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I. INTRODUCTION 

The development of high energy charged particle 

accelerators has necessitated the extension of previous 

calculations on the penetration of charged particles through 
I 

matter. In particular, calculations for solids were required, 

since only solid materials will give si~eable effects in 

equipment of reasonable dimensions. 

The calculations presented here are concerned with 

the passage of protons through matter. No calculations ,for 

other particles have been made. The results for protons can 

easily be converted for other heavy singly charged particles. 

For multiply charged particles, the conversion is possible 

for approximate values but requires a small low energy, 

correction for exact values. 

In the range of energies considered, processes other 

than ionization and excitation of the atoms of the material 

seldom 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 tnis comparison, a better value of the mean 

excitation potentlalwas obtained. The final result's were 

calculated with these improved val~es. 
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II. THEORETICAL DEVELOPI-::ENT 

The rate of energy loss of hekvy charged partie'les has 

been 
, '_ 1,2,3,4,5 

calculated by various-authors • At high energies 

it' can be written in the form: 

-dE 
dx 

B = 
, 2 

2mv 
I, 

2, R21 
- in (1 - P ) - r J 

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

particle, m the 'electron mass, 'v the magnitude of the incident 

particle1s velocity, N the number of atoms of the stopping 

material per unit volume, and- '13 the so-called "stoPIii.ng number".. 

In the formUla for B~ Z is the atomic number of the stopping 

material" - (3 = v/~, c is the velocity of light and I is the 

mean excitation potential for an atom of the stopping mAterial. 

These formulae apply to a single element. The generalization to 

rrdx ... ures and compounds will be discussed later. 

At low energies, the probability of occurrence of some 

atomic transitions decreases or vanishes and the corresponding 

',~nergy losses by the particle become impossible. Hence the rate 

of energy loss decreases and no longer has the ~imple fo,rID given 
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in (2). The correction for the K shell has been given by 
6 Bethe for light elements. 

B. = 

or 

2 
2mv 

I (3a) 

2mv
2 

I' 
- !n(l - ,h - ,if] + 11t(,,/ 1 

(3b) 

where 

= Zeff: Z - 0.3 

. , 
Z Rn I = (Z - 1.81) tn I + 1.81 ~n IK 

2 
IK . = 1.103 Zeft Ry 

The. form of the correction used in (3b) represents 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. 'r(' The values of the 

* correction factors are given graphically • 

For heavy elements the corrections have been made in 

another way. Here the K , L , and M shell corrections may 

all be involved. To ca.lculate the form of B at low velocities, 

* . 7 L. Brown recently has given the asymptotic form of the correc-
tion. for a wider range of elements. 
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the original definition of in I was used. are the 

oscillator strengths corresponding to a transition with energy 

subject to Z = 2. fj Then B can be written 

2' fj [in 2mv2 
- Rn (1 2 2J B = I -f)-,e .' 

j (4) 

I 

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

values of j for which ~n ~v2 - en. (1 -ll -rJ . is 

* positive" This method is equivalent to defining a new Z· and 

* I by 

* * I I 

Z Rn I = Z R.n I. - 2: f.j i,n I 
j 

z* 
11 (Sa) 

- Z - ~ fj -

~ii indicates a,sum over the values of j omitted in (4). 

z* and 1* are functions of the velocity. Then the stopping 

number takes the form 

B = Z ~n 2mv - £n (1 - ~ ) * [ 2 . 2 

r* 

This method corresponds roughly to the form of the K shell 

correction given in' (3b). 

(Sb) 
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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 charge pick-up by the 

particle. For this reason the calculations were started at 

energies of the order of 1 Mev and the behavior of the particles 

below that energy derived from experiments. 

The problem of determining I at high energies still 

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

definition and from measured or calculated values of the oscillator 

strengths and energies. This is not feasible for most elements· 

due to. the complexity of the problem. 5 However, Bloch has shown, 

by a calculation based on the Fernii-Thomas model of the atom, 
, - ~ 

that for elements of sufficiently large atomic number, I should 

be proportional to Z. The values of I and of the constant of 
. 8,9,10,11 

proportionality have been measured experimentally • The 

value of the constant used in the original calculations was that 

of R. R. Wilson. He measured the constant for aluminum and found 

a value 

I = Zxl1.5ev. (6) 

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

th . 11 b E J W' . 12 d' 17 5 d 44 . eoret~ca y y • • l.lliams ,yiel. l.ng. 0 ev. an ev. 

respectively. 

At high velocities (v ~ cJ equations (1) and (2) would 

indicate an increase in the rate of energy loss which is 
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.: .. 
logarithmic in the energy of the particle. It has been sho\m13 ,14,15,16, . ' 
however, that at these velocities the effect of the densj.ty of the 

material must be taken into account. For dense materials, the 

polarization of the material due to its dielectric constant decreases 

the ef.fectiveness of the electric force and thus decreases the rate 

of energy loss. However, this effect is not L~portant for the 

energies considered here. 

Some work has been done on the passage of particles through 

mixtures and compounds. Such -calculations are particularly useful 

in two fields. The use of photographic plates often requires 

kno~rledge of particle ranges, etc. The second field of application 

is in the use of hydrocarbons for the study of nuclear effects· on 

hydrogen by the method of differences. 

In making these calculations it was assumed that the 

stopping power of an atom was unaltered by the proximity of other 

atoms or by the atom being bound in a molecule. Thus, the stopping 

power of the material becomes the sum of the stopping powers of 

its constttuents. 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 shifts in the levels should be small com-

pared to the, energies of the atomic levels ,so the effects should 

be small. 
I~ 

, ' 
.. -!' 
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With this assumption equations (1) and (2) become 

- ~! = 4tre
4

2
z
2 2. Nj Bj 

(7) 
mv 

(8) 

where Nj is the number per unit vol1.lIlle, Zj the atomic number 

and I
j 

the mean excitation potential of atoms of kind j .. 

For some purposes of calculation it was convenient to define 

a mean atomic number and mean excitation potential by 

(9a) . 

= (9b) 

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

the 8ame~as in equations (1) and (2) but with Zmean, and Imean 

being used for Z and I. Where shell corrections were 

required, 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 rate 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 pa.rticle of kinetic energy, E, 'is 

E 

R(E) - 5~ 
-1 

( -dE) dE 
d.x 

(10) 

'Since the particles with which these calculations are 

concerned lose their energy in a large .. number of small steps, 

the distance traversed for a given energy loss fluctuates about 
.---/' . 

a mean value. Similarly the energy loss for a given.distance 

of penetration has a spread. The differential changes in the 

variance of·these distributions have been calculated by.Bethe
6 

and take the forms 

and 

d 
dX = 

-3 
x (dE/dX) 

The quantities here are the sa..'7le as in (5) with 

(11) 

(12) 

K. ~ 4/3 . 
.J 

These relations both apply for infinitesinlal intervals. Making 
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use of the result that. the variance of the distribution of the 

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

variances, . (12) may be integrated to give the varia.nce of the 

distance distribution for a finite energy change. The relation 

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

successive intervals are not independent • 
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III. INTERPRETATION OF EXPERIHENTAL RESULTS 

In checking the calculated curves against experimental. 

data, two types of experiments can be used. One consists of 

measurements of the relative stopping power of various elements. 

The second consists of absolute range measllrements. T~e 

analysis of either type involves certain corrections which "lill 

be discussed first. 

The first consideration concerns the straggling of 

particles. In interpreting experiments, the straggling generally 

must be combined with the energy dependence of the recording 

instrument. Thus a counter has a simple energy dependence, 

giving a single count for a particle with any positive residual 

range. On 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) = 

00 

n f P(r, R) i(ZR - r) dr 
-QO 

n is the number of particles, per, R) dr is the probability 

that a particle has, in an interval (r, r + dr), the-energy 

corresponding to a residual range Rand i(R) is the response 

of the instrument to a particle of this energy. i(R) is zero for 

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

toward the source of the beam. It is assumed that in the 

interval between Rand r the particle has the average behavior. 

For a counter, i(R) = 1, R > O. Then (13) becomes 

2R 
I(R) = n S per, R) dr 

-QIO . 
This is just the number 6f particles having a positive residual 

range at the point R. At the end of the range, (14) gives the 

result 

1(0) = 

If Per, 0) is 

I(O) = 

0 

n 5 
-00 

symmetric 

!l 
2 

P(r, 0) dr 

about the end of the range, 

that is, half of the incident particles have stopped at this 

point and half have a positive residual range. 

In applying (13) to the interpretation of the range 

(15a) 

(15b) 

measurements it is necessary to determine the form of Per, R) 

and i(R) • The quantity actually measured, R*, is the range 

parallel to the incident beam. It has a distribution which 

arises from three sources. The total ranges of particles, 

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" distribution for 

this is not known. 

The third source of the R* distribution arises from 

the scattering of the particles. The value of the range 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-I(· (16a) 

~ 

where 1f!l)AV is the mean squared scattering angle at depth 

x. "For' 340 Mev protons, an approximate calculation gives 

R - R* 
R 

= 2/6400 

or about. one percent for the heaviest elements. 

The standard deviation of the straGgling, calculated 

theoretically, varies from 0.85% to 1.1%. The energy spread 
'- " 

of the beam used in the experiment also amounts to about 1%. 

In the experiments considered here, it was f:)ur.d that 

the instrUJ;lent response was proportional to This 
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neglects the decrease 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 .d.dth, which was adjusted 

to fit the data. It was believed that the asymmetric scattering 

distribution was narrow and hence should not make Per, R) very 

asymmetric. This point should be examined more critically. The 

contribution to the distribution of the initial energy spread 

was unknown. The simplest distribution was a syrrnnetric one and 

there seemed to be no particularly preferable one.· 

Using P(r, R) and i(n) as 

- ~R. - r) 
2 

P(r,R) = 1 e 2..<:: 2 

~{21F 
(l7a) 

2 
«R r)) 0< = Av 

(17b) 

i(R) = const. x R-O.46 

the value of I (R) be c·omes . 
2 

2R - (R - rL 

) 20( 2 -0.46 
I(R) .- const. x e· (2R - r) dr 

o<121f (19a) 
_00 

( R)
2 

r' -
-0.46 

I(R) = const. x e (r') dr' 

(19b) 
o 
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Introducing 0( as a unit of length,· and J.etting 

t- rl/O< . 

00 

I (x \ .. -I _ const. x J 
2 - ex + t) 

2 
e 

o 

X -. -To( L, . - P'-

dt, 

l . 

In analyzing the data, the ratio ()f 1(0) to thema.ximum value 

of rex) "1a.S used to locate the point corresponding to the 

mean energy. This ratio has been calculDted munerically and is 

equal to 0.82. Neither this number nor the sha.pe of ·the curve 

is crit:l.cally dependent on the value of the exponent in i(H) 

which is known to about three percent. A ten percent change tn 

the exponent changes r(0)/1 
max. 

by only two percent and the 

fitting of the steep part 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 power measurements first. 
:"1 . 

The stopping power per electron is (NZ) (dE/dx). It 

is conventional to define a quantity, q, which is the stopping 

power per electron for an element relative to the stopping power 

per electron of aluminum. From equations (1) and (2), for 

similar particles 

(21) 
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If the velocities are high enough that shell corrections vanish, 

q may be written explicit~y. 

.q - - in I + rin 2mv2 -. RnCl - fi) - ,B2] (22) 

-~n IAR + [Rn 2mv
2 

- Rn(l - r) -,J 

If q , I A~ and v are known, I can easily be calculated, 

1n I . [8n .2mv2 
- Rn (1 - p2) - fJ (1 - q) + qen I Ae 

(23 ) 

In the relative stopping power experiments, q is measured by 

finding the thickness, J)X
A
(,· of aluminum required for the sa.."Tle 

energy loss as a given thickness, ~ x of th e element, . sample 

Then, 

= ~ Z)sample 

~xsample 

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

an .average velocity. Since the energy losses were small compared 

to the energy and the velocity dependence of (23) small, an 

arith:'11etic mean value was satisfactory. The values of I obtained 

. by Bakker and SegrelO are given in Table I. 

The total range measurements are not as easily inter-
. 

pretable but the results for I are independent of any 

assumption about the value of I· for alumin\~. To find the 
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change in I required by a difference between theorettcal and 

experimental r~nges the following procedure was used., Let 

Rl(E) and R
2

(E) be the ranges calculated for tWO'values of 

the mean excitation potential, II' and I2 respectively. 

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

r v2 
dE [1 -' 1 J] J i\ (v) B2 (V) 

Using any of the forms for putting in the shell corrections 

1 
:::--r-<'" -B ,V) 2 . 

Fcr small values of Z en (1 2/1
1

) , this can be expanded as a 

power series. Then (25) becomes 

\ihere 

2 
me 

4'ir eL.'N 

E 

\ 
J 
o 

r= 1 

~ (E) 
y 

r.., () . (I II ,l LZ, x..r, 2i l)J 
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Using the relation (27a) and the differenc~ between the 

experirriental range and the calculated range, it is possible to 

calculate the value of I which would give the experimental 

range. The same relation can also be used to correct the cal-

culated ranges to correspond to the new value of I. The 

values of I obtained in this way from the ex:periJl'.ent:: of 

11 He.ther and Segre are giv.en in Table I. 
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IV. METHOD OF CALCULATION 

The quantities.d~sired were both the rate of energy 

lo'ss and· the. mean range of the particle as a function of its 

energy.· Since the form of the stopping ntmber B· did not 

allow any convenient explicit integration for the value :of the 

range, the reciprocals of the values of (-.dE/dx) were taKen 

and the. range found by numerical inte·gration. 

The calculations were first performed lJsint, Hilson's 

value for I, Z x 11.5 ev ,for Z ') 2, and using Hilliarns' 

values for hydrogen and helium. Using -these, the values of B 

. dE/dx and the range were calculated. The 'range was fo\)nd 

by integrating numerically. 

R(E) = 

E 

) 
E o 

I 

E is a low energy below which the calculations ,vere not 
o 

'-J 

(28 )-

attempted., The range for this energy was obtained empirically. 

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

6 
corrections were used as giv. en by Bethe • R(E) o 

determined from the experiments of R •. R. \,iilso} 

was 
1'/ 

r.t.nd 1';,,'1.:10 .... ' 

who measl.lred the relative stop~)ing pOv-Ier for particles of low 

velocities of various elements relative to air. US~JiS these 

relative nto}Yping pO"lers and the range in air ~ 
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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(E ) 
o 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 f
j

· were those given by Honl and Bethe. The values 

of .I
j 

used were the ionization potentials for the various 

shells19 • Th.ese are only a.pproximations to the correct values 

but the errors are not serious. The initial ranges, RCEo) , 

'were determined in the same way as for the light elements. The 

constants used are given in Table III. 

Having calculated the range energy relation, it became 

possible to compare the. theoretical calculation with experiment. 

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

as outlined in section three. To do this ,required calculating 

the & (E) • This could be done easily, .since B had y 

already been calculated. The integrals were again evaluated 
. 

numerically. Only &2 ,and ~3 were calculated. Using 

these, new values of the. I's were calculated, corresponding 

to the experimental ranges. This gives better values for I 

for these elements. 

In addition, one may use the relative stopping power 

experiments to determine I. These should give satisfactory 
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re·sults, since the range measurement indicated that the 'Jalue 

of I for aluminum was correct. 

Using the values of I determined from both types of . 

experiment, a curve, Figure 1, was drawn 0 f' I/I: as a f1..<ncti on 

ofZ and used to determine, new values of I for substances 

not measured in the experiments. Using the new values of 1 j 

the stopping power and range calculations were correctcd, 

For the elements for which range measurements "rere made 

this value of I was used. The range can be co:r.rected b;y the 

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

relation 

(-dE/dx) 
2 

(-dE/dx) = 
1 

For elements for which no range measurement S \lTere made, ' 

the correction is made by using (29) to correct dE/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 range given 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 far we have discussed only the calculations for 

elements. 'For the calculation of photographic emulston ranges, 

d 'ff t th d d L ~t F 1 d ~ 20 h d a ~ eren me 0 was use. au es, ower, an vuer. a 

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 Imean from the assumption of 

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

anproach was available. Using the composition of the emulsion 

as given by the manufacturer, Zmean was, calculated. The rate 

of energy loss at several energies near 10 Hev was calculated 

from the experimental data. Using the shell corrections as given 

in (4) and (5) for each element, a value of Imean was calculated. 

This value was then'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 compo~ition by an error in the calculated value of Imean' 

An analysis of the value of Imean has 'teen made, assuming 

additivity. It yielded a value of about Z x 16 ev. for the 

excitation potentials of atoms other than hydrogen. This is much 

larger than any 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 of the distribution of particles in 

space was calculated. This was done for copper and aluminum only, 

these being most frequently used. The calculation consisted 

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

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

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. 
'-I 
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V. CONCLUSION 

The rate of energy loss and the range of nrotons has 
" /''' ~ ! - / 

been calculated as a function of energy, attempting to get a 

good fit to new experimental data. It is believed that above 
-,,-F' r 

10 Mev the 'ranges are good to orie-ha,lfp~rcent. Below 10 Hev 

the range is increasingly more sensitive to errors in the 

initia:l ranges, R(~o)' The rate of .energy loss is believed 

to be good to one-half percent down to about 5 Nev. The 

values are given in Tables IV - XVu. 
I should like to express my appreciation to Professor 

R. L. Thornton and Professor E. Segre for many interesting 

discussions concerning the experimental work and especially to 

Professor Robert Serber who has been most encouraging through-

out these calculations. 
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~ . , TABLE 1. .. 

.. '. 
Element Z I/Z (Bakker & Segre) l/Z (Mather &. Segre) 

Li 3 :)..1.3 

Be 4 15.1 11+.75 

C 6 12.7 12.91 

Al 13 11.5* 11.56 
11.19 

F.e 26 9.3 

eu '. 29 9.6 10 .. 77 
10.48 
10.8J. 

Ag 47 9.1 

Sn 50 9.5 

w 74 9.4 

Pb 82 9.2 10.11 
9,67 

U q? , .- 9.6 

The abmim.;m value is taken as the referenee v2.1.ue 

.ii 
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", TABLE II. Light ·e1ements. 

.. Element Eo(Mev) . R(EQ') I(ev) Source of .I . 
H I 10:.025 em 17.5 Theory-

__ :.:I 

,-
He 1 13.03 em 44 Th~ory:;, 

>---

Li 1 2.87 mg cm-2 34.5 Relative stopping 
power .. 

Be 1 -2 2.91 mg em 59.0 Range 

C 1 2.76 mg cm-2 74.4 Range 

A1 .4 34.19 mg em-2 150 Range and re1~tive 
stopping power 

A 1 7.27 em 194 . Figure 1 

\ 

~ 

\\ 
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TABLE III 

Source 
'Oscillator strengths Ionization 'potentials 

Element 'r:> fl(E ) I(ev) of I K L !vi K L rvi .r... 
0 0 

-----------

Cu 4 46.66 mg em-2 310 Range 1.315 '8 8.86kv 1.lOkv 

Ag 4 62.60 mg cm-2 l~70 Figure I 1.221 6.135 25.5 kv 3,79kv 

Pb 4 6 -2 S1.8 mg em 811 Range 1:14· 4.72 11.7 87.6 kv 15 "~ kV 3.S5kv 
. t, ! 

i, ) 
" 

j" 
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TABLE IV: Rate of energy loss and range of prot.ons in hydrogen 

-. . ('0 '1 at 15< C., 60 mm. Hg, 1= 17.5 eVe - j 
~ 

E(Mev) . - dE Mev em 
-1. . It ,0 R em ,-I 

dx . " 

~$,':"'\, ..... --c:.._ . 1 5.8848 x,10"';2 10~.o25· "-.' 3) 2.4149 '1-,>-1'1,,\' .69.06+ 2 
5 1.57S2- lqqt.~ 1. 7410 x 10 
6 1.3543'- \ 1.\ ~ <-'3. 

.'; 2.4270 
8 - \ 1.09,(,.. . 4.1076 1.06288 _ 3 ~ ~', ,/1 $ 1- Ie 

10 J 8.S024 x 10 . -.- 6.1~55k 
12 7 5440 - ~.\ 1 :1 'i,. 8.6480 3 • ~ 10~-2--t, ~\ 14 6.6211_ G, 1-"-}'( /; 1.1485 X 10 
16 5.9136_ 5';'3.3 1.4687 C1 
lS 5.3530_ y, 1-~1 1.8246 
20 4.8972 <' 2.215tV ..... <g 
30. 3.4823- 4·';'6776·V3

, . .., 

f\~ ~W '2.1408 1~94161 4 .)( 

'" 50 . 2.2813 1'..1961 X 10 ~~~ 60 1.9676 1.6697 ~ 
·r 70 1. 7391 2.2115 'C.) 

80 1.5650 2.8188 

'" 90 1.4279 3.4$86 
100 1.3170 4.2186\ 
150 9.7692 X 10-4 8.6958 5 
200 S.0240 1.4386 X 10 
250 6.9626 2.1104 
300 6.2513 2.8704-
350 5.7431 3.7065 .", 400 5.3635 4 • 608'6-<7 . 
450 5.0703~ 5.5683 '.' r' , (' 

500 4.8380 6.5787 \ L 
,,'f;"J 11\" 600 4.4959 8.7275 6 1\, 

700 4.2591 1.1016 X 10 ~ -800 4.0884 1.3415 'i." ~ 

900 3.9613 1.5901 t, '~ 

I t'--. 
.1000 3.S647 1.8458 
2000 3.5436 4.5892 \i 
3000 3.5362 7.4209 7 
4000 3.5e26 1.0232 X 10 
5000 . '3.6401 1.3001 
6000 3.6977 1.5727 
7000 3.7525 1.8411 
8000 3.8036 2.1058 

, 9000 3.S511 2.3670 
10,000 . \,3.8953 2.6252' 
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TABLE V:· Rate of energy loss and range of protons in helium 

0 at 15 C., 760 mnl. Hg, I = 44 eVe 
.. 

E(Mev) - dE Mev em -1 R em 
dx 

,0 

1 4.7599 x 10 .... 2 1.303 x 10 
3 2.0387 8.389 2. 
5 1.3518 2.0725 x 10 
6 1.1654 . 2.8714 
8 9.2070 x 10-3 4~8174 

10 7.6614 7.210b . 'l 

12 6.5902 1.0034 x 10../ 
14 5.8010 1.327·6 
16 ·5.1938 1.6'926 
18 4.7111 2.0975 
20 4.3176 2.5414 
30 3.0899 . 5.3236 
40 2.4420 '8. 9938 4 
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 4.7154 
150 8.8366 x 10-4 9.6737 
200 7.2770 1.5955 x 105 
250 6.3268 2.3356 
300 5.6892 3.1712 
350 5.2334 4~O893 
400 4.8927 5.0787 
450 4.6296 6.1303 
500 4.4213 7.2363 
600 4.1147 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 4.9940 
3000 3.2824 8.0499 7 
4000 3.3343 1.1074 x 10 
5000 3.3946, 1.401.6 
6000 3.4539 1.6967 
7000 3.5097 1.9839 
8000 ' 3.5616 2.2666 
9000 3.6096 2.5456 

~ 10,000 3.6541 2.,8209 
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-. , 
TABLE VI: -. Rate of energy loss and range of proton!: in lithiuJIl) 

I = 34.5 ev . 
• .. 

. E(Mev) - dE Mev gm-1 em2 Rgm. em":' 2 

" 
dx 

1 258.71 
. . -~ 

2.8738 x 10,./ 
2 151.18 8.1376 2 
4 86.055 2.6379 x lO-
b 62.174 5.4049 
8 49.024 9.0563 

10 40~737 1.3553 x 10-1 
12 35.004 1.8867 
14 30.786 2.4973 
16 27.544 3.1B5h 
18 24.969 3.9490 
20 22.872 4.7869 . . 0 
30 16.338 1.0044 x 10 . 
1 ... 0 12.897 1.6990 

.+ 50 10.758 ' 2.5522 
60, 9.2929 3.5556 
70 8.2247 4.7021 
80 7.4097 5.9853 
90 6.7667 7.3994 . 

100 6'.2462 8,9392 
150 4.6469 1.8363 x 10 
200 3.8238 3,0313 
250 3.3228 1..4h01 
300 2.9866 6.031{) 
350 2.7463 7.7808 

·400 2.5668 9.f>66.5 2 
450 2.4281 l.1671 x 10-
500 2.3183 1.3780 
600 2.1566 1. 82{)2 
700 2.0449 2.3031 
80b 1.9645 2.8'025 
900 1.')048 3.3198 

1000 1.8595 3.8515 
2000 1.7126 9.539L '< 
3000 1.7136 1. 5390 x 10"' 
4000 1.7394 2.llB5 
5000 1. 7699 2.6884 
6000 1.8000 ' J .2487 
7000 ' 1.8284 3.7998 
8000 1.8548 4.3/ .... 28 ,. 90do· 1.8793 1+.8783 

10,000 1.9021 5.4072 
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;-. 
'I'ABLS VII: Rate of energy loss and range of Tlrotons in berylliUJ;I~ 

I = 59.0 ev • . 
" " 

E (Iviev) d~ -1 2 f1. gme· 
.-? 

- ~ Nev gm em CJ11 -
,< dx 

1 231.05 2.91 x 10-3 

2 137.89 8.73 ' 
4 80~267 2.853 x 10--2 
6 58.011 5.828 
8 45.950 9.732 ,_.] 

10 38.306 1.4521 x 10 " 
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 0 

30 15.562 1.0612 x 10 
40 12.318 1.7892 
56 10.295 2.h816 ' 
60 8.9066 3.7293 
70 7.8920 4. 924/:3 
80 7.1171 6.2614 
90 6.5050 7.7330 

100 6.0090 9.3342 
150 4;4822 109116 x 10 
200, 3.694S 3.1493 
250 3.2145 4.6063 
300 2.8921 A.2506 
350 2.6616 8.0561 2 
400 2.4894 1.0001 x 10 
450 2.3563 1.2068 
500 2.2509 1.4240 
600 2'.0960 1.8~5h 
700 1.9890 2.3759 
800 1.9121 2.8891 
900 1.8552 3.4204 

1000 1.8121 3.9661 
2000 1.6755 9.7898 
3000 1.6804 1.5763 x 103 
4000 1.7086 2.1667 
5000 1. 7407 2.7466 
6000 ' 1.7721 3.3159 , . 

7000 1.8015 3.8755 ' ' 

8000 ,1.8289 !+.426h 
r 9.000 1.8542 1".9693 

10,000 1.8776 5.5052 

',.. 
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:;: .... TABLE Vlll:Rate of energy loss and range ofrrotons in carbon, 

I = 74.44 eVe 
• • 

E(Mev) - dE· -1· 2 R gmt -2 
dx Mev gm em 

em 

,-' 

1 236.29 2.76 x 10-3 
2 146~94 . 8.29 2 
4 86:209 2.678 x 10-
6 , 62.533 5.442· 
8 49.644 9.058 -1 

10 41.452 1.3488 x 10 
12 35.749· 1.8699 
14 31.534 2.4669 . 
16 28.282 3.1378 
18 25.692 3.8807 
20 23.575 4.6943 . 
30 16.946 . 9.7768 
40 13.431 1.6458 x 100 

50 11.235 2.4638 
60 9.7274 . 3.4234 
70 8.6244 4.5177 
80 7.7812 5.7405 
90 7 ~1149 7~0863 

100 6.5747 8.5499 
150 4 .• 9103 1.7483 x 10 
200 4.0508 2.8777 
250 3.5265 4.2062 
300 ·3.1743 5.7046 
350 . 2.9224 7.3493 
400 2.7342 9.1205 2 
450 ~.5888 1.1002. x 10 . 
500 2.4736 1.2979 
600 2.3044 1. 7176 
700. 2.1876 2.1637 
800 2.1037 2.6303 
900 2.0417 3.ll31 . 

1000 1.9948 . 3.6089 
2000 1~8477 . 8.8938 

·3000 1.8S5? 1.4307 x 103 
4000 1-.8877 ,1.9652 
5000 1.924; 2.4899 
6000 1.9600 3.0048 
7000 1.9933 J .5107 
8000 2.0242 4.0084 
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) dE -1 2 R gm. -2 
-._ Mev gm em em ,. dx .------

1 3.45 x 10-3 
2 115.0 1.08 x 10 .... 2 
4 69.6 3.45 
6 . 51.2 6.91. -1 
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 4.228 
19 20.89 5.146 
21 19.30 6.143 -
23 17.96 7.218 
25. 16.82 8.369 
30' 14.56 

o· 1.157 x 10 
35·: 12.89 1.523 
40 11.60 1.933 
45 10.58 2.385 
50 . 9.743 2.878 
60 8.458 3.983 
70 7.516 5.240 
gO 6'~794 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 2.813 6.480 
350 2.593 8.334 2 
400 2.428 1.033 x 10 
500 2.201 1.467 
600 2.054 1.938 

.700 1.952 2.438 
. 800 1.[379 2.961 

900 1.826 3.501 
1000 1.785 . 4.055 

.. 
(Cont5.nued) 
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'i-

TABLE IX: (Continued) 

r . 
C",c' E(Mev) dE -1 -2 R gIn. em-2 

'0 - _ Mev gm. em dx . 
--------

1250 1.721 5.484 
1500' 1.688 . 6.952 
1750 1.671 8.441 
2000 1.664 9.941 
2250 1.663 1.144 x 103 
2500 1.665 . 1.295 
2750 1.670 1.445 
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 4.432 
9000 1.873 4.970 

10,000 1.898 5.501 
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. 
~ ~~. 

TABLE X: Rate of energy loss and range of protons in argon 
. 0 

760 mm~ Hg, I = 198 eVe • at 15 C., 
-< .. 

E(Mev) - dE Mev ern-1 R em ,. , dx 

1 2.6311 x 10-1 7.2727 
2 1.6984 1.2135 x 10 
4 1.0423 -2 2.7693 
6 7.7131 x 10 5.0293 
8 6~1982 7.9419 

, / 10 - 5.2195 1.1473 x 102 
12 4.5303 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 7.6924' 
40 1.7589 1.2810 x _103 
50 1.4783 _ 1.9040 
60 1.2845 2.6319 
70 1.1421 - 3.4594 
80 1.0329 4.3816 

- 90 9.4636 x 10-3 . 5.3943 
100 8.7603 6.4937 
150 6.5832 1.3175 x 104 
200 5.4525 2.1580 
250 4.7604 3.1435-
300 4.2947 4.2522 
350 3.9613 5.4667 
400 3.7120 6.7723 
450 3.5194 8.1570 
500 3.3671- 9.6105 
600 3.1433 1.2691 x 105 
700 2.9895 1.5957 
800 2.8794 1. 9369 

,-' 900 2.7984 2.2894 
1000 2.7377 2.6509 
2000 2.5578 6.4832 6 3000 2.5814 1.0383 x 10 
4000 2.6361- 1.4217 
5000 2.6945 1. 7969 

• -6000 2.7503 2.1642 
7000 2.8022 2.5244 
8000 2.8499 2.8782 

(. 

9000 2.8939 3.2264 
10,000 2.9345 3.5695 

" 
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TABLE XI: Rate of energy loss and range of protons in copper, 

I = 309.91ev. 

E(Hev) - dE Mev gm-1 em2 R gTn. -2 em 
dx ' ' 

4 1+ .6(,6 x 10 -2 

5 47.05 6.803 
6 41.27 9.078 -1 
8 -33.42 1.4499 x 10 

10 28.29 2.1031 
12 24.65 ' 2.8626 
14 21.92 3.721".8 
16 19.79 h .. 6865 
18 18.08 5. 7~,52 
20 16~67 6.8985 
22 15.49 8,14[",4 
24 14.48 9.481i. 6 
26 13.61 1,,0907 x 10 
28 12.85 -1.2h20 
30 12.19 1.4019 
35 10.82 1.K38/+ 
40 9.757 2.3259 
45 8.913 2.8628 
50 8.223 3,4474 
55 7.647 4.0785 
60 7.160 1+.7547 
65 6.741 5.4749 , 
70 6.377 6.2380 
75 6.057 7.0430 
80 5.774 7.8888 
85 5.523 8.7746 
90 5.296 9.6994 
95 5.093 1.0662 x 10 

100 4.908 1.1663 
110 4.585 1.3773 
120" 4.3'12, 1.6023 
130 4.079 1.8409 
11".0 3.877 2.0925 
150 3.701 2.3566 
160 3.545 2.6328 
170 3.407 2.9206 
180 3.284 3.2197 ., 190 3.172 3.5296 
200 3.072 3.85"00 

(Continued) 
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TABLE XI: (Continuod- Page 2 of 3) 

~ .. -2 ' 
• E(Mev) dE -1 2 R gm. ;ern . , - - Mev gIn ern 

dx " 

~ 

" 225 2.858 4.69h8 
250 2.686 5.5979 
275 2.5'45 6.551.8 
300 2.426 7.5615 
325 2.326 8.6143 
350 2.240 9.7099 2 
375 2.166 1.081 ... 5 x 10 , 
400 2.101 r.201A 
425 2.045 1.3224 
450 1.994 1.4463 
475 1.948 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 3.1186 
800 1.638 3.4215 
850 1.613 3.7294 
900 1.592 4.01 ... 14 
950 1.'575 h.3572 

1000 1.558 , 4.6764 
1100 1.533 5.3235 
1200 1.511 ... 5.9800 
1300 1.499 6 . (;'~39 
1400 1.488 7i.3134 
3.500 1.400 ?98n 
1600 1.473 8.66h7 
1700 1.469 ' 9.3ith5 ' 
18GO 1.466 . " 'x)'" f. ' ~ ",j J •• l, ;<, ,) X J. v 

1900 1.464 1.0709 
2000 1.463 . 1.1393 

, 2250 1.464 1.3102 ' 
2500 1.467 1.M30S 
2750 1.473 1.f~508 
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 

6i!1'.: 4500 1.533 2.8163 
• I) 

(Cont1!1ued ) 
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- ~ ... TABLE XI: . (Cont i"nued - Page 3. of .3) . , 

• E(Mev) -1 2 R gm. -2 .# 

- dE 1-~ev gm em .em 
dx 

~ 4750 1.542 2.9789 
5000 1.551 3.11+07 
5500 1.568 J .4613 
6000 1.584 3,7786 
6500 1.600 .1+ .0926 \ 

7000 1.616 4.4036· 
7500 1.630 h.7116 
8000· 1.644 5.0170 
8500 1.658 5.3198 
9000 . 1.671 5.6202 
9500 1.683 5.9182 

10,000 1.695 6.2142 
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"!.:, . .; 
TABLE XII:, Rate of energy loss and range of protons in silver, 

I = 470 ev. 
~, '. 

E(Mev) dE 1 2 R gm. -2 - _ Mev grn- em em 
~ dx 

4 46 .436 6.260 x 10-21 6 3,.194 1.1263 x lO-
a 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 '0 1.2610 x 10 
30 10.722 1.6150 

, 34 9.7514 2·0967 
38' a.9638 2.4350 
42 8.3106 2.8989 
46 7.7596 ' 3.3974 
50 7.2880 3.9296 
60 6.3594 5.4028 
70 5.6737 7.0711 
80 5.1454 8~9248 
90 4.7254 1.0955 x 10 

100 4.3829 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 2.6455 
160 3.179'10 2.9536 
170 3.0570 ' 3.2744 
180 2.94'14 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 
400 1.8970 1.3374 

(Continued) 
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. . 
-" 

TABLE XII: (Continued) 

.. 
E(Mev) -1 2 Rgm, -·2 . -dEM em _ lev gm em 

dx 

,> 425 1.8462 1.4710 
450 1.8014 1,6081 
475 1. 7614 107485 
500 1.7257 1.8919 
600 1.6148 2.h921 
700 1.5388 3.1274 
800 1".4847 3.7895 
900 1.h452 4.4727 

1000 1.4158 5.1721 
1200 1.3769 6.6063 
1400 1.3548 8.0718 
1600 1.3426 9.555LI 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 2.3664-
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 5.480h 
9000 . 1. 5395 6.1353 

10,000 1.5630 6.7799 
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.: ~ 

TABLE Xm:Rate of energy loss and range of protons in lead, 

,. I = 810.79'ev. 
'. 

E(Hev) - dE Mev gm 
-1 2 R gm. -2 

em em 
dx 

'1 71.435 7.90 x 10-~2 
2 51.304 2.505 x 10 
3 41.418 4.98 
4 34.923 8.1668 
6 26;940 1.4752 x 10-1 
8 22.176 2.2981 

10 19.082 3.2755 
12 16.808 ' 4.3949 
14 15.073 5.6537 
16 13.70C 7.0474 
18 ' 12.585 8.5722 
20, 11.659 0 1.0225 x 10 
22 10.877 1,2002 
24 10.206 1.3901 

" 26 9.6238 1.5921 
28 9.1136 1.8057 
30 8.6622 2.0309 
35 7.7317 2.6431 
40 7.0065 3.3234 
45 6.4252 4.0696 
50 5.9480 4.8791 
55 5.5483 5.7502 
60 5.2081 6.6809 
65 4.9148 7.6697 
70 4.6592 8.7151 
75 4.4343 9.8156 
80 4.2348 1.0970 x 10 
85 4.0566 1.2177 
90 3.8963. 1.3435 
95 3.7514 1.4743 

100 3.6198 1.6100 
110 3.3894 1.8957 
120 3.19M' 2.1998 

r 
130 3.0271 2.5216 . 140 2.8820 2.8603 
150 2.7549 3.2153 
160 2.6427 3.5861 
170 2.5428 3.9719 

" 
180 2.4534 4.3724 
190 2.3729 4.7870 

(Continued) 
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TABLE xm:: (Continued - Page 2 of 3) 

E(Hev) dE -1 2 H. gm~ 
.. ? 

,1"\0"''''' 

- -_ Mev gm em ..... HI 

d.x 
............ - .. _. - .. --.--.~~.--' -~-.------. -- --_.-

- -
200 2.3001 5.2l:;1 
225 2:1450 6.31.;19 -
250 2.0197 7.5lti;0 
275 1.9166 8,8l.55 

" 300 1.830"- 1.0151 x 10'~ 
325 1.7572 1.15/;6 
350 1.6945 1.2995 
375 1.6402 1.1.495 
400 -1.5928 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 2.6lLf 5 
600 1.3613 2.9766 
650 1.3274 3.3487 
700 1.2992 "\ 3.7295 
750 1.2753 4.1180 
800 1.2551 4.5133 
850 1.2379 4.9145 
900 1.2231 5.3209 
950 1.2104 5.7319 

1000· 1.1994 6.1469 
1100 1.1818 6.9871 
1290 1.1686 7.8383 
1300 1.1588 8.6978 
i400 1.1516 9.5635 
1500 . 1.1464 1.0434 x 103 
1600 1.1428 1.1308 
1700 1.1405 1.2184 
1800 1.1392 1.3061 
1900 1.1387 1.393.9 
2000 1.1390 1.4817 

-2250 1.1417 1.7010 
2500 1.1467 1.9195 
2750 1.1531 2.1369 
3000 1.1604 _ 2.3531 
3250 1.1681 2.5678 
3500 1.1762 2.7811 
3750 1.1844 2.9929 
4000 1.1927 3.2033 

(Continued) 
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TABLE XIII: (Continued - Page 3 of 3) 

E(Hev) - dE M-1 - lev gm 
dx 

4250 1.2009 
4500 "i.2091 
4750 1.2171 
5000 1.2251 
5500 1.2405 
6000 1.2553 
6500 1.2694 
7000 1.2830 
7500 1.2959 
8000 1.3083 
8506· 1.3202 
9000 . 1.3315 
9500 1.3425 

10 j OOO 1.3529 

2 n gm. 
.--2 

em 
em 

3.4122 
3.6196 
3.8257 
4.0305 
4.4360 

. 4.8367 
5.?328 
5.6245 
6.0123 
6 .3963 
h.77()7 
7.1538 
7.5278 
7.8<)138 
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;-11 
..., , TABLE XV: Straggling of deuterons in Al, I = 150 ev. 

)-. ~ 

! 2 ~2 2 
E(Mev) (R - R ) . (mg em -) 

Av Av 

" 200 0 

180. .• 7170 x 104 

160 1.2779 

140 1.7018 

120 2.0085 

100 2.2179 

80 2.3497 

. 60 2.4234 

" 40 2.4571 

30 . 2.4643 

20 . 2 .• 4677 

10 2.4689 

6 2.4690 

4 2.4690 

If 

.1 
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". ~ .. TABLE XVI: Straggling of protons in copper, I = 333.5 eVe 

2 ( -2)2 E(Mev) (R - RAv)Av gm em . 

. ~. 400 0 

375 .1795 

.350 .3428 

325 .4898 

300 .6202 

275 07345 

250 .8327 

225 .9151.. 

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 1.1460 

4 1.11..60 
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TABLE mri Straggling of protons in copper~ I = 333.5.ev. 

E(Mev) 

400 .. 

375 

350 

325 

300 

275 

180 . 

160 . 

140 

120 

100 

60 

40 

20 

10 

4 

.1795 

.6202 

·.7345 

.8327 

.9833 

1.0274 

1.0632 

1.0911 

1.1121 

1.1270 

1.1367 

I.H24 

·1.1450 

1.1l~59 

1.11;60 
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