetrating shower in P. The minimum
requirement for a master pulse was that a counter in each

of Trays A, By C, and D be discharged, The further requiree
ment that only one counter in hodoscope tray E, and at

least three counters in hodoscope tray F be discharged
ensured thst the shower was initiated im the producer P,

The producer, P, was composed of 38 g/hl? of graphite,

while 8, was composed of 170 g/cn2 of lead. The nsture

and amount of absorber in 81 was varied, PFor a part of

the time, the experiment was conducted at an altitude of

130 m with B, eomposed eg.epzhon. Prom the difference in
counting rates at the two altitudes, an absorption length in

air of the IPSPR was determined to bes
Agip 5132277 slen?,

The values for the collision lengths of the IPSPR
vere determined to be as follows:
At 130 m,

. L, = 894 12 g/en? in carbon,
At 2,765 m,

L8 Ba Y g/em® in carbon,
Lo= 764 7 g/cn® in sulphur,
and Le 2 115 3 12 g/em? in iron.
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The change in eocllision length: at the two altitudes
seems to suggest a dependence of the collision length on
the energy of the primery particle. The asuthor cautioned
that there may be an additional error in the measurement
of the collision length in sulphur, This is due to inability
to measure accurately the thickness of the uneven sulphur
blocks used,

A further eriticism of this paper is to be found in
the selection of events, As has been stated previously,
it ie very difficult to neasuré unambiguously the collision
length of an ionigzing particle. A possible event that would
have been recorded on this equipment 1g the ereation in the
lower part of P of an electronic shower, This, if followed
by & nuclear event in 83, could simulate a penetrating shower,
even though the penetration of the secondaries has an&-becn
guaranteed,
Ko = ggﬁ.;ggna&nms oF Tiie pm'.n: x.a.m, ALUNINUM, AND

.

The experimental nznan¢OIont of licnr. 26 was used by
George and Jason to obtain the toluaim lmth of the PEPR
in several materials. The three main trays of tubes were di-

E: Poy and J A )
George . ason, A. C Proc Se Soe
London, A63, 108 81 ( ” ’ 7 s £
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vided inte seven sets as shown in Figure 26, A coinecidence

of at least one tube in each of the seven sets accompanied

by no discharge from the tubes in the air shower detector was

used to define a lozal penetrating shower produced in the

upper absorber, By the transition difference, collision

langths in the upper sbsorber were messured, Using lead in

the upper absorber, the equipment was operated at sea level

and at 3,457 m altitude, The values for the ecollision length

1n lead were averaged for the twe altitudes, and the result wasi
Le ® 180 * %0 g/ema in lead.

The velues obtained at an altitude of 3,457 m for alu-
minun and for paraffin weres

L, ® 85 ¥ 15 g/em? in aluninum,
and Ly = 00 g/ow? in paraffin,

With this type of CQniplnni, either a neutral particle
or an ionizing partiele poull orodtt p penetrating lhﬁl.t in
the upper absorber that would u(&M il an event, It is the
feeling of this author thpgflﬂ*iﬂ:“gﬂﬂ&‘:l’ﬁtooiicl areinst
air showers was established,

In addition %o the above aap-ransnxc, sevaral experi-
ments have been performed by various groups which measured
absorption or ecllision lengths, but not with sufficient
aceuracy to warrant a full deseription here, Therefore, a
very brief statement of the resulis of thase experiments will
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be presented along with references to the original articles

or latters.

L. = We B, Fretter®l measured the frequency of occurrence,
the multiplieity, and the angular distribution of penetrating
showers produced in lead at both sea level and 3,027 m. From

these data, there was obtained a value of approximately 170
g/em? for the collision length of the IPSPR in lesd, and an

absorption length of the IPSPR in air of 123 T 10 g/cm@.

M. - In an investigstion of the correlation of local penetrae
ting shovers with air showers at varionus altitudes, Tinlot22
derived an sbsorption length of the IPSPR in air of 118 * 2 g/en?.
For purposes of this caleulation, there was no distinection
made between local penetrating showers and air showers, There
vas also no correction maede for inelination of the primary
particle from the zenith,

N, - While investigating the latitude effect of the IPSPR at
two altitudes, Walsh and Piccioni®3 obtained a value for the
absorption length in air of the IPSPR: The vaelue obtained

— £ | .
Fretter, W. B,, Phys. Rev., 76, 511 (19%9)

22 |
Tinlot, J., Phys. Rev., Z&, 1197 (19:8)

23

Walsh, We. D, and Piccioni, O s, Rev
546 (1950) 3 ' s D¢y Phy oy 80,







&
vas 112 « 2 g/em®s An estimated correction for ineclinztion

of the primery particles was made by the authors, and the
£in=1 result presented was about 140 g/em?,
0., - An investipgation of the sbsorption of the Necomponent
of the ecosmic rediastion using counter tubes and icnization
chambers was carried out by Bridge and Rodtkorzh at two altie
tudes, From & comparison of the counting rates at the two
altitudes, a value was derived for the absorption length of
the ioniging Necomponent of the ecosmie redistion in elr,
This value 1s 119 £ § g/en®,
P, - Using equipment very similar o thet of Ceorge and Jason
at airplane altitudes, Hodson?? obtained data on the absorp-
tion length for the IPSPR in air, The notation and experie
mental arrangement used by Hodson is tho same as that used
by George and Jason, Therefore, the resder is referred to
Figure 26 and the paper of George und Jason for the proper
notation, The -mmm length in m was determined as
folloval. 5 . % 16 ¢ 2 /e for a P-E event with no lead,
and Mgty ® 130 & 1.3 p/on® for a PeE ovent with 10 cm
Pb absorberj and from the transition difference,

Autr = 132 ¥ 3,5 g/en?.
An estimsted best value is listed ss 129 - 2 g/om?,

Bridge, H. 8., and Rediker, R, H,, Phys. Rev
e (19g§) ’ 3 ' y Phy .y 88,

lodson. As Lo.l, ”00.. Wo SWQ’ ﬁ, NQ (195”
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Qe = Using a eloud chamber, Chang et al26 investigated the
penaetrating showers produced by ionlzing particlas in
berylliium, The definition of a penstrating shower used
by the authors was not very rigid. This, coupled with the
fact that there were not enough events recorded to give a
very good statistical error, places the experimental value
of the collision length in beryllium of the IPSPR in some
doubt., However, since it 12 the only pisee of data availe

able on beryllium, the value, as presented by the authors,

1z lizted below:

L, = 83 g/em® in beryllium,

26

Chang, W, Y., del Castille, G., and Grodzins
Ley Phys, Bev.,’ﬁ&;‘ﬁéé (1951) : . ;







CEAPTER IV
DATA AND CALCULATICHS

The results of all of the experiments described in
Chapters 11 and 1II are tabulated in Table III, The pur-
pose of the next part of this paper 1s to obteln the best
value for the collision length of the penetrating-shovers

produeing radiation in the various substances, As has been
pointed out in Chapter III; some ef these experiments were
conducted under conditions that were fuvorable to the ine
clusion of a systemutie error. It i1s also apparent from
Table III, in the case of the absorption length in air, and
in the cases of the collisfon lengthe in lead and in carbon,

that the external consistency of the data does not permit

the probable error qt thqnt mlnm value to be dbased
merely on the -uum«;a m lu the htmm. cone
sistency of the lstlo In c'lﬁhﬁn, orib “le
Chapter 111, where tnts mmmm w ;".-:f slon
of & lvctﬂuo mur,ﬂonl w#’i vd.w&d m

error presented, !ib rilﬂﬂnh for iriﬁlil&l! evcors
mnmmmmﬂmuaﬁwxn‘wm

reader is referred to ihnll"iO!!“tllt in the cases in

vhich the error value has been ‘changed, The errors were

not reliable as originally a:vug,.éac were therafore increased by :







TABLE IIIX
COLLISION LENGTE DATA

© REFER~ TYPE OF PRIMARY  ABSORBER  COLLISION
POINT ENCE

SO CONI OV L 1

20
:
%

20

18

g

i

11

11

12

13

et
~3 U

ionizing
neutral
mixed
ionizing

* In alr the absorption length has bsen measured, not
eollision length,
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an amount which this author felt would take acecount of the

esystematic error in the experiment,

made are listed below,

The changes that were

The data point number refers to the

order in which these data are presented in Table III,

DATA POINT

6
13
15
16
17
23
24
27

VALUE PRECENTED

g/en®
118 =
82 =
89
%5
61 6
85 = 15
76 & 7
115 4 12

o n

Lh

VALUE ACCEPTED

g/em?

L1

118
82
89
65
61
85
76 &

15

"

"

i+

I+

8
10

15

18
12
15

It 1s also apparent from the consistency of the
accepted data, and in particular from the resulte or»wuihnr,
Walker, and Grelsen, that there is no significant difference
existing in the measurement of the collision lengths for

neutral or ionizing primary particles,

In vievw of this, the

data that were setually used for a calculation of the
collision length in the various materials are listed in

Tabla IV,

In the cases of lead and carbon, where there are
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TABLE IV

SELECTED COLLISION LENCTH DATA

e ——==
DATA POINT REFERENCE MATERIAL COLLISION LENGTH
(g/em?)
1 9 aire 115 = 19
2 10 102 z 6
5 21 123 & 10
6 22 116 £ 8
8 2k 1192 5
9 25 120 £ 2
10 26 beryllium 85
11 13 carbon 100 §
12 17 8oz 7
1 17 82t 10
1 18 85 ¢ 12
15 19 83 £ 15
16 19 65 = 8
17 10 paraftiﬁ 61 &
18 10 75 19
20 |  watar 98 = 13
21 3 113 & 10
22 L “heavy vater 12332 10
23 20  aluminum 85 ¢ 18
24 18 sulphur 76 % 12
26 1 . 4iron 135 ¢ 15
27 1 A 115 = 15
28 11 gold 145 = 15
29 11 iead 162 T 10







wors vhan two values given In tihe original data, the bast
values for the collision lengths ares

L, ® 87 ¥£3 in earbor,

and L, ® 160 £ % in lead,
provided that the srrors are c¢alculated frem the cdeta in
Teble IV on the basis of ilunternal consistency.27 Likewlse,

the best value for the abserption lesmgth in azir 1s:

oy £
A.uz lnl'P 3 g/wao

If these results are determined in such a manner that
one computes the errors on the basis of the externsl consise
i:em':y28 of the data presented in Table IV, the best valuas

gl L, = 87 £ Y% g/em® in earbon,

L, =160 £ § gfhla in lead,
end A,y o124 L 4 g/ow® in air,

From equation (1), kg 3 IIG" sfﬂz, one can obbtain
the cross seaction aopoﬁiﬁt‘ilﬁiiﬁ Qnghvitiliiiin length, If
one slso assumes that c-&npalxipitién;zﬁ given t['é”-oﬂfl!'

one cgn obtain from these arpss sections the best exparimental

valueg for the nuclear padii, Ry In order to determine
the mass of a molecule of a substance, vhere the substance

a Birge, R. !o, Phy'. m., M’ 207’ (1932’

Log. gite

v * This concept will be discussed further in Chapter

|
S
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is a mixture, one mey average over the compesition of the

mixture, Thus for air, which is composed of approximately
214 oxygen and 79% nitrogen, one may assume that the mixture
1s equivalent to a molecular substance having a formula of
(0.79 N 4 0421 0). This is possible because in any high
energy nuclear reaction, chemicel binding energles are
negligible, The msss of such a molecule would be 23.9 x
102% g, The final value of the collision length, the ase
soclated crosg seetion, and the nuclear radius for each sube
stence 1s given in Tadble ¥V, In the case of poly-atomie
molecules, the nuclear radius 1s the radius which a
hypothetical nucleus would have if the cross section of

the nueleus were agqual to ths sum of the eross sections of

the nuelei composing the molscule,
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GHAPTER V
NUCLEAR TRANSPAREHCY

In all of the sbove work, the energy of the ineident
particle could at best only be estimated, Therefore, it is
of interest at this point to present the results of an ex-
perimeant performed at considerably lower energies where the
energy was a well-defined quantity.

Using 95 Mev neutrons from the 184eineh eyclotron
at the University of California, Cock et 8177 measured the
total cross seetion for neutrons incident on several dife
ferent materials, Assuming that the total cross section,
Ofotr 12 composed of half elestle scattering and half ine
elastie scattering, Otot can be represented by %tot * 21Tl?,
vhere R is the nuclear radius. Using the ebove relationship,
experimental values of the nueleér redius were determined
for esch absorber, A nht of tn_o moumm value of u-
nuclear radius agsinast Qtn tlpivlbei'il the atomic mass
nusber (R ve AM3) {a um uumak. If one further

assumes that the nuelesr naiul, 13 munar,gw
whare 2 is a eonstant, one cm ammu ‘the best value of

ro to fit the data, The value used to obtain the straight

—e-
L. J, Cook, o FeMillan, Jy Me Pctcrson, De Co
Sewell, Phy. Rev, 25, '2. 9‘03.

. *This eoncept will beddisenssed further in Chapter
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line in Figure 27 1s r, = 1,37 x 10~13 cm,

It i=s Yo be seen from the results of this experiment
that a considerable transperency 1s to be expected for nuclear
avents taking place in materials of low atomic mass number,
This will be discussed further 1in the next section of this
paper, A plot of R vs A%/3 obtained from the data presented
in Teble V is given in Figure 28, Using a value of r,
equal to 1.%0 x 10~13 em, it is indeed evident that there

exists a transparency for the collision eross section of

the FSPR with materials of low atomlic masgss number.
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CHAPTER VI
VARIOUS THEORIES OF NUCLEAR COLLISIONS

A, - CEOMETRIC NUCLEAR MODEL

The simplest modal of the nueleus is called the
gacmetrie maclear model, In this model, the nuelems 1=
ranresented by a homogeneous sphere of radius R, compozed
of identics] nucleons., The projected area of this sphere
on a plene 1sTIR2, and thie 1s called the geometriec cross
seetion, oz In order %o ealeulate the dependence of R on
the atomie mass number A, one assumes that each nucleon has
a velume of %r3/3, and thet the magnitude of this volume
1¢ unchanged when it combines with other nmueleons to form
a nueleus, From this, one e'iﬁ!’!u the femilier expression
for nuclear Mll, umlh Re Qal

In this model, there is only qu-otcr, Tos mt
has te be ﬁttod hw u;q, It ltwhtmth‘
streight 1ifies drawn in Plgures 27 and 28 of the previous
chapter memttmewummmwumgm
metric eross uot&an vm np, MMQ of the

probability o 55 m:.m mt m place,
The geometric cross mta.ea doss indicate the probas

bility for a muclear process quite well for larn valuas of A
if the constant r, 1s properly chosen, However, for low
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values of A, it glves resulis thst are too large, As cne
cen see from Figures 27 and 28, there i1s a considerzble
transparency for small values of As Therefere, this theory
has to be modified to attain a trensparency for auclel of

small atomic mass number,

Be =~ GEOMETRIC RUCLEAR MODEL WITH BTATISTICAL TRANFPAREKC!3°
& slight medification of the above theory will ineclude
a trangparency for nuelei of low atomic mass number, In
this model, one makes the same assumptlon of a smooth,
hoxogensous sphere of radius R, where R S ,0‘1/3 as one did
in the geometrie model, In addition to this, one also
assumes & mesn free path l,, in nuelesr matter, Then if a
pertiele is ineident upon a nuclens with sn impact parszeter
b, 1t w11l travel a distanee x in traversing the nuelsus,
b = impsct parameter,
llﬂlfilﬂlﬂ of Ilﬂlﬁﬁly
x 8 path iluﬁ-
!muoofmnuﬂunﬁ, mmumwa
no avent teking place between the nueleus and a particle that
trevels e distance x through the mhu 8 exp(~x/1,)s
Therefors, the probebility of an event teking place is
1le “’(*8/1‘)0

—

o g
Bossi, B szm Prentice-Hall,

Ine,, New Yorks ¢







79
Then the collision eross seetion, o3 6! is given by
10) =82 av [1-exp(-x/1e‘} «TRZ (1 - 1),
gt R

where T = 1/TR® 0[ 2Tb db exp(=-x/1,)

Using the relationship x = 2/R% - B® | one obtains
1 = 12/2028 4273 [1-(1 4 22 0231 ))ﬂp{ 2x A3 |

Then the expression for the geometric eross seetion with

etatistical transparency becomess

12) o;t-oz(l-r)

where T is given in equation (11), This cross section has

the form

13) %Gt * OF {1 -[26"2 <1 - (13 zd)oxp(-d))]}

where d is equal to ardL1/3/1,.

From this, one can immediately see that the trans-
parency T increases “"@“, atomic mass number decreases,
Using the method of suecessive .”miutinna. and the ex=
perimental data presented in Ttbﬁ v, the best values for r,
and for 1, have been determined to bes |

ro = 146 x 10~13 em,
and 1, = 3.80 x 10~13 om
The data for air, water, heavy water, paraffin, and beryliium
were not ineluded in the caleulation of r, and l,.
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The nuclear radius R . deseribed by this model is

gt
defined by the relationship

14) GGt * Boye

This radius is plotted agalnst the eube root of the stomie
mass number (Rgt vs A1/3) in Pigure 29. The sxperimental
valuss of the nuclear radii are alse plotted on this curve.
In order to obtain an ides of how well this model fits the
experimental data for poly-atomic materials sueh as water,
a radlus was caleulated from both the expaerimentsl and
the theoretical cross sections, The experimental radius,
Rgys 18 defined by the relutionship o, = TRZ . The
theoretical nuclear radius, Roys 18 deseribed by equation (14),
where ooy is taken to be the sum of the eross sections for all
the nuclei composing the molecules In the case of water, for
example, d;t equals 2 of + Ofe | |

The experimental value of the nuclear radius for this
case 18 not plotted on the Qb.&!lln*'iluo corresponding te
4173 whers A 1s the sum of the atomie mass numbers of the nu-
clel composing the molecule, because the taiiapnalnny is
different for different values of A. R 1s plotted on the
graph with the same value of the abeeissa ar the theoretical
nuelear radius. Therefore, if this theory were to describe
the experimentsl date perfectly, l‘: would lie directly on the

curve,
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A comparison of Figure 29 with Figure 28 shows that this
type of curve fits the experimental data better than a

curve determined by the geometric model alone,

C. = OPTICAL NUCLEAR MODEL,31

Serber et al have woiked out & nuclear model based on
the assumption that Z protens snd A - Z neutrons combine to
form a nucleus of atomic mass number A, that may be represente
ed as & homozeéneous sphere of nuclear matter characterized by
an index of refraction n, and by an absorption goefficient K.
The ineident neutron 1= represented as & plane wave,

Using the Kipchhoff formalism for the scattering of a
plane wave by a sphere, an absorption erosgs section, a dife
fraction cross section, and the angular dependence of the
scattered wave have been ea’lonht.ed. The dirfraouon oroaa
ssction takes into account ollstic seattering, and the .h.
sorption oross section takes into account true absorptioen,
inelastic scattering and scattering with !adhunsl; !hb!ifdti
the absorption cross section is the one that is applicable
to this problem. The abserption coefficient is given by the
particle density, 3A/ WZR3, multiplied by o~ , where R is
the geometric nuclear radius, and where o~ 15 defined by the-

Tf
Fernbach 8,4 Serber R., and 7T lor, T. Bey P 8s
Reva, 75, 1382 (1 6“ gt s Ry aylor, y Phy







following:

s [2 og, 4 (A =2) e )i /s

“hp iz the cross section for the event in question between
an incident neutron and a proton bound in a nucleus; and %hn
1z the cross section for the same event between an incident
neutron and a2 neutron bound in a nucleus,

In this treatment, all interactions between the nucleons
inside the nucleus have been neglected. To make this 2
reasonable approximation, the binding energy of the nucleus
must be small compared with the kKinetic energy of the ine
cldent particle,

The absorption eross section, 6§ , 1s given by
o; « TR {1 - [l - (14 2KR Jexp( -ﬂll.i) / !I?!?.},

which has the form,

15 o a0 {1.«4 [x-tnmmc-n]}

This is the same form as the eross catt*ih dcseritid by

i the geometric nuclear model with statistical Wm.
Since this cross seetion hes the seme form ac one

previously deseribed, it adds no new information to this

particular problem. It doss, however, offer a very elegant

method of obtaining a transpersncy thet is large for small
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atomic mass numbers, It also givee additional information On

elastic scattering, and ebout the angular dependence of

scattered nsuitrons.
D, = THE THOMASONIAN MODEL,32

In all of the nuelear models proposed, one treats
the interaction of an incident particle, or a wave that
represents the ineldent particle, with the particles inside
the nucleus, In most of these models, one assumes that the
kinetic energy of the incident particle is high enough so
that the binding energy of the nucleus may be neglected,

One then is allowed to treat the interaction as a sum of
nucleon~nucleon interactions instead of =8 a nucleon-nucleus
interaction. (Note the definition of o~ in the optical
nuclear model, where g3y and Ofy are assumed to be con-
stant despite the Qll‘ll_ﬁ!’! and %)

In a redical depertura from this type of treatment,
look st this interaction 18 not on a nueleon-nucleon basis,
but rather on the basis of the interaction between an incident
perticle and the meson field assoeizted with the nucleus,
The method employed in this treatment will be that of es-
sentially neglecting the nucleons of the nmucleus, and treate

g { A R &) TRY Y
Thomas, Roy - Private communication to the suthor,
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ing only the "“nuelear glue", or rmeson field, The formula

for the nuclear radius R, will then be given bys

R = 3031/3'
instead of R = r011/3'

where K is the number of mesons assoclated with the nucleus,
However, the number of mesons associated with a

nucleus will be equal to the binding energy of the nucleus

divided by the rest energy of the pl meson,

16) N = (B.E, / M e2)

Then the formula for the inelastic cross section will be

given by:

17) o =782 = 7020273 a11R2 (B.B./M €2)%/3

Since N is 2 well-defined quantity, there is only one para-
meter that must be fitted to the data, and that is R

This theory does not hvcuimuitmh-
pendence term associeted with it, but if the proper energy
dependence term is ever established, 1t ean be ineluded in
this thmwmm%atmnmotmmm. An ine
teresting thing about this n«l 1s that it &utudma &
transpareney of the proper order of uoﬁtm on an entirely
different physical basis then the weual ‘theories,

One will slse note that, since there is no binding
energy for the hydrogen mmeleus, there is alse a zero cross
section for the hydrogen mucleus p’c’o‘ordhc to this theory.
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Ify however, there is actugslly & small cross section assoce
iated with the hydrogen nucleus, this can slse be accounted
for by a refinement te this mcdel,

It 410 a generally sceepted fact that part of the time,
& proton exists in the nentron-pil meson state, Therefore
on the average, there is a small frzetion of the proton
existing as a pl meson, and this freation is equal to N, the
numnber of pil mesons associated with the nueleus, Using
aquation (17), the.best value of the paremeter R, was es-
tablished by applying the methed of least squares to the
experimental data*s This value s

B, = (3.53 £ ,10) x 10-13 ¢om,

Using m:mofn. thomnasrlplotted

against the oubs root ol tlc aaqllé Itia lnlbor has been
determined, and this 1s phmtd in m 30.

by g,

* The binding energies were determined from the
follwg.gg sources:

Segre, B, H., Rovised Segre Chart, Addison-Wesley
Press, Oaabridgl, !lsoo, (1946)

3k

Hattaueh,; J., Nuclear Physics Tables, Intersclence
Publishers, New 2 (1946) i) :

LR L aT— TN,
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CHAPTER VIII

SUMMARY AND CONCLUSIONS

The existing experimental data are neither sufficient=
ly eccurate nor consistent to obtain any really good come
parison of the experimental dsta with the variocus theories,

In the selection of experiments te be presented in this
paper, the suthor has attempted to eliminste any experis
ments which measursd events othear than were claired, In
cases in which some doubt existed as to the validity of the
experiment, that experiment vas given a low weight in the
caloulation of aversge values of m aén seetions, Even
with this type of ul«t“u, the htu m 2t11l not very con=
sistent, frosoae ‘ .

mmuumsumu,m.nm bl
msmmnmmummmgi»mﬁ-m

data ehoson, the Mmﬂh h W.m M ”ﬁgﬁ ﬁn
oducin Muumhmmm e
gas-&:&#"lm’ A
The experimental data permit no amm at all m
the dependence of the eross muu for Mtiu M
production on the anergy of th! mt Mi&ho
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since the binding energies of light nuelei vary
radieally, the velidity of the model suggested by Thomas
could be checked easily. An sxperimect thet would do this
would be s measurement of the absorption eross section of
Ligh energy neutrons in helium and in deuterium, Decsuse
of tha experimental difficulties entziled in working with
1iguid helium and liquid deuterium, this experiment would
be best conducted with neutrons from s cysletron.

The auther wishes to express his appreciation te
Urs D¢ Ko Fromen and Dre V., H, Regener for theilr genercus
assistance and encouragement throughout the progress of
this investigation., Special thanks ars also due to Dr.
Roy Thomag for invalusble discussions and for parmission

to treat, in this paper, the nueclear model suggested by him,
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APPENDIX I

TABULATION OF THE COMPONENT PARTS OF THE
EXPERIMENT OF FROMAN, KENNEY, AND REGENER

BESICTORS

HUYBCR OHMS DESCRIPTION
208 5 2 vatts
206 250 - TR
205 700 10 *
107 and R 108 750 g #
207 and R 211 1250 100 *®
202 and R 20% 5K potentiometer
115 10K 1 watt
212 10K i N
101 through R 106 11K 2 »
109 11K RN
201 snd R 203 20K 9w, ..
110, R 111, B 116 22K 1 "
117, R 122, and R 123
1, 2 126, R 128, WK 1
37 inrougn B 5030 ‘
112 100K AR

Ly el
133 through n-ﬁs:

149 through R 152, and
601 through R 632,

na, R 118, 100K 2 »
12k, sna R 127,
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W o = Wk

O O oo an oo o 6

(@]

E

NUMBER OHMS

138, R 139 220K
152" throadh B 146,

301 through R 359, and

501 through R 546,

209 and R 210 250K
147 490K

125, R 137, R 140 1H
1ug: R 1EZ; and R153,

CAPACITORS

NUMBER
110 and € 112
601 through C 606

111, end
122 through C 129

129, and |
113 through ¢ 116

126 through C 128,

01 through C 351, and
01 through C

135

130

101 through C 109

117, € 118,
131, and € 132

95

DESCRIPTION
1 watt

potentiometer
1 watt

* 1

MICROMICROFARADS
10
20
25

50
150

MICROFARADS
0.1
0.3
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VACUUM TUBES

KUMBER TYPE
vV 109, ¥ 110, 68L7
V 301 through V 305,
V 316 through V 330,
Vv 501 through V 502,
v 528 through V 536, and
v 601 through V 60%.
V 203 and V 20% 6V6
TRANSPORMERE
NUMBER MARUFACTURER TYPE
T 201 U.2+Cs PAWS3
T 202 Thordarson T19F76
T 203 Thordarson T17R30
T 20% UeTuCo cGW31
T 2085 U.T:Co PAl22
j T 206 Thordarson TL9F779
| MISCELLANY
‘ NUMBER DESCRIPTIOR TYPR
Re 201 and R e 202 RELAY SPST DC 5000 ohms
X 201, X 202, and CRYSTAL DIODE pLEL

;
f
|
{ X 601t X 629,
}
§
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