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PREFACE

There has beén a rapid growth in nuclear science and technology during
the past decade. To bring this about, many scientists and engineers have
pooled their various disciplines and experiences to develop what in many
cases have been new and stra.nge gadgets and techniques. Many more
technical personnel will be joining this effort in the future.

The detection of nuclear radiation is involved to a certain extent m all
nuclear science and technology While only a few people are called upon
to develop new detection methods and equipment, many are continually
" faced with the application of existing techniques to their own problems.

Still a larger group are indirectly but still intimately connected with
nuclear-radiation detection because their own responsibilities- depend on
the correct measurement of nuclear radiation by others.

In this book the attempt has been made to collect the basic mforma.tmn
-or: all the important nuclear-radiation.detectors in use today. ~Included
with the description of the detectors is sufficient specific informatict on
apphcatmns to enable the reader to select hxs own detection equipment
and, in many cases, to apply it.

Practically all the detection equipment wluch is discussed in this book
is availdble from commercial sources; the reader is referred to a very com-
“prehensive buyers’ guide published annually by Nucleonics magsazine.
Nevertheless, sufficient emphasis has been given to the principles on which
the detection'sysiems depend that the book should also prove useful“to the

reader who desires to design his own eqmpment

This book was developed for use in “thé Nucleonics Tnstrumentation
Course at the Air Force Institute of Technology. This course is given to
Air Force officers ehrolled in the Nuclear Engineering Curricilum at that
Institute. 1t is hoped that this book will be usefui to future students
planning to enter_the very fascinating field of nuclear science and tech-
nology as well as to many of the engmeers and secientists presently engaged

in these activities. .

The author would like to express hlS thanks for the kind penmssmn to-
use illustrations and data which has been given to him by many editors |
and scientists. The author would alsé like to express deep gratitude to his
colleagues\and. students who have helped in various ways in the prepara-
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-~ CHAPTER 1 o
- PROPERTIES OF NUCLEAR RADIATION

The study of nuclear—raidxat.lon detect.lon requn'ns an understa.ndmg of
‘the interaction of-radiation with matter. This first chanter covers the es- -
sential aspects of that subject. -

Nuclear radiation emanates from- systems undergomg nuclear trans—
formations, from particle accelerators, and as cosmic rays from outer space. .
This emanation includes subatorhic and atomic ‘particles as well as X and
gammg rays. In Table 1-1, the common types of nuclear radiations are .
hsted along with several of their more iroportant propertlea i

‘ There a.re geveral obvmus omissions from’ Table 1-1. One is the long list

T.un‘.m 1-1. Some. CHARACTEBXSTICS OF Nwwm RADIA)ION‘

’
ST . . r Approximate | _*
Type of Particle - Symbel ‘ Ch.al_'ge rest mass Re.s,t masg,

) (relative]” (relative) amu
Neutron..............00....... n -0 1 1.008982
Proton.. .........0. . ¢oiii..n. P 1 - 1 1,007593
Deuteron........... e d - 1 2 2.014187
Triton. ... .. . AR 4 1 3 3.01645

" Alphaparticle................| d, 2 3 4.002777
-Positron®. . ... .. e ... BYet 21 11, 840 1 0.006548
Electrons or beta pa.rt.lcleﬁf Y N -1 1/1, 840 0.000549
5 Teson, e Lo x| =1 -] 210/1,846 | G115
wmeson...... .......... e T , =1 -276/1,840 0.152 ’
Gamma rayd.... . . ¥ o RN o N
Xray}. ... i X } . s
Neutrino............. el ' 2 | .. 0 ° |Smallorzero|  _?

Fiseion fragments average hght e L ~20 ~95 -
Figsion fragments, average heavyi’ o ~22 - ~138

* The first symbol is used when the radmtxons are-emftted from nuclel, this is some~
times referred to as beta-plus emission. The'second symbol refers to t"xe suise particles
when they.ocour in pther connections..

’ 1 The term beta miuus and the symbol 8~ refer to elec:,rons emitted from guclel
“usually thesg.are called simply beta (8) particles.
t Carama and X rays differ only in their origins; the form ar orunnxr,n n me nucleus

wlnle the latter donot. , -
1



9 NUCLEAR RADIATION DETECTION

- of partlcles of a more transient nature, ‘such as neutral r mesons, ~ mesons,
X Mesons, and V particles. A discussion of the properties of these particles
. 18 beyond the | scope of this book. However, the detection of this class of
" radistion is based on the principles covered in this text. Of the partmles
with atomic number greater than 2, only-fission products are entered X in
Table 1-1. The omissions.include those heavy particles which are given
energy in modem particle accelerators and whlch are found as components
of cosmié¢ radiation. :
The natute of the interactions w1th ‘matter varies between the dxﬂ'erent

types of nuclear radiation. In-this discussion certain types are taken as’

prototypes and are discussed in detail. The properties of other types of
radiation are then obtained from those of the prototype to which they are

the most similar. The criteria for detemnmng similarity are pnmarily‘ \

charge and mass when the interest is'in such properties as absorption:
However, one should not overlook the- -fact that particles beloﬂgmg to a

given protctype may differ greatly in such lmportant propertles as spin and :

ma,gnetlc ‘mongent. :
~ The radiations which have been selected here for the prototypes are
alpha par hcles fission fragments, electrons gamuma rays, and neutrons.

- . J -
'PROPERTIES OF ALPHA PARTICLES
1-1. Alpha Particles as a Prototype. ‘

The rate of energy loss of charged partlcles in passing through mstt;er is

- shown in the next-section to depend on the mass and the charge of particles. .

In the group of particle types corsisting of elphas, tritons, deuterons, and
protons, the masses differ by no more than a factor of 4, and the charges
differ only by a factor of 2. Consequently, the ranges of these ssveral

particles can be related accurately. . In itdition, mesons may be included

_ in this group; however, the large mass dlﬁerenees decrease tke acouracy of
_ the relationghips. \
Qver a period of many years, extensive measurements have been made of

alpha-particle ranges. These particles are emitted by radioactive nuclei
ahd were among the first radistion types available. The energy with which.

- these particles are emitted is dependent on the radioactive speeies, ntgmg
_ up to about 10 Mev. In addition, alpha particles can be accelera

several types of particle accelerators and are avaﬂable wlth an\ergles up to

several hundred Mev

1-2. Abwrptum o_f Alpha Portzcles
When alpha particles pass through absorbers, they lose energy by excita.—

" tion and ionisation.of the absorber atoms. The mechanism which is mainly ‘'

- mponmble for this. energy loss is the interaction of the Coulomb ﬁelds of "

0 S

"

{



PROPERTIES OF NUCLEAR RADIAT ON 3

the partmle with those of the bound electrons of the absorber. Because of
the relative masses of the particles involved, the deflections of the a,lpha ‘
particles are negligible.

Two other processes occur by which alpha parmcles can be absorbed or
removed from a beam of collioated alpha particles. These are nuclear
transmutation and scattering by atomiec nuclei. However, the contribution
of these processes to the attenuation of & beam of a'pha particles is negli-
givle compared with that of the excitation and ionization processes.

Caleulations of the charged-particle erergy loss due to ionization and
excitation have been made by Livingston anil Bethe [1]. The energy loss
per unit path, dE/dz, is known as the stopping power of the material. It
can'be e*spressed as

A dE _ Arxe?7 :
o i e w.t,N*B , o (1-1)

where F, ze, and v

i

kinetie onorgy, charge, velocity, respectively, of pri-
mary particle : ‘ ‘
N == no. of absorber atoms per cm?
Z == atomic no. of absorber
E = stopping number : ' o
The symbols ¢ and m have the ususl meanings of the electronic charge and
the electronic mass, respectively.

. The stopping number B is a logarithmic function of v a.nd Z in the non-
relativistic energy range:. 'Therefore, in this range, dE /d:z: depends on the
particle veloeity priinarily through the 1/v? term. The increase in the rate
of energy loss with the decrease in velocity is to be expected because of the
increase in the tune required for the alpha particle to pass the bound ele¢-
trons; this results in a larger unpulse on the electrons and a larger prob-
ability for excitation and ionization.

Equation (1-1) breaks down for alpha particles When energies as low as
0.1 Mev are reached. This breakdown cecurs because the velocity of the
particles becomes so low that their charges fluctuate, owing to the alternate -
capture and loss of e Lleotrona There is no theoretxcal expression for aE/dz
in this region. i ;

The dependence of the rate of energy loss ‘on the atomic number of the

absorber is primarily through the term outside the logarithmie function B. - -

Thus, for a constant velocity, dE/dz is nearly proportlonal to N7 the elec-
tron density in the absorber. L, ‘
Tn the relativistic range of pa,mcle energy. dE/ d:c p&gses throdgh a mini-
mum which is followed by a slow increase with increasing particle energy.
This is Mustrated in Fig. 1-1, w here the energy loss per ceuntimeter of path
in airis plotted for several part icle types over a wide range of energy- k :
* The status of the investigations of the stopping power of vanous matenals
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h#s been reviewed by Allison and Warshaw {2}, The review containg values

of dE/dz in several solids and gases; data for alpha pamclea and & number

of simjldr particles are included. .

- The absorptlon of alpha particles may be studied expenmentally by
measuring the aumber of ion pairs produced per unit path length; this
quantlty is known as the specific ionization. The energy loss is related to -
the ionization through the quantity w which is the ratio of the energy lost
by a charged particle to the total ionization produced by it. Values of w

007 _ \ - : —
0.06}- : " .
i~ mesons = Promfs \ roc - pariicles
£ ' :
() .
> 005
\ - = ot \ !
& ' \ \ o
2004 p - o
£ 7 - mesons -ty -\ g \ ] . .
- Boos ERARY - o
- * . i Bl . ’;
> ' \ g ]
[~ B i . - . .
§002 ‘ \\ \ ,\ R
. Electrons. \ \ N o) b
001 S\ VIR V) W o
\ ' Mwerws o “
‘ : N S ) : .
N Olx i 1
-’ ' 10'2 ot o . 100 10° w0t

Porhcle energy, Mev

e FIG 1-1. bpecxﬁc energy loss of vanous paftlcles inairasa
~function of energy. [From.A. Beiser ‘Revs Mad. Phys.,
24:273 (1952) I ' ’ L

RS

have been found to depend on a number of factors, mcluumg the absorber

material, particle type, and particle energy. This dependence has been
rewewed by Uehling [3]. However, all values for gases appear t0 ieina .

ranga from about 25 to 50 ev per ion pair. A number, of differerit values of
w for various conditions are ‘collected in Table 1-2. An additional compile-
tion of values of 1 appears in the review article by Bethe and‘ Ashkin [4).
For condensed media, w is aboult 5 ev per ion pair.

" The energy loag by s particle in the production of an fon pair in & gas is

‘considerably in excess of that reqmred onl y to ionize the atom . The addi-

N

i

p

g g



B T ™ o e

PROPERTIES OF NUCLEAR RADIATION ' 5

! TasrLe 1-2. ENERGY Loss rER [oN Parg*:

Gas w, ev Particle Energy, Mev
Air..... .. .. TR 32.0t | Electron >0.3
Ay, .. .. HI 36.0 Proton 2.5-7.5
Air... ... [ 35.1 Alpha 7.8 : .
T A ] ... 358 Alpha 53
Hydrogen...............| 36.0 Alpha 5.3
Helium................. 31.0 Alphs 5.3

* From L. H. Gray, Proc. Cambridge Phil. Soc., 40:72 (1944).

t The recommendation that w be taken as 34 ev is made in the
publication Report of the International Commission on Radiological
Units and Measurements (ICRU) 1956, Nail. Bur Standarda ({1 S.)
Handbook 62, 1957.

tional energy goes into the dxssocla,tmn of the gas moler'ules and the excxtaf
tion of the atoms and molecules.

o

. Example 1~1. Compute the eharge of either sign which is released in an air ionization
chamber by a 5-Mev alpha particle if it dxsszpates ite entire energy in the air of the .
chamber;
Solution. The total sumber of ion paxrs produeed is

E_5X 108
’ ‘ w 35.6 '
The value of w given in Table 1-2 for 5. 3~Mev alpha particles hm been used The charge

wh:ch is released i -
B o (141 109 (160 X 107) = 235 X 1079 ooulomb

t

= (141 X 10‘) ion pairs

\

-.A plot of the specific ionigation versus the particle energy is knownf as the”
. Bragg curve. Figure 1-2 is a Brigg curve for aipha particles. In this

7x10°
exi0%}-
uSXlO‘ _ 7
£axio® - N,

‘ §3X10‘ . '
2x10? ‘- L o ,

1x10?

. 0 . L T b L —L P
' 0 | 2 3 4 ! K]
’ Residuol ronge, cm : .

H

T
]

. Fra. 1-2. Bra.gg curve for specific ionisation in air at 15°C
. and 760 mm Hg. ' .
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eurve the residual range of the particles in air is used as a measure of the ’

~ particle energy. _
1-3. Ra.nge of 4 lpiza’Particles

"+ Alpha particles which are initia.lly monoenergetic all are found to travel
nearly the same distance in a given medium before coming to rest. This

" can be studied experimentally through the use of a collitnated beam of

* alpha particles from a thin radicactive source. A thin source is one in which
the loss of energy within the source. is negligible. . Measurements of the
number of particles reaching a given distance versus the distance result in
.curves similar to these in Fig. 1-3. The ordinate of the integral curve is the

\ : ) -Differentiol
g 3,’:%,%’” curve, thin
) % N o : source
2 ) \ o
Q :
A g '
o ]
A -
! 2z ,
(73 ¢
£ .
\
)
= - 1 y
R~ distance from source La.l :
- : R, - extropoloted
= rorge
o Fo~meon.ronge
R F1a. 1-3. Integral and dlﬁerentul range—dxstnbuhon curves
" for alpha purtwles

T

number of alpha partlcles per unit, time which tra.vel the distance R from

- the source or farther. The ordinate of the differential curve multiplied by
dR is the number per unit time which have paths ending between the dla— :

tances R and R 4 dR from the source. The differential curve is Ga,usman
An form with its maximum occurring at the mean range R, of the particles.

The ra.nge R, which is obtained ffom the integral curve by a strmght-lme ‘

extrapolation from the point on the enrve determined by R, i is known a8
the extrapolated range. ' :

The variatipn in the ranges of monoenergetic partxcles arises becayse of
the statistical nature of the process by which the pa.rtxcles lose their ener-
gies. The energy loss'occurs in a large but finite number of events. There
are fluctuations in both the energy lost per event and the number of events

per unit path length. Consequently there is a statistical fluctuation in the

range of the particles. :
The dlﬁerence be‘tween the extrapolated and the mean ranges 1s referred

i

LY

s : A

P
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to as the straggling and is deslgnated agé. The stragglmg amounts to about
1 per cent, of the total range for 5~-Mev alpha particles [8]. ,
Extensive measurements have been made of the range-energy relation-
ship of alpha ‘particles in air. These results are, coremonly expreéssed with
the normal conditions of temperature and pressure taken as lﬁzdland 760
‘mm- Hg; respectively. Figures 14 and 1-5 show these relati ips for
the'energy ranges of 0 to 8 Mev and 8 to 15 Mev, respectively.-

‘ Energy, Mev (curve II)
.33.0 45 S50 55 60 65 10 75 B.Oé

75

25 ' 1 . : | ‘/7-0'
‘t. // 65

~

~n
[=]

4
7

=]
N
R\\
R —\

Ronge, cm (curve I)
[3)

' g ¢
Range, cm {curve II)

AN

(=]
T
[«

35
0.5 3.0
% 25
0 v 20
C 05 10 15 20 2. 5 30 35 40
’ . Energy, Mev {(curve I) )

-F16. 1-4. Range-emergy curves for alpha particles in air
{15°C, 760 mm); energy range, 0 to 8 Mev. (From H. A.

- Betha, U.S. Atomic Energy Comm. Document BNL-T-7
1949.)

Empirical eq{lations have been developed to relate the range in air and .
the energy of alpha particles. One such equation which fits with fatr
acouracy in the range from 4 to 7 Mevis

. R = 0.300E% ‘ -2 -
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where R is the mean range in centimeters at norm. 1 condicions and £ is
the alpha-particle energy in Mev. At lower energizs t!:¢ dependence on -
energy is more nearly proportional to E’% while at hlgher energies an B2
* dependence fits better. - ot

Energy, Mev (curve b 4]

P 10 1.5 120 425 130 135 140 45 150
13.0 - : 24

L]

12.5 e —{é3

. . 120 : / ~—{22
115 ' > T— P
/ 7 v /

<

n
(=]

S =
o o
73

Range, cm' {curve i)
o]
o
©

Raonge, ¢cm (curve I¥)

AN
AN
N

eis\’ | :/ // | 15
eo\ '/// |

T 1
7.5/ -

13

70 ' ! . 12
80 85 90 95 100 105 N0 N5 120 .
Ene-gy, Mev {curve I}

Fie. 1-5. Rsnge-energy curves for alpha particles in ajr
(15°C, 760 mm); energy range, 8 to 18 Mev. (From H. A,

Bethe, U.S. Atomic Energy C’omm Docummt ‘BNL-T-7,
1949)

1-4. Absorptwn in Substances Other Than Air P

Extensive studies, both expenmental and theoretical, have been made of
the range-energy relationships of heavy particles in a variety of substances. .
‘Taylor [6] has reviewed the status of these investigations.
The range of heavy particles in materialg ‘other than air can be-calculated
.through the use of the theoretical formula of Livingston and Bethe [1].
An- extensive compilation of such curveshas been made by Aron, Hoffman,
and Williams [7). More recently, Rich and Madey [8] have extended thlS\
work. -
‘ '

e v



V . PROPERTIES OI" ‘N UCLEAR RADIATION 9

An emplrlcal formula which allows the calculation of -the range R, - of
‘ alpha pa.rtmles in 8 material of atomie welght Ais

Ra(mg/en®) = 0. 56R(cm)A% ' (1~3)

. where R is the range, expressed in centlmeters, of the a,lpha particle i in air .
. 8t 15°C and 760 mm Hg. The range in the material, expressed in centime-
“ ters, is obtained by dmdmg R4 by 10%, where p is the density of the roate- -
rial in grams per cubic centimeter. Table 1-3 contains & comparison of the
values of Aron, Hoﬁman and Williams and those calculated from Eq. ( 1—3)
It is seen that the agreement is reasonably good, particularly below 10 Mev

- Tanir 1-3. RAnen oF ALPEA PARTICLES 1INV Amoqs /SU_BSTANC!B

S L' | Rangein | Rangein | Rangein . Range in
‘ﬂ " Range Energy| Al, mg/em® | Cu,mg/em® | Ag, mg/em? . Pb, mg/cm?
- in air, - in : e e
em Mev.| Eq. | Ref. | Eq | Ref. | Bq- | Ref. | Eq. | Ref.
‘_' . (2~3) - 7 ©1-3) 7 \ {i-3) 7 (1-3) 7 -
1| 2 17 1) 22! 27| 33|t o3y
2 35 8.4 = 81 44] ..., 1. B4y L. 8.6 6.7
) 5 - 63 8.4 761 112! . 104 13.4 1.8 18.6 18.0
o SO { | B 9.7 17 " 14.8 22 20.2| 27 243, "33 34.56
A ‘100 37 168 140 224 185 268 | 220 332 303

1,000 ‘ 132 1,_680 1,400 ;2,240 1,700 -12,680 {2,000 {3,320 i2,500

: Eumple 1-2. Caleulate the mlmmum bnergy whlch an alpha p&rtxcle can have and
. still be counted with a Geiger-Miller ‘tube if, the ‘tube window is sta.mless steel with
) 2-mg/cm? thickness. Lo

A Solutm To be counted, the particle must pa.ss through the tube wmdow Substl-
tuting a6 as the effective atomic weight of steel into Eq. (1-3), the mnge of the alphs
pamcle in air at'stancard temperature and prebsurc zs

. E R
o . R(cm)‘ 056AK = (056)(56)

T!narange i seen by Fxg 1—4 to be th&t ofal 9—Mev /alpha. pamcle

il

e

The ranges of partlcles in va.rlous materials can be related to those in air
thi'ough the coneept of relative stoppmg power. The relative. stoppmg
power S of & material is the ratio of its stopp;ng power to that of air. The
stopping power may be expressed either as the energy loss per unit path
length or-as the energy loss per unit of thxcknéss expressed in mass per unit
aréa. The correspondmg relatxve stopping powers are designated as the
relative Imep,r stopping power S, and the relativg mass stopping power Sn, -
respectively. The average values of 8, and 8, are listed in Table 1-4 for
several' metals at diffsrent alpha-particle energies. Again the range ¥ata on

- whlch thls ta.ble is based are those of Aron, Hoffman, and Williams [71

’
.- s
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It i3 see tha.t these quantxtxes are dependent on energy and consequently

‘171013 only a very a.ppmxxmate anewer unless th;ls energy dependence i8
taken into aceount. .

It is seen from the values of re]atxve mass stoppmg power presented in

. TasLre 1—4 RevraTrve S'rorpma Powxrs op Vunmm SuBSTANCES YOR
- ALPHA PARTICLEB

R Alummum ' Copper - 1 Lead
Particle | Range w87 g/omt | p o= 8 s = 11.0 g/emd
energy,’ in air, P 2.7 g/cm L 89 5/““.‘ | o =110 g/emy _’
Mev. | em st 8| S S | S. | Sa

20 1 | 1800 | 080 | ... e 2,000 | 032
6.3 1 ] 1,780 0.79 4,300 0.58 3,060 " 033
9.7 - 10 1,820 0.81 - 4,400 0.59 3,200 0.36
87, - 100 1,040 0.88 4,800 0.65 - 3,600 0.390

~

/
Table 14 that the energy loss per unit of thickness expressed in mass per
unit aréa decreases with an increase in the atomic number of the absorber.
This decrease in the a.hsorptlon is due largely to the increase in the average
- binding energy of the orbital electrons and shows up. as a decrease in B in
Eq. (1-1). An additional fuctor is the decrease in the number of orbital
electrons per unit mass of ‘the absorber. :

Exo.mple 1-3. Compute the range of a 6—Mev alphs particle in lead. >
Solution. By Fig. 1-4, a 6-Mev alphs panlole hds a rangeof466 cm in air, By ,
Table 1-4, the of Sy for a 6.3-Mev alpha in Jead is 3 ,050. Therefora, the range of
' the particle in ,
i?_"_'.'. 4.66 - ) ' ’ o
prf 8L 3’050 (1.5 X 10 )cm -
1-5. Scalmg Laws for Ranges of Similar Partzcles

-'When the range-energy relationship is known for one type of pa.rtlole ina

" given substance, it is possible to caleulate thz corresponding relationship
for a different type of particle in the sgme substance. This calculdtion i is
made possible by the form of Eq. (1-1). The distance R.y(Ei — By) which
a particle of mass M and charge ze travels while its energy decmaaes frozn
El to E! is

. ! ’ . E, N ' . L — i -
| v S : _ dE - Mm vidy - ’

whew Fq.. (1-—1) hss been used along with the re}attxonahlp E =M v’/2 If
the final velocity vg is taken s zero, ope can write i

- Pl
' Rue0) = Mz3F () -5
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o whé‘re F(v). is essentially the integral in Eq (1-4) evaluated between the’
limits 0 to v. Equation (1-5) states thet for different types of fast particles
in a-given absorber the range depends only upon the partlcle speed, its mass
M, and its charge z.

By using Eq, (1-5), one can relate Ry(v); the range of a proton of velocity
v, to Ra.(v), the range of an. alpha particle of the same velocity; that is,

-

= R = M”"R.() e

where the constant C muht be used 'r.o take account of the.capture and loss
-of electrons at low energy. Although the constant C ig small, it is not zero,

becauae alpha particles are affected differently from protons. For air at.'
normal temperature and pressure, C has been found expenmpntauy to be
0.20 cm when the energy is greater than about 500 kev. It gradually
decreases to 0.02 cm at 6.7 kev [9]. Thus, for air at energies above 500 kev,

" © o T Ry0) = L007R.(v) — 020 em : (1-7)

‘ Since for equal velacities the energles are related in the no‘n'elaulvxstlc :
" case by E, = E,M,/M,, one can write : -

Ry(E) = 1.007B.(3.972E) - 0. 200cm ©(1-8)

, where R.(‘% 972E) means the range of ‘the. alpha particle evaluated at
3.972E.
The.range-energy relatlonshlp for a partxcle of & glven z can be obtamed .
 veadily from that of a particle of different type but the same 2. Smce the .
capture and loss of electrons near the end of the range are the same for both
' types.of particles, the correctxon term C d.lsappea.rs Therefore the range
of a particle of mass M can be caleulated from that of mass M when the
charge is the same. by the rvela.t'onshxp :

o L BB} = quo(E') )

\Where E' = EM,/M. . | - '
The mnge of deutergns in air 1§ shown in Fig. 1-Gfora }arge enprgy range.
* Through the use of Flgs 1-4 to 1-8 along with the scalinglaws and the
information in Sce: 1-4, it is possxble to calculate the mnce—energy relation-
ships for & number of dlﬁerent partlcle types ina iarge variety of substances g

Example 1-4. Use the informatlon contained in the precedmg sections. to ﬁnd the .
range of 10-Mev protons in air at standard.conditions and in lead. ;
- Solution.; By Eq. (1~9) the range of & 10-Mev proton is obtaincd from that of a 19. 9
Me\ deuteron Values of qhe latter for w appear in Flg 176 Accordmgl\ y -
g ,00 Mev) = Rd(-——-— 10 Me v) = 108 Ri(19.0 Mev), |
[ ' . o (15 cra of sir . S

. . . .
.
- . - ! yor,
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Fic. 1-6. Range—energy curves for deuterons in air (15°C 760 mm); energy
. range, 1 to 10* Mev." (From W. A. Aron, B, &. Hoffman, and F. C. Willitins,
U.8. Atomic Energy Comm. Document AECU—663 1949.) .

The range of deuterons in lead is not available, However, the range of alphas in lead
ean be computed from Eq. (1-3), and the range of the protons can be obtained from that
of. the alphas by Eq. (1-6). The range in air of an’ alpha with the same velocity as a
IO—Mev probon is, by Eq. (147),

Rav ) - Byv) +C _ 115 +02
1.007 1.007
: By Eq (1—3), the range of the same-energy alpha in lead is »
R, (mg/cm?®) = (0.56) (114) (207)4 = 378 mg/cm’
Applymg Eq (1-6) again and neghectmg C lead to
' " Range of 10-Mev proton in lead = @78 (1. 007) = 380 mg/cm‘
(Notm. A maore accurate vaiué is 340 mg/crn’ ) '

-~

114cm

. FISSION FRAGMENTS
1-8. Penetratwn of Fission Products through Matier

/

Fission fragments contain elements of mass numbérs from approxlma.mly
72 tp 160. However, the yield curve is found to have two predominant
mwuma - The group around the maximum of lowest mass nurhber is re-
ferred to a8 the “hght fragment,”” while the other group is know a8 the
“heavy fragment

‘ e
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