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I. INTRODUCTION

The development of high energy charged particle
accelerators has necessitated the extension of previous
calculations on the penetfatioﬁ'of charged particles through
matter. In particular, calculations for sélids were réquired,
since only solid materiais‘will give sizeable effects in
equipment of reasonable dimensions. |

The calculations preéented here are concerﬁed with
the passage of protons through matter. Né calculations for
other particlés ha&e been made. The results for protons can
easily be converted for chér heavy singly charged particies°
For muitiply charged particles,lthé conversion is possible
for approxim&tevvaluee but requires a small low energy .
cofréction for exact values,

In the range of‘energiéé considered, processes othef

than ionization and excitation of the atoms of the material

}seidom occur, Only the latter processes have been taken into

account here, The rate of energy loss and the residual range
for protons have been found as a function of energy.
Preliminary calculations were compared with experimental

values, Out of this comparison, a better value. of the mean

-excitation potential 'was obtained. The final results were

calculated with these improved values.



£y

i

-3

II. THECRETICAL DEVELOPMENT

The rate of energy loss of heévy charged paftiéies has

. . 1,2
been calculated by various-authors™’ ’B’A’S. At high energies

it can be written in the form:

- , \
-dE = hﬂ’e [z N-B (1)
dx - /2
' oA

B = 2 [fn ~ln(l-,9)-/g2] | ; (2)

" where 'e is the electron charge, ze the charge of the incident

particle, m the electron mass, v " the magnitude of the incident -
particle‘s velocity, N the number of atoms of the stopping
material per unit volume, and B the so-called "stopp)ng number",

In the formula for B, Z 1is the atomic number of the stopping

‘material,- /9 = v/e , ¢ is the velocity of light and I 1is the

mean'excitation potential'for an atom of the stopping material,
These formulae apply to a single element The generalization to
mix.ures and compounds will be discussed later.

At low energies, the probability of occurrence of some

atomic tfansitions decreases or vanishes and the corresponding

' - energy losses by the partlcle become imD0531ble Hence the rate

of energy loss decreases and no longer has the q.mple form given
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in (2). The correction for the K shell has been given by

Bethe6 for light elements.

v/ [ﬂn' 2?”2 -fn Q1 ;-ﬁz).-'ﬂg] - Cx(ﬁ )

B =
| (3a)
or . ' A
. I 2 ’
B = (2.-1.81) [ﬂn G _-!n(l-ﬂz)uﬂz]mx(v)
) . I :
- L : (3v)
where 5 .
S Yl - 2mv s zeff - 2-0.3

2
Zeff Ry
ZnI = (2-1.81)QnT + 1.814n I

2
IK .= 10103 Zeff Ry .

' The form of the correction used in (3b) repreeents'the total

stopping power of an atom as the sum of the stopping powers
due to each shell individually. The form of (3a) represents
the correction for large values of . n . The values of the
correction factors are given graphically*.

for heavy elements thé cbrrections have been made in
another way. Here the K , L , and M shell corrections may

all be involved, To calculate the form of B at low velocities,

* L. Brown7 recently has given the asymptotic form of the correc-
tion for a wider range of elements.
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the original definition of #n I was used. If fj are the
oscillator strengths corresponding to a transition with energy
Ij 5

Z dn1 = ijIan

subject to Z = ij . Then B can be written

(1)

5 - 2'f[n2’“ “n - - p }
4 | ! ,

The use of 2 is to indicate that the sum extends only over

2 ’ ‘
values of j. for which [,Qn 2’{‘" - Qn (1 - /i) -ﬁzj is

3#*
p’ositive. This method is equivalent to defining a new Z . and
I by
R T 4 . i
Z fnil = 2fnI-S £ knlj
7* <" - A _ B (53)

2 %

Z” indicates a.sum over the values of j omitted in (4).

B * Sk o
. Z and I are functions of the velocity. Then the stopping

number takes f,he form

| B = Z* [(n

~fn (1= - pz] (5)

" This method corresponds roughly to the form of the K shell

. correctlon given in: (3b)
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The corrections as described are not sufficient to
describe the behavior at very low velocities. In particular,

no account is taken of the possibility of bharge pick-up by the

particle. For this reason the caléulations’were started at

energies of the order of 1 Mev and the behavior of the particles
below that energy derived from experiments.
The problém of determining I at high energies still

remains. In principle one might hope to calculate it from its

definition and from ﬁeasuréd or calculated values of the oscillator

strengths and enefgies. This is not feasible for most eleménts'
due tb.the cbmplexity of the problem, However, Bloch5 has shown,
by aAcalculation based on the Fermi-Thomas médel of tﬁg;ipom, :

that fér elements of sufficiently large atomié number, I éhould
be propbrtiodal to Z. Thé.values of I and of tﬁe constant of
proportionality ﬁéve'beehimeasured experimentally8’9’lo’ll. The

value of the constant used in the original calculations was that'
of'R. R, Wilgon. He measured the constant for aluminum and found

a value

I = Zx11.5 ev. - - (6)

For hydrogen and helium, the evaluation of I has been done

'theofetically by E. J. Williamslz, yiel@ingvl7,5 ev. and Li ev.

respectively.'
At high velocities (v 2¥c¢) equations (1) and (2) would

indicate an increase in the rate of energy loss which is
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IOgarithmi§ in the energy of the particle.A It has been shown
however; that at these velébities the effec; of the density of the
material must be taken into account. For dense ﬁaterialg, the
polarization of the material due to its dielectric const;nt decreases
the effectiveness of the electric force and thus decreases~the‘féte
of energy loés. .However, this effect is not important for the
enérgies considered here.

~ Some work has been done on the passage of particles through
mixtures and compounds. ‘Sucﬁ-calctlations are parﬁicularly useful
in two fields. The use of photographi¢ plates often requires
knohledge of particle.ranges, étc. .The second field of applicétidn
is in the use of hydrocarbons for the study of nuclear effects-én
hydrogen by the method of differences.

‘In making @heSe calculations it was assumed that the

stopping power of an atom was unaltered by the proxiﬁity of other
atoms or by the atom being boﬁnd in a molecule. Thus, the stopping

power of the material becomes ﬁhe sum of_the stopping powers of

its constituents. This assumption of additivity has not been

Justified accurately, To do this'would'require a detailed study

of the shifts in energy levels due to molecular binding. However,
for most electrons the shifps in the levels should be small com-
pared to the.energies of the atomic levels so the effects should

be small.

13,14,15,16



With this assumption equations (1) and (2) become

-dE = LT ZNij | (7)
dx mv ' ‘

. L2 2 2
- : 2mv Z - 2) - :
Bj Zj [fvn T £n (1 ﬂ) g ] (8)
i Y j .
where Nj is the numbef per unit volume, Zj the atomic number .

and I, the mean excitation potential of atoms of kind J.

J

For some purposes of calculation it was convenient to define

a mean atomic number and mean excitation potential by

Zyean - b3 NJ ZJ/E'NJ | (9a)

Znean Zn 1

mean

S Ny 2y 4n I,/ 2N, (9b)

Using this, the relation for the rate of energy loss becomes

the same-as in equations (1) and (2) but with Zmean, and Imean

being used for Z and I . Where shell corrections were

requifed, they were made in the manner outlined for heavy

- elements (equations (4) and (5)). This scheme of correction

causes no essential changes in the form of (8).
In addition to the raté'of energy loss of particles,
the mean range was desired. Its value follows directly from a

knowledge of the rate of energy loss. The range, R(E), for
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. a particle of kinetic energy, E, is

R(E) ‘5 (< dE ) | . (10)

'Since the particles with which these calculations are

~_concerned lose thelr energy in a large number of sma]l steps,

the dlqtance traversed for a given energy loss fluctuates about
.

© a mean value, Similarly the energy loss for a g1ven‘dlstance '

of penetration has a spread. The differential changes in the

variance of these distributions have been calculated by -Bethe

and take the forms

P : 2 Lo
< - [(E e = ) ] NS
x (z*+zx'fl_§1 fn
: _ J_ mv '
(11)
and .
2 2 2
o [(x ) Av)} - 2 [(E ), _<EAV>]
=3
x ( dE/ax ) (12)

The quantities here are the same as in (5) with Kj =~ L/3 .

These relations both apply for infinitesimal intervals. falcing

-
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use of the resulﬂ that the variance of the distribution of the

sum of a number of independent variables ié.the sum of their

variances, (12) may be integrated to give the variance of the
‘distance distribution for a finite ehergy change. The relation

in (11) may not be integrated since the energy losses in

suicceéssive intervals are not independent.
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III. INTERPRETATION OF EXPERIMENTAL RESULTS

In checking the calculéted éurves against experimental
data, two types of experiments can be used. One consists of
measurements of the relative stopping powef of various elements,
The second consists of absolute range measurements. The:
analysis of either typé involves certain corrections which will
be discussed first.

The first consideration concerns ﬁhe straggling of
particles. In interpreting experiments, the straggling generally
must be combined with the energy dependence of the recording
instrument. Thus a couhter has a simple energy dependence,
giviné a single count for a particle with any positive residual
range. Oh the other hand, an ionization chamber gives a response
depending on the particle energy. In general, for an incident
monoenergetic beam of particles, the response, I(R), at a
distance R from the end of range is |

[~

I(R) = n P(r, Rj i(2R = r) dr . - (13)
-y
n is the number of particles, P(r, R) dr is the probability
that a pérticle has, in an interval (r, r 4 dr), the “energy
corresponding to a residual range R ;nd i(R) 1is the response
of the instrument to a particle of this energy. i(R) is zero for

R negative. The distances R and r are measured from the
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end of the range of the particle, thé positive direction being.

toﬁard the source of the béam. It is assumed that in the

interval between R and r the particle has the average behévior.
For a counter, i(R) =1, R > O . Then (13) becomes

2R
I(R) = n .S' P(r, R) dr . - (14)

-

This is just the number of particles having a positive residual
range at the point R. At the end of the range, (14) gives the

result
. 0 . _ : _ '
10) = n j' P(r, 0) dr . (15a)

If P(r, 0) 4is symmetric about the end of the range,
o) = 3 . , (15b)
that is, half of the incident particles have stopped at this

point and half have a positivé residual range.

In applying (13) to the interpretation of the range

measurements it 1s necessary to detefmihe the form of P(r, R)

and 1i(R) . The quantity actually measured, R¥ , is the range
parallel to the incident beam. It has a distribution which

arises from £hree_squrces. The total ranges of ﬁarticles,

‘measured along their paths, fluctuate about a mean value; R ,

which is the mean range the theoretical calculations yield. The
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'distribution of this straggling is quite closely a normal

distribution. The second source of fluctuation is the variation
of particle energies in the incident beam, The‘disﬁributioﬁ for
this is not known.

1y

The third source of the R¥ distribution arises from

“the séattering of the particles. The value ofrtheArange for

. a particle, measured parallel to the incident beam is obviously

never greater than the'value along the particle's actual path.-

Hence, the distribution from this cause is asymmetric., If R

" is the mean range along the particle paths and R¥* the mean.

measured range, it can be shown that

R | -
R-RE - 55 &), & (26a)
_ ) Av- . .
_ 0 _ _ ,
y 2 ’ o~ ‘ o
where <g9i>Av is the mean squared scattering angle at depth’

%. For 340 Mev protons, an approximate caleulation gives

R - R¥ = 2/64L00 - -~ {16b)
R .

or about one percent for the heaviest elements.,
The staﬁdard deviation of the straggling, calculated
theofefically, vafieé from 0.85% to 1.1%. The energy épread
~- T
of the beam used in the experiment also amounts to about 1%.
In the experiments considered tiere, it was found that

RGNS

the instrument response was propcrtional to R . This
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negleéts ﬁhé q§crease in ionization at the end of the range.,

The distribution function P(r,.R) was assumed to be a normal
. distribution with an arbitrary half width, which was adjustéd
to fit the data. It was believed that the asymmetric scattering
dist}ibution was narrow and hence should not make P(p, R).very
‘asymmetric. This point should be examined more cfitically. The
contribution to the distribution of the initial energy spread
was unknown. The simplest distribution was a symmetric one and
thérevseemed‘to be novparticularly preferable one.

¢ Using P(r, R) and i(R) as

2
- (R-r)

P(r,R) = __1 e 2«2 (17a)
& ~ {277 '
‘ 2 . 2
" : = R - ' : 17b
_ 4 <i( r)‘>;v. | (17b)
{(R) = const. x RTOA (18)
the value of I(R) becomes' , ,
oo - 2R . !R-r! . .
, ‘ 2 . =0.46
I(R) = const. x e ) (2R - r) dr .
{27 (19a)
-l . : .
o0
2
- (r' - R).

I(R) = comnst., x

o7 | (19b)
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- Introducing o as a unit of length, and letting X = ~RA s

bt T/ .

) )
2
T x+ )
' . 2 -0.46
+ I(x) = const. x é : ot dt .
‘ . . . (20)
0

In analyzing the data, the ratio of I(0) to the maximum value

of I(x) was uséd to locate the point corrésponding to the

mean energy. This ratio has been calculated numerically and is

equal to 0.82. Neither this number nor the sharie of ‘the curve

is critically.dependent on the value of the exponent in i(®)
which is known to about three percent. ten percent change in
the;GXponenﬁ changes I(O)/Iméx by only two percent and the
fitting of the steep paft of the ionization curve is unchanged.

When all the corrections have been applied, the comparison

with theory can be accomplished. We shall discuss the relative

- stopping powef measurements first.

The stopping power per electron is (NZ)~l(dE/dx) . It
is conﬁentional to defihe é quathtity, q , which is the stopping
‘powef per~elec£ron for an.elemeﬁt‘relative to the stopping power
per electron of alumiﬁum. From equations (1) and (2), for

similar particles

a'= B, /By | | - (21)
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If the velocities are high enough that shell corrections vanish,

q may be written explicitly.

'q = -fnI+ (4 2m? - n (2 -'/92) - 52_] (22)
;-{n IA[ + [ﬁn omv? - fn (1 - pzj__ ﬁ{] -

It q, IAZ and v are known, ‘I can easily be calculated.

Anl = -[:QanVZ-?n (l-p2)~ﬂ?](l—q)+ qntAQ.
| | | (23)

In the relative stopping powef experiments, q 1is measured by

finding the thickness, AxAz

enérgy loss as a given thickness, Ax

~,»6f aluminum required for the same

of the eiement,

.sample
Then,
‘ qexp. = ISXAE Ef,z)samgle (24)
"(NZ)AK Asxsample

In using this q in equation (23), it 1s necessary to choose

an average velocity. ‘Since»the energy logses were small compared
to the energy and the velocity depehdgncé of (23)vsmall, an |
arithmetic mean value was satisfactory. The valueg of I obtained
10 4re given in Tablé I.

The total rahgé:measuréments are not as easily inter-

pretable but the results for I are independent of any

assumption about the value of I - for aluminum. To find the
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change in 1 required by a difference between theoretical and

experimental ranges the following vrocedure was used. . Let

Rl(E) and RZ(E) be the ranges calculated for two values of

the mean excitation potential, I, , and I, respectively.

Using the form of equations (1) and (10)

E

' 2
m : v dE
LT et N j\ F

L0

1(¥)

- 1 .
B, (V)
(25)

Using any of the forms for putting in the shell corrections

S
{ «r
DLV

A

~

‘ Ay /1.3
-~ z nf'\l.)/x‘_ i ‘t
. 2T !

[P UNIRNEV

_12

g
e \ |
Lg} (-,! ; ,j j

ol
R

Fer small values of Z {n (IZ/I]) , this can bhe expanded as a

power series,

Then (25) becomes

r

{
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Using the relation (27a) and the difference between the

experimental range and the calculated range, it is possible to

. calculate the vaiue of I which would give the experimental
‘ range. The same  relation can also be used to éorrectlthe cal-
culated ranges to corréspond to the new value of I. The

~ values of I obtained in this way from the experiments of

11

Mather and Segre™™ are given in Table I.



IV. METHOD OF CALCULATION

The quantities-desiréd‘were both the rate of energy

" loss and the mean range of the particle as a function of its
g I

energy. - Sincé the form of the stopping nunber B- did not
allow any convenient explicit integration-fér the value of the
fange, the réciprocals of the values of ‘( -.dE/dx) were taken
and the_range'found Sy numerical integraﬂion.

The calculations were first performed using Wilson's

value for I, 2 x 11.5 ev , for 2 > 2, and using Williams’

" values for hydrogen and helium. Using these, the valués'of, B,
" dE/dx and the range were calculated. The 'range was found

- by integrating numerically.

=

RE) = (-dE/dx)—l aE + R(E)) - (28)

E
0

: : ’ :
"EO is a low eneérgy below which the calculations were not

_ SNy »
attempted. The range for this energy was obtained empirically.

For light elements (lithium to argon), the K shell

4

. ) e -
corrections were used as given by Bethe . R(no)
8

was

-2

. : 1
determined from the experiments of R, .R. Wilscn and Mano™
, D

who measured the relative stopving power for particles of low

velocities of various elements relative to air. Using these

relative stopping powers and the range in air, R(E ) could be

Q
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 obtained. This result assumes that the relative stopping power’

is constant at low velocities, The errors introduced by this
estimation are negligible at high energies since R(Eo) is only
a negligible part of the high energy range. The numbers used

are given in Table II.

For heavy elements the corrections for the various shells

- were made as outlined in equations (4) and (5). The values

' 18 6
used for fj -were those given by Hgnl and Bethe . The values

of 'Ij used were the ionization potentials for the various

shellsl9. These are only approximations to the correct values

but the errors are not serious. The initial ranges, R(E)) ,

‘were detefmined in the same way as for the 1ight elements. The

constants used are given in Table III.
Having calculated the range energy rélation, it became

possible to compare the theoretical calculation with experiment.

This was done for beryllium, carbon, aluminum, copper and lead

as putlihéd in'sectioh three. To do this\reQuired calculating
the éL (E) . This could be done easily, since B had
already been calculated. The integrals were again evaluated

10 % 3 were calculated. Using
these, new values of the . I's were calculated, corresponding
to the expérimental ranges. This giveé better values for I
for thesé elements. |

In addition, one may use the relative stopping power

experiments to determine I . These should give satiéfactory'
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results, since the range measurement indicated that the value

of I for aluminum was correct.

Using the values of I determined from both types of

experiment, a curve, Figure 1, was drawn of I/L ‘as a function

of "2 and used to determine. new values of I for substances

not measured in the experiments. Using the new values of T
the stopping power and range calculations were corrected.
For the elements for which range measurements were made

this value of I was used. The range can be corrected by the

}

series (27a). The stopping»power can be corrected by the

relation -

(-a8/ax) ) - (~dB/dx), = Le Nz gn (1/1;) .
- s 2 -
m (29)
For elements for which no range measurements were made, °

the correction is made by using (29) to correct d8/dx and

recalculating the integral for the range. Hydrogen and helium

were' not changed, the theoretical values being used.

The values of dE/dx and rangelgiven in the tables are
the corrected values and correspond to the values of I given.
The shell corrections remain unaltered by changes in I,

Thus fér we have discussed only the calculations for
elements, ‘For the calculation of photographic emulsion ranges,
a'different'method was used, Lattes, Fowler, and Cuereo had

determined a range-energy relation for protons up to 12 Mev energy
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experimentally. An extrapolation to 36 Mev was desired. It

seemed better to avoid calculating Ipegan from the assumption of

additivity and a value of I = Z x 11.5 ev. since an alternate

approach was available, Uéing the composition of the emulsion

as given by the manufacturer, Zp.an was‘caléulated. The rate

of energy loss at séveral energies near 10 Mev was calculated

from thé experimental data. Using the shell corrections as given
in ta) and (5) for each element, a value of Iy .., was calculated.
This value was ihen'used to extend the rate of energy loss and’
range calculations above 10 Mev, The value of range at and below
10 Mev were taken from the experimental data.

- It should be noted that this method tends to compensate an
error in the composiﬁion by an error'in the calculated value of Imean'
An analysis of the value of I.... haéteen made, assuming
additivity. It yielded avalue o'f about 2 x 16 ev. f‘or. the
excitatién potentials of atoms other than hydrogen. This is much
larger than ény of the experimental values of I ., It does not |
seem probable that the assumption of additivity.is sufficiently in
error to account for these differences. | -

-'finally,'the variance o: the distribution of particles in
space Qaé calculated. This #as done fop copper and aluminum only,

these being most frequently used. The calculation consisted

merely of a numerical integration of equation (12). The values of

I used were the uncorrected ones. It does not seem profitable to

B

correct the copper values, since the errors are small. The aluminum

calculation, of course, needs no correction since its I is not

changed by the new experiments.
W,



V. CONCLUSION
The rate of energy loss and the range Ff’protdns has
. . r < - . ’
been calculated as a function of energy, attempting to get a

gobd fit to new experimental data. It is believed that above
- S ; _ oS

10 Mev the':anééé are good to one-half percent. Below 10 Mev

-
-

thé rénge is increasingly more sensitive to errors in the
-initi;l ranges, R(Fo). The rate of energ& loss is believed
to ﬁe good to one—half-percent down to about 5 Mev.. The
, Qaiues’are given.ih Tables iV - XVd,
I should like to express my appreciation to Professor
R. L. Thornton and Professor E. Segre for many interesting
discﬁséions concerning the experiméntal work aﬁd éspeéially to
Professor'Robert Serber who haé been most encouraging tHrough;

" out these calculations.
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TABLE I.
Elemenf Z 1/ (Bakkef.& Segre) 1/2 (Mather & Segré)
Li 3 11.3
Be 4 154 | 14.75
c 6 - 12.7 C12.91
n 13 11.5% 11.56
| : | 11.19
Fe 26 9.3
Cu - 29 9.6 10,77
' ' 10,42
10.81
Ag L7 9.1
Sn 50 9.5
W T4 ~ 9.4 ‘
Pb 82 9.2 10.11
- - 9.67
U 92 . 5.6 |
M

The aluminum value is taken as the reference value
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'TABLE II. Light elements.
Element _Eo(Mev) "R(E) . I(ev) _ Source of I
H T 10,025 om 17.5 Theory
He 1 13.03cm M Theory,
Li 1 2.87 mg em™? 34,5 .Rellativet stopping
power.
Be 1 2.9l mg em > 59.0  Range
c 1 2,76 ng em2 Th.h 'Rénge
Ai b 34.19 mg em™? . 150 Range and réla_.ﬁiire
: stopping power
A 1 7.27 em 194 Figure 1



TABLE ITT

‘Oscillator strengths

Tonizatiocn potentials

_ Source
Element E, R(Eo) I(ev) of I K LM K L Y
Cu L . 46,66 mg em™2 310 Range 1.315 -8 8.86kv  1.10kv
Ag L 62.60 mg em™? 470 Figure I 1.221  6.135 25.5 kv 3.79%v
Pb L. 81.68 mg em™% 811 Range  1.14. 4.72  11.7 . 87.6 kv 15.2 kv  3.85kv
_ : _ Lt | : >RV
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TABLE IV: Rate of energy loss and range of protons in hydrogen -

' S : . .
at 15° C., 760 mm. Hg, I = 17.5 ev.

e

4 L4
E(Mev) . - - & Mev et 0" R cm
. dx ‘
1. 5.884,8 x, 1072 10,025~
3 ‘ 2.4149 1Y .69.061 )
5 - LusmeaT DL 1.7410 x 10
6 CL3sL3T TR 5 2.4270
8 1.06288 -3 ~a, 705 4.1076
10, . 8.802k x 10° U - 6.2@55ﬁ\
12 7.5L40 T 30T 8.6480
14 - 6.6211 12%%¢ vy 1.1485 x 10°
16 5.9136” = .. 3 < 1.4687
18 5.3530_ 1, o ' 1.8246
. 20 h08972 - 292157 1 "?) .lg
30, 3.4823° ° L6776
XN 22,7408 . 79416 L
50 . 2,2813 1.1961 x 10
60 - 1.9676 ©1.6697
70 ©1.7391 | 2.2115
80 1.5650 2.8188
90 1.4279 3.4886
100 1.3170 L 42186,
150 9.7692 x 10 8.6958 5
200 - 8.0240 1.4386 x 10
250 6.9626 2.1104
300 6.2513 2.8704
350 5.7431 3.7065
400 | 5.3635 4.608b e\
450 5,0703__ ' . 5.5683 b
-~ 500 . 4.8380 - 6.5787 >
600 44959 A S8R
700 4.2591 1.1016 x 10 K
800 . 4.0884 1.3415 R
900 3.9613 - 1.5901 v
1000 . 3.8647 < 1.8458 o
2000 3.5436 L.5892
- 3000 : 3.5362 7.4209 7
4000 5 3.5826 1.0232 x 10
CL.5000° L. -3.6401 | 1.3001
6000 - 3.6977 1.5727
7000 - | 3.7525 1.8411
8000 : 3.8036 : 2.,1058
9000 3.8511 2.3670

© 10,000 - 3.8953 - | 2.6252 "
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TABLE V: Rate of energy loss and range of protons in helium

at 15° C., 760 mm. Hg, I = Lk ev.

R cm

E(Mev) - 9E Mev cm™ T
dx
1 4.7599 x 10-2 1.303 x 10
3 2.0387 8.389 .
5 1.3518 2,0725 x 10
6 1.1654 - 3 2.8714
8 19.2070 x 10 L.8174
10 7.6614 7.2100 .,
12 6.5902 1.0034 x 10°
14 5.8010 1.3276
16 . 5.1938 1.6926
18 4.7111 2,0975
20 4.3176 2.5L14
30 3.0899 5.3236
L0 2, 44,20 18.9938
50 2.0386 1.3498 x 10
60. 1.7622 1.8791
70 1.5605  2.4835
80 1.4064 3.1597
90 - 1.2849 3.9046"
100 1.1864 L. 7154
150 8.8366 x 1074 9.4737 s
200 7.2770 1.5955 x 10
250 6.3268 2.3356
300 5.6892 3.1712
350 5.2334 ,0893
400 L.8927 5.0787
450 L,.6296 6.1303
500 L.4213 7.2363
600 L 1147 9.5859 6
700 3.9029 1.2085 x 10
800 3.7506 1.4701
900 3.6376 1.7410
1000 3.5521 2.0194
2000 3.2771 L9940
3000 3.2824 8,0499 .
1,000 3.3343 1.1074 x 10
5000 3.3946 1.4046
6000 3.4539 1.6967
7000 3.5097 1.9839
8000 ' 3.5616 2.2666
9000 3.6096 2.5L56
10,000 3.6541 2.8209
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TABLE VI: Rate of energy loss and range of protons in lithium,

I = 34.5 ev.
- E(Mev) - dE -1 2 , R gm. cm<
= Mev gm cm _
1 258,71 o C 2.8738 x 107
2 151.18 8.1376 5
L ‘ - 86,055 2.6379 x 10~
6 62.174 54049
8 : 4L9.024 o 9.0563 i
10 40.737 ' ' - 1.3553 x 107
12 35,004 C1.8867
14 : 30,786 2.49732
1 ' 27.54¢4 ‘ 3,185
1 : 24,969 3.9490
20 - - 22.872 . : L7869
30 . 16.338 ‘ 1.0044 % 10
Lo : . 12.897 1.6990
50 ' 10.758 - 2.5522. .
60. 9.2%929 3.5556
70 : 8.224,7 , 4,.7021
80 - 7.4097 5.9853
30 . 6.7667 7.3994
100 : 6.2462 8.9392 |
150 L6469 . 1.8363 x 10
200 ' 3,8238 - 3.,0313
250 . 3.3228 v L Gh0
300 : . 2.9866 . 6.0316
350 , ' 2.7463 7.7808"

" LOO . _ 2,5668 9.6665
450 2.4281 _ , 1,1671 x 107
500 . ' . . 2,3183 - 1.3780
600 2.1566 - \ 1.8262
700 . 2.0449 . 2.3031
800 : 11,9645 , 2.8025
900 1.9048 3.3198

1000 : 1.8595 3.8515 |

2000 : 1.7126 9.5391.

3000 ' : 1.7136 : 1.5390 x 107

4000 1.7394 2.1185

5000 | ' 1.7699 2,688l

6000 ' 1.8000 < 3.2487

7000 - - 1.8284 : 3.7998 -

8000 1.8548 C o 4.3428

9000 . 1.8793 1. 8783

10,000 : 1.9021 ' 5.L072



TABLE VII: Rate. of energy loss and range of preotons in beryllium,

I -59.0 ev,
E(Mev) -~ dE -1 2 L gm, em™2
= Mev gm " cm
1 ' 231.05 2.91 x 107
2 137.89 83,
L 80.267 2.853 x 107
6 58.011 - 5.828
8 45.950 9.732 3
10 38.306 1.4521 x 107
12 32.996 2,0165
14 29,078 2.6636
16 26.058 3.3914
18 23.655 4,.1981
20 21.694 - 5,0819 o
30 15.562" 1.0612 x 10
40 12.318 1.7892
50 10.295 2.6816
60 8.9065 3.7293
70 7.8920 L, 9248
80 7.1171 £.2614
90 6.5050 7.7330
100 6.0090 9.3342
150 L .4,822 1.6116 x 10
200 3.69L8 3.1493
250 3.2145 4. 6063
300 2.8921 6.2506
350 2.6616 8.0561 .
400 2.489) 1.0001 x 10
4,50 2.3563 1.2068
500 2.2509 1.4240
600 2.0960 1.8854
700 1.9890 2.3759
800 1.9121 2.8891
900 1.8552 3.4204
1000 1.8121 3.9661
2000 1.6755 19.7898
3000 1.680L 1.5763 x 10°
4,000 1.7086 2.1667
5000 1.7407 2. 7L66
6000 - 1.7721 3.3159
7000 1.8015 3.8755
8000 1.8289 L4261
: 9000 1.8542 49693 -
- - 10,000 1.8776 5.5052
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TABLE VIII:Rate of energy loss and range of protons in carbon,

I = 74,44 ev, -
- E(Mev) . - %g Mev gm—lcm R gnm. gm
X ) ,
1 236.29 , ' 2.76 x 1073
2 146.94 ©8.29 5
I _ 86.209 T 2.678 x 10~
6 62,533 L 5442
8 | b9.6hh 9.058 a1
10 41,452 R 1.3488 x 10
12 35.7.9 1.8699 '
14 31.534 o L 2.4669
16 28,282 3.1378
18 : 25,692 .- 3.8807
20 o 23.575 : L.,6943
30 : 16,946 C - 9.7768
L0 13.431 1.6458 x 10°
50 : - 11.235 . - 2.4638 0
60 9.7274 - 3.4234
70 o ' 8.6244 : L5177
so. - 7.812 T 5.7405
90 ‘ 7.1149 - . 7.0863
. 100 o 6.5747 | 8.5499
150 ‘ . . 4.9103 17483 x 10
250 . 3.5265 . : L. 2062
300 3173 5.7046
350 Co2.922, S 7.3493
400 : C2.7342 9.1205 5
450 ' . 2.5888 o ~1.1002 x 10%
500 : 2.4736 - 1.2979
400 o 3.30L4 R 1.7176
700 . 2,1876 o 2.1637
800 2,1037 | 2.6303
900 v 2,0417 3.1131 -
~ 1000 . . 1.9948 - - 3.6089
© 2000 . ' 1.8477 . - '8.8938 3
3000 ' ] 1.8552 : : 1.4307 x 10
4000 | C1.8877 | + 1.9652
5000 L 0 1.9243 : 2.4899
6000 ' 1.9600 _ 3.0048
7000 1.9933 3.5107
8000 | 2.0242 L0084
9000 ' 2,0528 4.4990

10,000 _ 2.0793 : " 4,.9830
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TABLE IX: Rate of energy loss and range of protons in aluminum,

I = 150 ev. (These are essentially the values of J. H. Smith .)

E(Mev) - 4B Mev gm tems f R gm. cm”
. =
1 . : 3.45 x 1072
2 115.0 1.08 x 10~°
L 69.6 3.45
6 . '51.2 6.91
8 41.0 1.132 x 10
10 , 34.5 1.667
12 - . 29.9 2.290
14 26.58 3.006
15 - 25.18 3.393
17 22.81 L .228
19 20.89 5,146
21 _ 19.30 6.143 .
23 B - 17.96 7.218
25, 16.82 8.369 A
30 : 14.56 1.157 x 10°
35; 12.89 1.523 '
LO , 11.60 1.933
L5 10.58 2.385
50 - ' 9.743 2.878
60 _ : 8.458 3.983
70 _ 7.516 5,240
80 65794 6.642
90 6.222 8,182
100 5.757 . 9.854
120 5.047 : 1.358 x 10
140 4.530 1.777
160 . 4,136 2,240
180 3,826 2,743
200 3.576 ’ 3.284
250 3.120 4.787
300 o 2.813 ' 6.480
350 2,593 8,334 5
4,00 2.428 : 1.033 x 10
500 - 2.201 1.467
. 600 2,054 1.938
.700 1.952 2,438
. 800 - - 1.879 : : 2.961
900 1,826 3.501

1000 1.785 4,055

(Continued)
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| TABLE IX: (Continued)

2

. E(Mg‘f) o - g_i_ Mev gm.-l om | R gn. om”
1250 1.721 5,481
1500 1.688 © 6.952
1750 1.671 8.441
2000 1.664 9.941
2250 1.663 1.144 x 100
2500 1.665 " 1.295
2750 1.670 1.5445
3000 1.677. 1.594
4000 1.710 2.185.
5000 1.747 2.763
6000 - 1.782 3.330
7000 1.815 3.886
8000 1.845 L.432
9000 1.873 4.970

1.898 5,501

10,000
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TABLE X: Rate of energy loss and range of protons in argon

at 15° C., 760 mm. Hg, I = 198 ev.

E(Mev) - dE -1 R cm
_ o Mev em -
1 2.6311 x 101 | 7.2727
2 1.6984 ‘ 1.2135 x 10
l 1.0423 2.7693
6 ‘ 7.731 x 1072 5.0293
g - 6.1982 7.9419 )
10 5.2195 | ' 1.1473 x 10
12 L5303 , 1.5598
14 - 4.,0164 ' 2.0297
16 | 3.6171 . | 2.5552
18 3.2972 3.1351
20 3.0348 | 3.7680
30 . ©2.2046 o 7.692L
40 1.7589 1.2810 x 10
50 1.4783 : " 1.9040 -
60 1.28L5 .  2.6319
70 1.1421 o © 3,459
80 » 1.0329 _3 L,.3816
90 | 9.4636 x 107 5.3943
100 | 8,7603 ‘ 6.4937
150  6.5832 : 1.3175 x 104
200 5.4525 : 2.1580 :
250 L, 7604 ' 3.1435
300 L.2947 » L.2522
350 : . 3,9613 5.4667
40O 3,720 » _ 6.7723
450 ‘ 3.5194 » 8,1570
500 , 3,367 9.6105 ;
600 3.1433 , 1.2691 x 10
700 | '2,9895 1.5957
800 S 2.8794L | 1.9369
- 900 S 2,798, ' 2.2894
1000 2.7377 2.6509
2000 2,5578 6.4832 4
3000 2.5814 - 1.0383 x 10
1,000 - 2.6361 . 1.4217
5000 2.6945 11,7969
16000 2.7503 2.1642
7000 2.8022 2.5244
8000 : 2.8499 2.8782°
9000 , 2.8939 3,226l

10,000 2.93L5 . 3.5695
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- TABLE XI: Rate of energy loss and range of protons in copper,
I - 309.91 ev.
E(Mev) - 9E Mev gm~t om? - R gnm, om™*
Lo L.666 x 1072
5 . 47.05 6.803 .
6 ' : 4L1.27 9.078 -1
8. j 33.42 ' 1.4499 x 10
10 28.29 2,1031
12 : _ 2,65 . ‘ . 2.8626
14 ) 21.92 - . 3.7248
16 ' 19.79 L 6805
18 , 18.08 5.7452
20 16.67 © h.8985 -
22 15.49 8. 14kl
24 : 14.48 ' : 9.4811, 6
26 . 13.61 1.0907 x 10
28 . 12.85 o o 1.2420
30 , . ©12.19 1.4019
35 - 10.82 ' - 1.8384
. KO 9.757 2.3259
45 - 8,913 2.8628
50 8.223 ' 3 LLTh
55 : , 7.647 L., 0785
60 ' 7.160 ' L T547
65 ' 6.741 : ’ 5.474L9
70 | 6.377 |  6.2380
75 ‘ 6.057 7.0430
80 5.774 7.8888
85 5,523 8.7746
S0 5.296 _ 9.6994 -
95 5.093 : 1.0662 x 10
100 - 4.908 1.1663
110 _ L. 585 1.3773
120° o o 4.312 1.6023
130 : 4.079 1.8409
140 o : 3.877 , 2.0925
150 3.701 2.3566
160 3.545 o , 2.6328
170 ' 3.407 ‘ 2.9206
180 © o 3.284 ' 3.2197
190 ‘ 3.172 3.5296

200 L 3,072 . " 3.8500

(Continued)
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‘TABLE XI: {Continued - Page 2 of 3)

E(Me_v) _ - % Mev gm-l cm2 ' . R gm..om 2
225 2.858 o L.694,8
250 2.686 o 5.5979
275 2.5L5 6.5548
300 2,426 7.5615°
325 2.326 8.6143
350 2.240 9.7099 Y
375 2.166 - 1.0845 x 10
4,00 2.101 o 1.2018
425 2.045 1.3224

450 1.994 1.4463

. 475 C1.948 1.5731
500 *1.909 1.7028
550 1.840 1.9698

600 1.784 2.2459
650 1.737 2.5300
700 1.698 2.8212
750 1.665 4 ©3.1186
800 1.638 3.4215

© 850 1.613 3,729
900 1.592 L.OLLL
950 : . . 1.575 L.3572

1000 1.558 : L.6THL

1100 ) 1.533 - 5.3235

1200 1.514 » 5.9800

1300 1.499 §.64L39

1400 o 1.488 7.3134

1500 . 1.480 7.987},

1600 1473 8. 6647

1700 S 1.469 93445 3

1800 1.466 ©1.0026 ¥ 307

1900 ' 1464 1.5709

2000 o 1.463 1.1.393

- 2250 1.464 1.3102"

2500 : ' 1.467 1.4808

2750 ' 1.473 1.6508

3000 1.481 1.8201

3250 " 1.489 1.9885

3500 - : 1.497 2.1560

3750 1.506 2.3226

- 4000 . 1.515 2.4881

4250 1.524 2.6526

4500 1.533 2.8163

(Con.tipued) :
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TABLE XI:-
E(Mev) - 4B wey gn~t. om? R gm. cm 2
dx ' .
4750 1.542 2.9789
5000 1.551 - 3.1407
5500 1.568 3.4613
6000 1.584 3.7786
6500 1.600 - 4.,0926
7000 1.616 4.4036.
7500 . 1.630 4.7116
8000 - 1.6L4 5,0170
8500 1.658 5.3198
9000 21,671 5.6202
© 9500 1.683 5.9182
10,000 1.695 6.2142



TABLE XII: Rate of energy loss and range of protons in silver,

I = 470 ev.
E(Mev) | - g% Mev gm‘l cm2 "~ R gm. cm 2
4 L6 436 6.260 x 10'21
6 35,194 1.1263 x 10™
8 28,682 1.7597
10 _ 24,.385 2.5189
12 21.320 3.3985
14 ' ‘ 19.024 . 4.3935
16 - 17.224 ' 5.5000
18 . 15.770 6.7149
20  14.569 8.0356
22 13.559 9.4598
26 . 11.950 -~ 1.2610 x 10°
30 10.722 1.6150
34 9.7514 2.0067
38 8.9638 2.4350
L2 8.3106 2.8989
L6 v 7.7596 - 3.3974
50 7.2880 3.9296
60 ©6.3594 5,4,028
70. 5.6737 7.0711
80 5.1454 8.924,8
90 L7254 1.0955 x 10
100 l;.3829 1.3155
110 4.0982 1.5516
120 3.8577 1.8033
130 3.6517 2.0699
140 3.4732 2.3508
150 3.3171 2.6L55 .
160 3.179. 2.9536
170 3.0570 ' 33,2744
180 2.9474 3.6077
190 2.8489 3.9528
200 ‘ - 2.7598 ' 4.3095
225 : . 2,5702 - 5.2493
250 : 2.4173 : 6.2532
275 2.2915 7.3161
300 2.1864 8.4337
325 2.0972 : 9.6017 2
350 2,0208 1.0817 x 10
375 . 1.9547 - 1.2075

LOO : 1.8970 ' 1.3374

(Continued)



TABLE XII: (Continued)

E(Mev) - dE Mev ym~l cm2 * Rogm. em”
. dx >

425 1.8462 1.4710
450 1.8014 1.6081
475 1.7614 1.74L85
500 1.7257 1.8919
600 1.6148 2.4921
700 1.5388 3.1274
800 1.4847 3.7895
900 1.4452 L0727
1000 1.4158 5,1721
1200 1.3769 6.56063
1400 1.3548 8.0718

1600 1.3426 9.5554 3

1800 1.3368 1.1049 x 10

2000 1.3351 1.2546 '
2500 1.3413 1.6285
3000 1.3548 1.9995
3500 1.3712 2.366L
4000 - 1.3887 2.7287
4500 1.4063 3.0865
5000 1.4235 3.4399
6000 1.4563 4.1343
7000 1.4864 4.8139
8000 1.5141 5. 480k
9000 ~1.5395 6.1353
1.5630 6.7799

10,000
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TABLE XIII: Rate of energy loss and range of protons in lead,

I - 810.79 ev.

E(Mev) - gg Mev gm"l_cmZ K gm. em”
1 71.435 7.90 x 1072
2 51.304 2.505 x 1072
3 L1.418 L.98
ol - 34.923 8.1668 L
6 26.940 1.4752 x 10”
8 22.176 2.,2981
10 19.082 3.2755
12 - : 16.808 - 4.3949
14 15,073 5.6537
16 ~ 13.70C 7 .0L74 ,
18 : . 12,585 8.5722
20. ' ' 11.659 1.0225 x 10°
22 , 10.877 1.2002 :
2L 10.206 1.3901
26 19,6238 1.5921
28 9.1136 1.8057
30 o . 8.6622 2.0309
35 7.7317 | 26431
L0 ‘ 7.0065 . 3.3234
L5 o 6.4L252 ) 4.0696
50 . 5.94L80 ‘ 4.8791
55 , 5.5483 - 5.7502
60 5.2081 : 6.6809
65 - L.9148 _ 7.6697.
70 4.6592 8.7151
75 L 4343 9.8156
80 ' L.2348 1.0970 x 10
85 L.0566 - 1.2177
90 3.8963, 1.3435
95 3.7514 1.4743
100 3.6198 3 1.6100
110 3.3894 1.8957
120 3,194 2,1998
130 ‘ 3.0271 S . 2,5216
140 2.8820 2.8603
© 150 O 2.7549 3.2153
160 2.6427 3.5861
170 ’ 2.5428 3.9719
180 2.4534 L3720

150 2.3729 : L.7870

(Continued)



 TABLE XIII: (Continued - Page 2 of 3)

E(Mev) _igg Mev gm“l cm2 R gzm, om
200 2.3001 5.2151
225 2.1450 £.2419
250 2.0197 7 5LE0
275 1.9166 8.8155 .,
300 1.2304 1.0151 » 10°

- 325 1.7572 1.1544
350 1.6945 1.2995
375 o 1.6402 1.4495
400 11.5928 1.6042
425 1.5511 1.7633
450 1.5143 1.9265
475 1.4815 2.0934
500 1.4522 2,2639
550 1.4022 . 2,6145
600 1.3613 - 2,9766
650 1.3274 3.3487
700 1.2992 3.7295
750 1.2753 4.1180
800 1.2551 4L,5133
850 1.2379 L 9145
900 1.2231 5.3209
950 1.2104 5.7319

1000 1.1994 6 . 1469

1100 1.1818 6.9871

1200 1.1686 7.8383

1300 1.1588 8.6978

1400 1.1516° 9.5635

1500 C1.1464 1.0L34 x 103

1600 1.1428 1.1308

1700 1.1405 1.2184

1800 1.1392 1.3061

1900 1.1387 1.3939

2000 1.1390 1.4817

. 2250 1.1417 1.7010

2500 1.1467 1.9195

2750 1.1531 2.1369

3000 1.160L4 . 2.3531

3250 1.1681 2.5678

3500 1.1762 2.7811

3750 1.1844 2.9929

LO0O - 1.1927 3.2033

(Continued)



TABLE XIII: (Continued ~ Page 3 of 3)

E(lev) - ¢E -1 2 Rogm. it
ax Mev gm = em ’ .
4250 - 1,2009 3.4122
4500 1.2091 3.6196
L750 1.2171 3.8257
5000 1.2251 . 4.0305
5500 1.2405 L4360
6000 1.2553 4.8367 -
6500 1.2694 5.2328
7000 1.2830 5.62L5
. 7500 1.2959 6.0123
© 8000 1.3083 6.3963
8500 1.3202 6.7767
. 9000, - 1.3315 7.1538
9500 1.3425 7.5278
10,000 1.3529 7.8988
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_TABLE XIV: Range of protons in Ilford emulsion.

E(Mev) R{microns)
2 0.292 x 10°
4 1,126
6 27.322
8 3.824
10 5,640
12 7.701
14 11.010 x 10
16 1.272
18 1,561
20 1.874
22 2,212
24 2,57l
26 2.960
| 28 3.368
30 3,800
32 4.251
34 4,728
36 5.226
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TABLE XV: Stréggling of deuterons in Al, I = 150 ev.

S E(Mev)  ' (R - RAv)iv4(mg cmmz)2
' 200 0
180 7170 x 10"
160 ©1.2779
L0 - 1.7018
120 | - 2.0085
100 22179
g0 23497
. 60 - - 2.4234
’ oo 2,457
30 - ©2.4643
20 S 2.4677
10 L 2.4689
6 2.4690
L 2.1690

&
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TABLE XVI: Straggling of protons in copper, I = 333.5 ev.

E(Mev) (R - RAv)iv (gm cm_2)2.
400 0
375 1795
1350 3428
325‘ 4898
300 .6202
275 CLT345
250 .8327
225 L9154
200 9833
180 1.0274
~ 160 1.0632
140 1.0911
120 1.1121
1100 1.1270
80 1.1367
60 1.1424
L0 1.1450
20 1.1459
.10 1.1460
kL 1.1460
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. TABLE XVIf' Straggliﬁg of protons in coppér, I=2333.5ev.

. 5

E(Mgv).A '(R - RA;)iv (gﬁ cm-,;v2)2
400 " 0

s 1795
350 ,31,28
325 4808
”3m),' 6202
275 7345
250 .8327
225 o154
200 .9833
180 - 1.0274
160 - 1.0632
140 1.0911
120 1.1121
100 . 1.1270
80 1.1367
60 1.1424
40 1.1450
20 1.1459
10 1.1440

1.1460
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