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CHAPTER 1
A NEW APPROACH TO THE ANALYSIS OF MEASUREMENTS OF PROTON STOPPING POWER

by Martin Leimdorfer, Claes Johansson and George W. Crawford

INTRODUCTION

A computational procedure for extracting theoretically relevant
information from measurements of the energy lost by protons in passing
through a chosen material has been developed. The measured quantities
include the initial energy of the proton, E,, the energy lost, AE =
E, - Ei by the proton in passing through an absorber of thickness X
having a density P . The energies E_ and E; are recorded as multichan-
nel pulse height distributions of charge as created in and collected
from the active region of lithium-drifted silicon detectors. The
detectors used were in each case long enough to totally absorb the
entering proton. In order that these pulse height distributions be
closely related to proton energy distiibutions, the detector. was align-
ed in the proton beam so that the protons traveled parallel to the
length of the detector. By keeping the parallel beam small in size as
compared to the cross-section of the active region, and by centering
the entrance point, the proton, whether of energy E_ (direct from the
accelerator) or E; (after passing through an absorbgr), entering the -
detector had a high probability of being totally absorbed in the
active region. See Chapter 6 Part I for a discussion of lateral leak-
age. The Bethe-Bloch equation as modified for shell and density cor-
rections (see Equation 2-29, Chapter 2, Part I) describes the instan-
taneous rate of energy loss suffered by a charged particle along the
path of migration in matter through interactions with atomic electrons.
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p = density of stopping material

chargé number of incident particle

N
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= atomic number of stopping material

atomic weight of stopping material

w P N
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= v/c, velocity of incident particle relative to velocity of light
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. .th
C, = shell correction of the i shell (ZCi = C(R))

= density corxrection at high energies

average excitation potential per electron of the stopping atom.

B M O -
il

= rest mass of electron

e = electron charge

N = Avogadro's number

e = dielectric constant of vacuum

A Monte Carlo method, described in Chapter 3, Part I, was used
to relate the actual path of migration to the thickness of the absorb-
er, giving a theoretical histrogram comparable to the experimental
histogram of energy distributions. Examples of such histograms are
given in Figure 1-1. The basic line of reasoning followed in this
method of analysis is as follows. The first step was the develop-
ment of a computational procedure which duplicated the actual experi-
ment as accurately as possible and predicted its result. By comparing
the theoretical predictions with the experimental data one can optim-
ize the values of the unknown parameters (which are used in the calcu-
lations) to produce the closest fits between experiment and theory.

Thus the basic principle of this method of extracting data from
experiment is that of adjusting parameters in a computation whicn,
under optimum conditions, would predict the outcome of an experiment.
The general form of an energy distribution of protons (proton current
density in the sense of transport theory), that have slowed down by
multiple atomic interactions in traversing a scattering sample, is a
gaussian-type curve. One obvious possibility for a criterion for good-
ness-of-fit between two such distributions, would be to establish the
average distance between corresponding points on the two curves in a
distance-squared metric (the least squares method). This would cer-
tainly be a good method if the experimental conditions were fully
predictable by the computation method. This is, however, unfortun-
ately not completely true. To sSee this compare the real and the theo-
retical conditions in figures 2 and 3, respectively. It is obvious
that the ideal method of analysis would include the detector in the
theoretical "reproduction"™ and actually predict the output of the de-
tector. One would then be justified in optimizing the mutual fit of the
two curves. At the present stage of development, this method stops
one step short of such an ideal treatment. The assumption is made
that the peak of the experimental distribution corresponds on a one-to-
one basis to the peak of the energy distribution of protons (current
density) averaged over the exit surface of the sample. The facts that
the detector-to-sample distance is large and the good resolution prop-
erties of the detector back this assumption. The correctness of this
assumption is established in a following section. It is readily real-
ized that other criteria for comparing the two distributions, such as
those based on the first moment of the distribution(mean energy) will
be more strongly dependent upon the finite and asymmetric resolution
function of the detector and hence less suitable for this purpose.
Previous workers have used comparison criteria based on the mean energy.



Such procedure will, of course, be dependent on the selection of low
energy cut-off of the experimental distribution.

Parametrization of Experimental Results

The experiments result in pulse height distributions. These
are recorded by a multichannel analyser and are thus in a histogram
form. Such a form is not the most suitable one for evaluation of
the maximum of the distribution. We therefore convert this histo-
gram into an analytical form.

The following mathematical expression is selected on the basis

of the physics of the problem.

N

(1 + ) avEv(£)1} , (1-2)
v=1

_t2

£(t) = {e

3l

. - E - Eg
o

Ea is the average energy (= most probable energy in the gaussian
approximation to the solution of the slowing-down equation)
o = measure of dispersion of the gaussian approximation as above.
o is equal to V2 times the standard deviation of that dis-
tribution
a, are unknown parameters to be determined from the experimental
data
v=1,6 2, 3 ...N
In the procedure for evaluating the parameters a,6 we first set Eg
to the middle energy of the channel with the largest number of counts.
We compute ¢ from the following approximation formula due to Rossi (1).

02 = 2rlxp (1-3)
where
x is the thickness of the scatterer (in cms)
0 = the material den51ty in g/eg? , and
r?= 2Cme’E] (1 - B2 (1-m
. 2
with
2C = 0.30058 Z/A (in cm?/g) (L-5)
and
5202
E' = 2mc? P_= (1-6}
o m?ct+ M2ch+ 2mc2(p2c2+ mch*)l/2
h
where pzcz— EZ + Mc2E (1-7)

E'p is the maximum kinetic energy loss (in MeV) suffered by a collision
of a proton of energy E (MeV) with an tunbound electron at rest.

Hy (t) is the Hermite polynomial of order v:

2 oV _+2
B, (8) = (-1ve T = (™) (1-8)

atY
ot =6 /m2’r! (1-9)
Je Hv(t)Hu(t)dt = va T2 . (

-0
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As Ho(t) = 1, equation 1-2 will always fulfill the condition

[f(at =1 (1-10)

We intend to fit an expression of the form of equation 1-2 to the
experimental histogram by a least-squares criterion applied to solve
the parameters a, rv=1,2,3... N where the appropriate value
of N will be determined on the basis of practical considerations.
We introduce our notation in figure L.
We let F; denote the number of counts between the energies E and

E;41 (corresponding to tj < t1+l) and set

SZFI = f (1-11)

" We have silently assumed that there is a (not necessarily linear)
one-to-one relation between channel boundaries and proton energy.
This is, of course, the basis of the usefulness of the detector as

a spectrometer. This problem will be scrutinized in a later section.
In order to change the range of definition of the function f(t) from
an infinite one to a finite one (in t) we set

K
% 2
B () =5 £(®) (1-12)
K being a constant determiged by the criterion
n+l1
fEx(t)dt = 1 (1-13)
t
1

K will have the meaning of the total number of counts predicted for
the interval -» < E < by the fitting function Ff*(t).
We now set t +

i+l i+l
¢; = F [ £*(t)dt = K {: £(t)dt (1-14)
Y t
By comparing equations 1-13 and 1-1% we see that
Z ¢y = F (1-15)
Our least-squares expression %eads
= - 2
s = g (F; - ¢3) (1-16)
We want to minimize S to obtain optimum values of the parameters
aj, 8geesea . We prefer equation 1-16 to one where the terms in

the sum arg weighted inversely with some power of tie estimated
error in F;. The reason is that we want the fit to be best at the
peak of the distribution and do not so much mind deviations in the
flanks.

Using equations 1-12, 1- ]3 and 1-16 we obtain

s=) I[F ? £(t)dt - F f ‘e (t)at)2 (1-17)
,=1 t

The parameters{av} are saived by mlnlmlzlng the expression § of

equation 1-16 utilizing the GAP language for automatized criterion

fulfillment (2).



The integrals in equation 1-16 may be written

b - N ) )
Je(v)at =v—l-f—£{erf(b)~erf(a)+ Ja e 5 (@ - e >n (b) ] (1-18)
~\2 L v-1 v-1
a T v=1

Using the properties of Hermite polynomials as given in (3) where
the erf functions are also defined.
It is readily seen that the equations minimizing S represent a
linear system in the variables a , a ,....a .
The fit will be exact in the sense that F = ¢&; Tor all values of
i if N = n-1, i.e. the number of parameters is equal to the num-
ber of channels minus one. The case N = n-1 may produce computation-
al instabilities and may give fluctuations in the function f(t).
Therefore, we apply the condition

N2 n-2 (1-19)
We have found it practical to use values of N ranging from U4 to 8.
In each fitting problem all these values of N are used and the best
one is selected on the basis of the criterion that the sum of the
terms (@; — Fif over the five channels nearest to the peak should
be as small as possible.
By differentiating equation 1-2, we obtain

~t2 N
dgét) =L e 2 +\)Z?vHv+1(t)]} (1-20)

using again the properties of the Hermite polynomials (see refs. (3)
and (4)). By setting df(t)/dt = 0 we may solve efuation 1-20 for
.the value of t at which the curve has its maximum. In general, the
function f£(t) may have more than one real extremum. We must there-
fore check that the root t = § that is selected is a meaningful one,
and that there is not more than one maximum in the range t;< t < t,4;.
This condition is applied bhefore an optimum value of N is selected
on the basis of the criterion cited above. The condition of equa-
tion 1-13 is generally sufficient to automatically make the unique-
ness condition fulfilled.
In order to make the value of the voot t = § independent upon the
choice of numerical value of the constant E, we iterate the fitting
procedure by exchanging for Ej (in definition of t) the peak energy

Eyp = Eg + &0 (1-21)
so many times until two subsequent values of 8§ differ by less than
1072. This iteration technique has as a result that the functions
e-t?  and f(t) will have numerically coincident maxima at t = 0 in
the last iteration.
As seen from equation 1-20 this implies that, for the converged set
of a,,the following condition will hold (to within the accuracy
dictated by the convergence criterion):

N
.Z wHysq (0) = 0 (1-22)
which may be rewritten
v+l
-1y 2 _(ﬁ_l_)__ -
Za (-1) ) 0 (1-23)

(0dd vilues of v) 2
The fitting procedure constitutes the Subprogram PARA in the ORACLE



code system performing the complete analysis. A sample result is given
in Table 1. , '
The experimental data have been manually cut eff at the high and low
energies shown. This truncation could also have been done according

to some mathematical criterion, e.g. when the counts in two subsequent
channels differ by less than the probable error in the number of
counts. This problem is, however, not crucial to the accuracy of
determination of the position of the peak.

Statistical Error in Experimental Value of Peak Energy

Having established the procedure for obtaining a value of the
most probable energy in the measured distribution, the statistical
accuracy of this quantity must be determined. It is difficult to
calculate the error analytically as the peak energy is a non-linear
function of the parameters a,,. We choose instead to apply the
principle of statistical sampling and assume that the number of
counts Fi in channel i in the measurements is normally distributed
with mean F; and variance F;(1 - F;/F). By applying well-known
computer methods for sampling of a normally distributed stochastic
variable we may produce a new set of F. whicii might have been the
outcome of a repeated experiment. We then find the maximum of this
experimental analogue. In the parametrization we use the value
of N, found to be best for the actual experiment, according to
the criterion described above equation 1-20. The resampling process
is repeated and the distribution of peak position values is analysed
with regard to its dispersion. In our computerized implementation
of this idea we resample eight times and compute the mean square devi-’
ation. The shape of the distribution of the peak position has been
studied and appears to be very near to a normal distribution as
indicated by a standard non-normality test. (5).

The Monte Carlo calculation gives rise to histograms of the
same type as those obtained experimentally. This treatment is,
of course, applicable also to the computed distributions and we
proceed in exactly the same way, in fact the Monte Carlo compu-
tation is always followed by an analysis of the peak position and
of its statistical error.

Test of Overall Consistency

As was pointed out in the beginning, our correlation of the
peak of the experimental distribution to the most probable energy
in the spectrum of proton current density, leaking across the exit
surface of the absorber, is not rigorously justified. We may, however,
give a proof of the correctness of this assumption in the case of
aluminum where the physical data that govern the proton transport are
known.
Let us call the parametrized form of the energy distribution measured
by the detector with no absorber fy(t) with . . E-Eo

90

Eo being known through calibration and o, /2 A, where A2 is the
mean square deviation of the experimental distribution. We may assume
that the shape of f,(f) remains unchanged for values of E, varying
slightly around its actual value. Let us now set the parametrized




version of the theoretical (Monte Carlo calculated) energy distri-

bution, for a certain thickness of aluminum, equal to

E' - E
=— MC |
G(tl), t, = 5
The folding integral
E' " Bye o p-p
g*(E) = [ g( )£ (=) aE"
; g o 0o
auk 0

thus represents the theoretical spectrum smeared by the response
function of the detecting system. If our basic assumptions are
correct, the function g% (E) should have its maximum at the same
place as the function f(E) representing the parametrized version
of the measured spectrum for the same aluminum absorber thickness.
Agreement in this case is, of course, to be considered in relation

to statistical accuracies.

1-7

(1-24)

We now go on to look for a mathematical formulation of this consis-

tency test.
Set
N
1 -
1| -t
g(E")= g(t.) = ~—-[§ 1(1+ ) b H (ti)J
1 S vy VY
E' - E
. _ MC
with tl = S and
2, 2
1 -t \ -
£ (B-E')= £_(t,) = —= [e 2(1+ J cH (tz)ﬂ
o o J 4=y WM
. _ E-E'
with t2 ==

Insertion of equations 1-25 and 1-26 into equation 1-24 gives

42 1 2 2 ]
g*(E) = [——e t1[1+ b H (t )] L. t2[1+ } cH (t ):ldE'
Jr 1\J v 1l Jr vy 2

mo v= TI'OO =1

L.et us now set

2
E -
< EMC> 2

2+ t2 = =4y
1 2 2 2
O'O‘i‘O'

giving
B2+ - (g 4% g2
(o3 [e] g

o M
(0] c 0 2

0% + o?
o

(1-25)

(1-26)

(1-27)

(1-28

(1-29)
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We insert the variable u into equation 1-27 and obtain

_(-*EMC )2

e r—————tteemremnne |}

CEEN fL o 1;11 2

g* (B)= e =eee 0 [0 Y [140) b H (A,u+B)][1+ ) ¢ H (A,u+B.)]d
AoEe e DRI LR,0Rm 050

where we have defined

Q
Ay B (1-31)
Vo 2 + o2
0
B, = (1-32)
VGOZ + g2
o(E-E__)
MC
T -3
Opc + 0O
o (E-E_ )
L= 2 MC
A (1-34)
8
We note for future use that A% + A% =1 (1-35)
It is convenient to set
E-E
MC ¢ (1~-36)
/602 + o2
We now transcribe equation 1-30
2 2. M
*(t)dt _ 1 —t? 1 -2, 1 -2 4
ia—t——-=”:e + — e f—eu[ZbH(Alu—Alt)]du+
v VT —o V7 v=1 ¥V
N
o 2
1 -t?, 1 -u?
— e f — e U z ¢ H (Azu + Alt)]du +
o Lo S pmqy WM
N N
® 1 2
1 -t?, 1 -u?
— e — e [ bH (A uA t H (A + A t)]d -
= = VZI\W A, )J[uzlcu (A + A t)]du (1-37)

The integration range in equation 1-30 has been set equal to (-~, %).
This is justified only if the parametrized distribution functions f,

and g represent meaningful extrapolations outside the range of the
histogram on which these distributions are based. In practice the areas
under the extrapolated tails of the distributions are found to be
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negligible.

This is indicated by the very good agreement, that is always found,
between the total number of actual counts F and the extrapolated
number of counts K. We now evaluate the derivative of the function
g¥(t) at t = 0. The hypothesis that we want to test is whether
(3g*/9 t)t=0 is equal to zero within the statistical accuracy of
fne guantities involved. We know that the corresponding experiment-
al distribution f(t) has its maximum at t = 0 as a result of the
fitting process.

Differentiation of equation 1-37 Wit%qrespect to t gives at £t =0

(e ] T2 s aw] e
o AIesm Layp VVTHY
N
A @ _2’ 2
—]:-f —}-eu z2ucH_(Au)]du+
/ro—e Vr pe1  WHTLT2
A o] Z'Nl N2
L ]| ]
- - e ; b H, (A.u1) E2ch_(Au)du—
/i o~ V1 ver VU . 2
A @ 2 N1 N2
2f 1 —uljz ][ :I B
= = | J2wu (Aw|ll JcH (au]|du (1-38)
Jr e o v=1 v v-1 1 i=1 U2

Equation 16.5.22 of (6) may be transformed to read (for even values
of m+n)

w12
e [T R L — BE _ yat =

)H_( )
o M /eZ + g2 B /o2 + g2

men

(~1) T g2 82)_(m+n)an8m [—T(Eigigg =

_(mfn)aan (m+n) ! Jr o=
(Eﬂbn
5 !

-1™ (@2 + 82)

M 62+ 82)'(m+n)anem/F’Hm+n(0) (1-39)

(-1)
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We use equation 1-36 to evaluate the integrals in equation 1-38

bearing in mind that Ai + Ag -1,
Nl N2 .
3&.*) - 2| Iogm, @, Ton, ©lal+ oy
@t k=0 /1 ‘v=1 %y ”*1 TpstoE =1 1
Nl N2

© 1, [* I2, l“]

If we compare equation I-%0 with equation 1223 we observe that the
derivative in equation 1-3%D will be zero whenever Aj or Ap is equal
to either 0 or 1. This corresponds to the limiting cases.

<O
All the parameters b,, and c , are known and equation 1-40 therefore
permits direct evaluation of %he derivative. Its optimum value, zero,
will, of course, not be obtained exactly in the practical case. We
therefore establish our consistency test in the following way:
Assume that the maxima of the functions g*(E) and f (E) are displaced
by an amount € and that the shape of g*(E) can be approximated by a

normal distribution in the vicinity of the peak. The approximate
shape of g*(E) is then

c~lE - B - e)?/(@2-0%))
g* (E) dE = — dE - (1-h1)
2PpE - i /STE TG
o]
or
2 2,2

g* (t) dt = _’:‘I‘.‘ e (t €/‘/G() * o ) (1_42)
appr. J Al
This means that the sign of € is chosen so that, for e > o,
ggppr.(E) has its maximum for E > Epe-
We differentiate equation 1-39 at t = 0

og* (t) 2€ L2 2 2

_Cappr.”  _ olef/tog +0n} 26/ (/T /5% ¥ 0°) (1-43)

i /i oT ¥ o7

=0
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By identifying the right hand sides of equations 1-4i and 1-43
we solve for the displacement e.

Let us now relate the deviation ¢ to the sources of error. We
obtain errors in the determination of the most probable energies
in the experimental and theoretical (Monte Carlo) distributions,
respectively. Let us set the corresponding various errors equal
to Dzexp and D?%ye , respectively (DEMC is always made to be much

less than Dzexp)- Our consigtency criterion should read
2 «¢ p2 2 ' '
€ Dexp *+ Dyc ‘ (1-44)
In practice this condition has always been very well fulfilled
2
€ ~ 0.01 (1-45)
2 + 2
D €Xp DNE

and we therefore consider the assumption discussed at the outset of
the present section proven. The calculations described are incorpor-
ated in the sub program CONSIS,
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CHANNEL NO.:

AUSTIN 2*49

E=10.61 FOR CHANNEL 231.00

COUNTS:

K
L8461
48143
48590
L7hs
5771

—'
e
-')
“e

L1

E(I

10.
10.
10.
10.
10.
10,
10.
10,
10.

IS BEST N AND GIVES EP=10.6 AND

3
b

70
75
79

TABLE 1-1:

A
27398
30184
29382
41639
10384

CHAN
227
228
229
230
231
232
233
234
235

227

DE=0.00458 MEV/CH

228 229 230 231 232 233 234 235 236
240 3180 4611 7437 11190 10453 5574 1445 138
MEAN CHANNEL IS 230.7962 TOTAL COUNTS ARE 46468
EP CHAN
10.653 231.93
10.651 231.89
10.651 231.90
10.652 231.92
10.651 231.89
.11590 - .045827 .0253
.10268 -.069153 ,0234 - ,0018512
12542 - .064615 .0297 - .0015635  .00036014
.07809 ~-.145620 .0177 - .0136820 -.00029344 -.0004337
.55408 .042399 .1863 .0120710 .01599000 .0004356 .00OM144
EXP 4 5 6 7 8 CHAN E(I 1)
2440 2192.07 2339.71 2372.33 2411.11 2440 228 10.47
3180 3377.26 3347.13 3314.17 3248.95 3180 229 10.52
4611 4582.78 4U69.56 4Lh65.39 4516.92 4611 230 10.56
7437 74565.88 7528.05 T7554.86 7539.46 7437 231 10.61
11190 11097.64 11151.22 11122.98 11096.43 11190 232 10.66
10453 10587.89 10473.88 10474.,75 10529.31 10453 233 10.70
5574 5543.15 5562.62 5286,70 5522.,50 5574 234 10.75
1445 1356.15 1460.94 1 23036 1472.81 1445 235 10.79
138 265,17 134.82 153.45 130.51 138 236 10.84
CHAN=231.93 ERROR IN EP IS .004917

Determination of Experimental Peak.
Totally Absorbing 10.61 MeV Protons in Silicon Detector.

Multichannel Histogram Obtained by

HT-T



CHAPTER 2
EVALUATION OF THE MOST PROBABLE ENERGY LOSS SUFFERED BY PROTONS PERPENDICULARLY
INCIDENT ON PLANE PARALLEL ABSORBERS.
by Martin Leimdorfer and George W. Crawford

1. Introduction

In experimental determinations of charged particle stopping power, the standard
procedure is to measure the average energy loss of a particle when trans-
versing an absorber. The path length is usually designated as the thickness

of. the absorber, x. In that case one determines the arithmetic value of the
energies of the transmitted particles after correcting for the angular devia-
tions of the particle paths.

In many cases, however, the mean value of the measured transmission spectrum
is difficult to correlate to the actual mean value of the energy distribution
of transmitted particles. This difficulty occurs when the detector response
distorts the real distribution and an unfolding procedure is likely to intro-
duce large errors in the results (e.g. due to excessive escape from the
detector; see Part I, Ch. 6). In most cases.it may, however, be possible to
use the peak value of the experimental distribution instead of the mean value
since the peak is more likely to be essentially undistorted by the detector
properties. A discussion of the latter phenomenon is given in Ch. 1. The
purpose of the present report is to show that the value of the most probable
energy loss in the experimental case is Useable as the mean energy loss
calculated from Monte Carlo proton transport code PROTOS IIT.

The average energy loss that should be the ultimate quantity to be derived
Trom an experiment is understood to be that average energy which a charged
particle loses when traveling a given path length. Since particles, pene-
trating through a plane parallel absorber foil have undergone coulomb inter-
actions with the atoms of the absorber material, the actual path length is
not a unique quantity in the experimental configuration for there is a
distribution of path lengths, with an average value slightly larger than the
foil thickness. Let us denote the desired average value of the straight-
path energy loss Eo - Eg where Ep is the energy of the incident particles.
The mean value of the variable-path energy loss is Eg - Ej. Since the
particles have, on the average, traveled further in the latter case than in
the former, the quantity E, - Ep should be positive. In section 2 we shall
derive an expression for obtalning values of the corrective quantity Eg -~ Ey.
Using the results of Eg - Ep we may then calculate Eg - Ep, where Ep is the
peak energy determined by the procedure described in the preceding chapter.

The theoratical values obtained by the methods outlines in the sections 2 and
3 represent the perturbations of' the average exit energy E, due to angular
deflection of the particle paths. In addition, the actual lengths of the
paths have a statistical distribution, straggling, which also influence the
values of Ey and Ep. It is possible, but difficult, to carry out the calcu-
lations of sections 2 and 3 with the straggling effect included. Since we
have access to Monte Carlo calculated values of the quantities in question

we may still study the effect of straggling, using the full theoretical
treatment. (See Part I, Ch. 3).
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In the deviwatdonoof:themmebbodsoolccatoudatdonddiceussddoabove, vwelhave
tacitly assumed that the continuous slowing down, multiple scattermng approx-
imation of the particle transport equation is applicable. This is almost
always done in related literature. The condition for validity of this approx-
imation is that the mass of the migrating particle be large as compared to
that of the electron. In our case, the mass of the proton was about 2000
times larger than that of the electron. In the degree of accuracy with which
the present study is being conducted, we shall have to make appropriate cor-
rections for departurew from the picture. These efforts will be covered in
section 5.

2. Analytical evaluation of Ea - Em neglecting path-length straggling.
Assume that particles of energy E_ are incident perpendicularly onto a slab

of thickness z and infinite extension. The distance S traveled by a particle
Before transmission is

s
s=] as’ and (2-1)
o)
s
7 = f dS'cosh (2-2)
o
as' being an element of pagthlength at S' where the polar angle of directidn

of the path is equal to 6,

E 1s equal to the mean energy of the particles that have traveled all
m . .
possible wavelengths 8. We may write

E, - E_ =((s-z) dB/as) (2-3)

where dE/dS is the stopping power at the exit energy. The symbol () is used
to denote mean value. Since dE/dS is essentially constant over the range of

possible energies, we may set -
-E % (8-7 2-1
E -E_ & (s-2)dB/ds (2-5)
s
=( | (1-cos0) as'yar/as (2-5)
.0
Since 6 is generally a small angle,
. s
. c 12 :
E_ - E_ = (d8/as) JO( 16° yas* (2-6)

The angle 6 has a Gaussian-like distribution with a width that increases with
8. If we agsume that the distribution is normal, we get

s

E -8 = %(dE/ds)j (6%) as’ (2-7)
0

We have applied Moliere theory (h,S) to 'a calculation of (92). Analytically

evaluated values of E - E are printed out by the PROTOS Monte Carlo program as

an auxiliary informatfon. *The details covering the calculation of Ea - Em are
given in section 6.
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3. Analytical evaluation of Ea - Ep, neglecting straggling

We shall now address ourselves to the problem of calculating the value of the
most probable energy loss of the penetrating particles in the configumation
described in the preceding section. Yang (6) has developed a theory which
applies to the present problem under the assumption that the energy of the
particle remains unchanged (during the path). Since we shall concentrate on
rather than absorbers this assumption is acceptable. Defining the variable

v =0 JSWZ\ (2-8)
S=Zy

Yang obtains a distribution for v

o V“3/2[c—l/v ) 36_9/v} v <o

Y(v) = (2-9)

T —ﬂgv/l6 v>2
I e

The maximum of the function Y(v) appears at Voax = % (to within 0.02 percent)
Consequently,

- max _ (S—Z)max _ Ea_Ep (2-10)
T2 (s-z) " E -E ~
a m

which is a universal result, rigoroudly applicable to thin absorbers and
under the other assumptions given.

k. Effect of straggling on the quantity E B

In order to be able to study the effect of including straggling in the
calculation of E -E we have compared an analytical evaluation of this
quantity (withou¥ sTraggling) and a stochiastic evaluation (with straggling).
For the sake of consistancy both calculations are based on the same energy
grid arrangement. Fig. 1 shows the result of the comparison for a case of
99.99 Mev protons incident on aluminum absorbers, of varying thickness.

We notice that the result with straggling are somewhat higher than those
without straggling. Since we are using the Monte Carlo Calculated value

of Ea—Em in the formula

E, L1 (2-11)
a m 3

this affect does not disturb the present study.
5. Corrections to the continium model, using the Vavilov theory

In the preceding derivations we have assumed, throughout, that the energy-
loss process is a continuous one. In reality, the protons interact with only
one or a few electrons at each individual collision process. The energy
calculation is influenced to some degree by this approximation. In the con-
tinuous model, the particles that have traveled a certailn (curved) pathlength
have an energy distribution which is a Gaussian function due to the validity
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of the central 1limit theorem to this theoretical process. In the exact theory,
however, this energy distribution is not symmetrical and also has its average
displaced by a small corrective energy as compared to recorresponding curve

of the continuous model. Since our calculations are intended to be very
accurate in their evaluations of the peak energy we shall attempt to take

into account this non-continuous perturbation. We have used the Vavilow
theory(7)(8) to calculate the required correction to E . It turns out that
the corrective quantity is positive and independent ofPthe absorber material,
since 1t relates only to the proton-electron interaction. We have evaluated
the correction (E_, - E ) on the approximation that the proton energy is
essentially constgnt. Fre results are in Figures 2-5 for proton energies of 50,
100, 200, and 300 Mev, respectively. The correction converges asymptotically
to a fixed value at each energy as the absorber thickness increases. The
asymptotic value can be shown to be well approximated by the formula

E_,-E =% -2t (2-12)

where m_and m_are the relativistic masses of the electron and proton,
respect%vely. Pre right harid side of the equation represents the mean energy
loss in the first proton-electron interaction.

In order to perform the calculations on which the Figures 2-5 are based we
used the values of the Vavilov distribution, given by Seltzer-andiBerger {7)
performed an interpolation to search for the maximum values of the difference
between the maximum and the average energy loss.

6. Calculation of Ea—Em (neglecting statistical fluctuations in the stopping

power )
Definitions:
Ea = mean energy of particles that have traveled a distance x (given by the
. o -1
the relation x = Ia{%g dE, where E_ is the (2-13)
o]
dE .
source energy and % the stopping power. )
E = mean energy of particles, escaping from a slab of thickness x, after
having entered at right angles to the slab surface.
(92g, = mean square of angle of the trajectory with regard to angle of

incidence, measured at the pathlength s' from the point of incidence.

Following the reasoning of Fano (9), we may write

EE_ =% %IE : I<92> o ds! " (2-1%)
a,

in the small-angle approximation. Substituting x for s in the upper limit of
the integral creates a negligib%e error as long as s and x are nearly equal.
The numerical computation of (e >s' is very complicated.
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Numerical procedure: The variable SPR is defined by
2 1 L 2
— 1 -
(SPR)" = grgzjggj-i (o >s’ ds (2-15)

integrated over an interval in s', s, obtalned by adding all entries under IS
from the top through the line at which the value of SPR is read off, and s
by adding values of DS only to the next higher positicn. We may then write

- A }; [(ser); ¢ (ms),) Z (2-16)

By
The constant, A, is evaluated by comparison with values of E —E obtained by
Monte Carlo calculatlons In these calculations, the resultlng energy distri-
butions are given in histogram form. The values of Em are computed as the
first moment of the distribution with each partial area being represented by the
point in the middle between the energy limits of the interval. Representative
values are given in Table 2-1. TFrom these results, the constant A is found
to be equal to 120 (A=120).

Thus the value of E —E may be obtained from a Monte Carlo calculation or can
be calculated from equatlon 2-16. The nearly symmetrical distribution of
energies about the mean value for the Monte Carlo calculations produces a
value for the peak energy almost that of the mean energy. Thus from the
standpoint of the Monte Carlo calculations, when one has determined the value
for E , the value for E_ has also been determined. Linear interpolation can
be used to produce resuEts for other values of pdx.

Alvminum E -E E —E E_-E
o 8 a nmnm
pdx

(gm/cm (in MeV, * 0.003)

E = 185 6 MeV
1.6848 6.327 6.34kL 0.017
3.2346 12.279  12.297 0.018
4,6602 17.87%  17.89L 0.020
5.9259 22,961 22.984 0.023

E, = 159.8 MeV
1.6848 7.010 7.024 0.01k
3.2346 13.654  13.672 0.018
4. 6602 19.968  19.993 0.025
5.9259 25.726  25.756 0.030

E = 99.9 MeV
1.6848 9.97h . 9.982 0.008
3.2346 19.935 19.949 0.01h4
4.6602 30.002  30.025 0.023
5.9259 39.962  39.99h 0.032

= 36.2 MeV

0.1350 1.70k 1.710 0.006
0.2700 3. 477 3.486 0.009
0.4055 5.329 5.342 0.013
0.5400 7.273 7.288 0.015

Table 2-1: Comparison of Linear Energy Loss, E -E a0’ with
Variable-Path Energy Loss, E —E .
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Figure 2-1: Ea-Em vs. Absorber Thickness of Aluminum. EO = 99.9 MeV.
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CHAPTER 3
CALTBRATION OF PULSEHEIGHT DISTRIBUTION IN TERMS OF PROTON ENERGY

by Arné. Bergstrom, Martin Leimdorfer,
Elton K. Helwig and George W. Crawford

The problems to be discussed in the present section are those of
establishing the conversion formula from pulseheight (voltage) to
proton energy and of assessing the accelerator beam energy and its
effective dispersion. In the present version of our procedure we
assume the stopping power as a function of energy fori:aluminum to be
known. This means that the calibration will be performed relative
to an aluminum standard. The basic data is a set of pulseheight dis-
tributions from measurements with different aluminum absorbers of
varying thickness and the pulseheight distribution taken with no
absorber in the beam. The first step is to calculate the peak posi-
tion of each histogram, following the procedure in Chapter I. The
energies E; will be exchanged for pulseheights in terms of channel
number. The dispersion (previously calculated on the basis of
physical data) is now replaced by the measure of the width of the
distribution in terms of pulseheight. o? = 2A*, where A% is the
mean square deviation of the experimental distribution from the
middle of the peak channel. All pulseheights in a single channel
are assumed to lie in the middle of the channel. By way of defini-
tion we only include in A? the largest part of the distribution which
is symmetrical in terms of distance from the peak but contains counts
in all channels. The factor of 2 is based on the Chapter I definition
of o.

As a result we can associate to each aluminum absorber j, of
thickness x., & peak pulseheight V4 with statistical error Aj,
We edine j-= 0 to be the case with no absorber and xq, Xp...Xp to
be LdL(fHQbS@b «of.increasing magnitude. Let us set the unknown
source energy equal to Ej and the likewise unknown peak energies
for the n absorbers equal to E pls E ' YERRERE Esn- These energies
should cover the entire range over Wthh the calibration is desired.
From the assumed knowledge of the proton stopping power of aluminum,
a set of functions S are defined in the following way.
Eo - EP]- = S(Eo, X]_)
EO b EP2 = S(EO, X2)

" n equations (3-1)

Eqg - Epn = S(Eg, xp)

where the S functions represent the most probable energy losses
suffered by protons of initial energy E, while traversing aluminum
absorbers of thicknesses X3 -
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Mathematical expressions for the S functions are obtained in the
following manner. A series of Monte Carlo calculations are made
involving different source energies covering the range of interest.
The PROTOS program gives transmission spectra for many different
thicknesses in one run so all thicknesses x.
the same run. An analytical function (polyniomial) is then fitted
obtained for each xs; via the
This 1s done by a least-sqliares pro-
cedure using weights equal to the inverse of the statistical error
AEp also produced by the PARA program,
the Monte Carlo results are made sufficiently small (by analysing
a sufficient number of histories) to be unnoticeable as compared

to the values of EPJ
peak analysis program PARA.

- E_ wversus E

to other errors in the calibration procedure.

Next a funetlgnal form of thg calibration function is defined
E = Bo + B1V + BoV® + ...... + ByV , which relates pulseheight, in
terms of channel w1dths9 to proton energy via the parameters Bg...
In the case of ideal linear-

obtained in the calibration procedure.

ity By will be the proton energy decrement (MeV) per channel as,
in that case Bp = Bz = ..... By = 0.

We insert the connected quantities E

Epl = Bo+BIVi+BpVi+..... +B V!
— g
Ep2 - B0+BlV2+B2V2+ eeeee +BmV2
Al
"
T
m
= 2 m
Epn = BotBiVytBoVat. .. .. +B, VT

In analogy, the equation for the source energy becomes

E=Bo+B1V +BoVi+. . ... +B, Vo

By subtracting each of the n equations 3-3 in turn from the

, Vs into equation 3-2 and
obtain the n equations (corresponding to n absorbers)

n equations

equation 3-4 a new set of egquations is obtained.
+Byy (V-V1)
m .m
+ -
Bm(VO V2)

2
Eq-Ep1=B1 (Vo-V1) +Bp (V -v% S
Eo-Epo=B1 (Vo-V;) +B; (V -V5)+....

"

Tt

1"

1t

Eo-Epn=B1 (Vo-Vp)+B (VG-VR)+....

EO—BO+B1VO+B2V5+ ,,,,, +B, V"

can be calculated on

The statistical errors of

(3-2)

(3-3)

(3-1)

(3-5)

The left hand sides of the first n of the equations 3-5 are identical
to those of equations 3-1 which are equal to the polynomial expansions

S(E03

S (Eqg,%Xpn) - By inserting these we get a system of n+l equa-
tions %or sloving the variables Eg, By, By, Bp....
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2 e

S(Eg» %1)=B1 (Vo-V1)+B, (Vo-VE)+. .. .. +B (V-
2 2

S(Egs Xp)= By (Vo-V2)+Bp (Vo-V5)+. .. .+B, (Vo-V5)

1"

1"

" (3-6)
1
= 2 ;2 M1 A7

S(EO, Xn)'Bl(Vo_Vn)+.2(Vo'vn)+ ..... +Bm(VO—Vn)

= 2 m
Eqg=B,+B1V +BoVo+.. ... +B Vg
This system of equations may be written in matrix form as
S(E)) =V B (3-7)
For the determination of the mt+l coefficients B = (B By....B)
from these n+l equations we want to give all equatlons equal welght
i.e. we divide them with the experimental standard deviations for
the right membrum. (We assume that the polynomial expansions give
the S functions in the left membrum with negligible truncation
errors.) Since the source measurement V, is much more accurate
than the absorber measurements and Vo - V; << V, the error in
the right membrum will be

. . 1

A(ZB, (W — W)) = AV.EB,VS ™" = const. AV, (3-8)

jd o 1)) Jj 31 i ;
The normalized equations will then read
S'(E)) = V' B (3-9)

where the primes designate that all elements are divided by Avi,

We now have n+l equations of equal weight from which we want

to determine the m+2 unknown parameters B _, Bl ..... Bm and E 0°
where BO,Bl, ..... occur llnearlly and Eg non-linearily as a
power series agjtaj E +a2E2+ . For this problem we shall now

give an algorlthm whleh is a generalization of the least-squares
method for the determination of linearily occuring parameters

to an algorithm where we may determine also a non-linearily
occuring parameter from a power series expansion of arbitrary
order in the parameter.

To visualize the working of the algorithm we shall, using the
model of ref. (1), represent a function f(x). by a point in an
(ntl)-dimensional function space where a coordinate i may be defined
as the value f(x;) of the function at x, T i=0, 1, ....n, and with
a metric defined by the distance measurs between two functions
f(x) and g(x)

a={2rx,) - g(xi))z}l/z (3-10)

In this picture the functions f(x) = S(E,, x) will be represented
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as a curve L(E,) and the function

il . .
T'Bj (W (x) - V)/8V(x) X # 0
gx) = ‘m . (3-11)
B,V /AV x =0
jEod OO
as a hyperplane# (B,, By,....B,} of order m+tl. The problem now con-

sists of finding the points on F(E,) and H(B) between which the len-
gth of the normal in the sense of the above metric is minimized.

One approach to solving this problem would be a linearization, as
described in (3), of the non-linear parameter dependence in S(E_, x)
by a Taylor expansion in (E, - EOO) around a guessed value Egy and
neglecting terms of second order or more. As is pointed out in ref.
(2) this is a rather hazardous method if the function is not very
simple since there may be several minima. A scanning, as described
in (2), in the non-linear parameter and simultaneous solution for
the linear parameters using the normal equations may then be the only
safe, although very tedious, way to solve the problem. In our pres-
ent problem, however, we can find a more general and much faster
algorithm by using one of the assumptions made in formulating the
problem, namely, that the term of order m+l in eqg. 1-21 may be
neglected. By including that term in our system of equations we

instead get a hyperplane E* (Bs, Bl,....Bp+2) of order m+2 corres-
pondingmgf the function
LBy (W () = W) /87 (x) x # 0
glx) = 307 | (3-12)
mile,VJ/AV x = 0
L J oo
J4=0

The new dimension in the hyperplane can be regarded as orthogonal
to the normal that we are looking for, since we have assumed that
the additional term in the calibration expansion was neglible and
thus would not reduce the length of the normal. We may now solve
the normal equations

V* S = V* v* B*

where the asterisk indicates that the term V™1 is included making
the . V*matrix of order (ntl) (m+2) and B* of order m+2. The
solution gives the B:s as functions of E_, corresponding to a curve
on the hyperplane H*(By, By,....B, 1) which the normal from the line
L (Ey) describes as E_ varies. We now solve E_ from the condition
Bo=0, selecting the solution which gives the least value of the
length of the normal. This method determines the source energy Eg,
and the calibration function, equation 3-2. Should the uncertainty
in E5, when determined by this method, exceed that which can be
obtained for the accelerator facility using any other method, an
option exists which used a fixed E5 in the S-functions and only de-
termines the Bgy:s. We must, however, also evaluate the accuracies
involved. We repeat the procedure used once before and resample
new sets of values of the pulseheights V,, Vl,gagcvn from normal
distributions with means Vs and variances (AV,)?, The new values
are then used for repeated solutions of the c#libration equations.

(3-13)



By doing this a number of times(in practice ten times) we obtain

a distribution of E, and may compute distributions of E at a set
of given points, e.g. E 3. In the same way as before we calculate
the root-mean-square deviations of these quantities and interpret
them as our statistical errors.

The uncertainty in the determination of the absorber thick-
ness should also be examined with regard to its influence on the
calibration error. To sufficiently good approximation we may set
this physical error equal to (thickness uncertainty) IBE/BSIE .

b
By adding the squares of the statistical error and the phys-
ical error we obtain an estimate of the square of the total calibra-
tion error at the points E = Epj. The condition for a linear re-
sponse is that for all values of V,

BV2+ BV3%+ 1...+B V1
2 3 -3

L= << 1 (3-14)

B+ B,V

The reason it is possible to evaluate the source energy by the method
described is that the S functions are not all proportional to the source
energy itself. If that were so, the system of equations for Eo and Bj:s
would not be solvable for E. This implies that the method of calibration
works best where the stopping power has a large and momotonic variation
with energy. If the source is known, forinstance from a magnetic deflec-
tion experiment, the calibration function can be established with this
method for any form of the stopping power variation with energy. In that
case Ep is no longer a variable and the system of equations will determine
one more parameter in the calibration function (1 = n).

The calibration method described above constitutes a part of the
ORACLE code system of experimental analysis. The subprogram is called CALIB.

An example of a calibration calculation is given in Table 3-1. The
histograms of 6 different thicknesses of aluminum absorber and the histo-
gram of the "No Absorber"” condition were analyzed to obtain peak channel,
the error in the peak defermination and the full width at half maximum,
FWHM, of the peak. On Figure 3-6 are drawn 4 of the 7 histograms used in
the example. The experimental histograms may be compared to the calculated
Monte Carlo histograms for the same aluminum absorber thicknesses assuming
a perfectly monoenergetic proton beam (see Figure 3-5). Based on the
fit for the 7 data points, the calculated value for Eg was 99.74 MeV. The
best experimental value for Ey was 99.9 MeV. The calculated values for
the mean energy of the protons leaving the absorbers, with error evalustion
are listed at the end of the table, the large deviation resulted from using
Ey - Eg instead of using Ep - Ep values in the fitting calculations.

In Table 3-2 are given the results obtained using the same dats points
of Table 3-1 where the option of using Ey - Ey values was employed.. The
values obtained are very close to the values calculated by the program
(again using Eo - En option) using a different set of data points. The final
values used as the calibration Ej's were the result of many calculations
using many combinations of data points. This proedure was repeated for each
set of experimental conditions. Having established a viable calibration of
channel number vs. mean energy, it was possible to determine mean energy
from histograms of absorbers of materials other than aluminum.
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TABLE 3-1: Aluminum Calibration, Montreal Data, 2-Degree Fit to B,

7=13 A=26.98 I=163.0

v(0)=200.60 dv=0.1000
v(1)=190.90 4dv=0.0262 RHOdx=0.8L06
v(2)=180.54 av=0.0350 RHOdx=1.6846
V(3)=169.85 dv=0.0422 RHOdx=2.5063
V(4)=161.10 dv=0.0626 RHOdx=3.2346
V(5)=140.76 dV=0.2263 RHOdx=kL.6602
V(6)=118.96 dv=0.35L45 RHOdx=5.9292
S(1)= -12.50864k + ,11534117 E, - .0003902215k EO
s(2)= -26.431078 + .24986833 By - .00084835445 |
S(3)= -42.86338L + .L25L085L4 Eq - .00148104430 E2
S(k)= -60.165183 + 62547166 B, - .002229873L5 E%
s(5)= -105.6521L +1,20746408 EO - .00Lk50636082 ES
s(6)= -172.52337 +2.18116906 Eg - .008551k2L1L  ES
= 99,743 MeV
= -.38936218 BETA = .L498996 MeV/Channel
CHAN 190.90 CALC ENERGY=94.858 dx error=.0060 STAT
CHAN=180.54 CALC ENERGY=89.796 dx error=.0063 STAT
CHAN=169.85 CALC ENERGY=84.578 dx error=.0066 STAT
CHAN=161.10 CALC ENERGY=T79.781 dx error=.0069 STAT
CHAN=140,76 CALC ENERGY=69.696 dx error=.0077 STAT
CHAN=118.96 CALC ENERGY=59.702 dx error=.,0088 STAT

RESOLUTION IS .05089

RHO=2.700 2-Degree S-Funtion ZE-est =

error=,
error=.
eryror=.
error=.
error=.
erroxr=.

0160
0168
oLTT
018k
0200
0217

rror=.
rror=,
rror=.
rror=.
rror=.

99.

- Eg.

9 MeV

01ko
0140
0158
0182
0625

TABLE 3-2: Repeat of Montreal Data Calibration, 2-Degree Fit to E, - Ey
Input data identical to that of Table 3-1.
s(1)= -10.589L439 + .076518712 Eo - .000194B096L ES
s(2)= -26.555747 + .249855341 E, - .00083708827 E@
S(3)= -41.98073k + .LOLOLG5T3 By - .00136617160 ES
S(k)= -59.871731 + .616872022 E - 00217550653 E2
s(5)= -102.32139 +1.138214891 EO - .00414993637 ES
s(6)r -166.632kh +2,059635892 E, - .0079290490L2 E2

= 99.912 MeV
Bo = -2,0927188 BETA = 50325 MeV/Channel
CHAN=190.90 CAILC E=95.042 er=,0059 STAT er=.0127 TOT e
CHAN=180.54 CAILC E=89.913 dx er=.0061 STAT er=.0126 TOT e
CHAN=169.85 CALC E=84.599 dx er=.0064 STAT er=,014L TOT e
CHAN=161.10 CAIC E=80.235 dx er=.0067 STAT er=.0169 TOT e
CHAN=140.76 CALC E=70.358 dx er=.0074 STAT er=.0621 TOT e
CHAN=118.96 CALC E=59.019 dx er=.0085 STAT er=.1654 TOT e

RESOLUTION IS .05003

TABLE 3-3: Aluminum Calibration, Montreal Data, 2- Degree Fit to Eg - En
Different Set of Data Points from Tables 1 and 2.

Eo = 99.903MeV

By = 5295190 BETA = .14938L4 MeV.Channel
‘CHAN=191.36 CALC E=95.035 dx ers.0059 STAT er=
CHAN=181.00 CALC E=89.925 dx er=.0062 STAT er=.
CHAN=170.31 CALC E=84.652 dx er=.0064 STAT er=.
CHAN=161.10 CALC E=80.109 dx er=.0067 STAT er=.
CHAN=140.76 CALC E=70.077 dx er=.0074 STAT er=
CHAN=118.96 CALC E=59.324 dx er=.0084 STAT er=.

RESOLUTION IS .0L933

. 0082
0088
01k45
0206
. 0350
0508

TOT
TOT
TOT
TOT
TOT
TOT

rror=.

errors=,
error=,
errors=,
errors.
errors=,
errors=,

1656

0101
0108
0159
0216
0358
051k
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FPIGURE 2-2: Monte Carlo Histogram of
185.6 MeV Protons After Transmission
Through Aluminum.
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FIGURE 3-2: Multichannel Spectrum of
185.6 MeV Protons After Transmission
Through Aluminum and Absorption in
a Silicon Detector.
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FIGURE 3-3: Monte Carlo Histogram of
159.8 MeV Protons After Transmission

Through Aluminum.
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FIGURE 3-4: Multichannel Spectrum of
159.8 MeV Protons After Transmigsion
Through Aluminum and Absorption in
a Silicon Detector.
Channel Width:
pdx in gm/cm@

0.50 MeV

No Absorber

pdx: 3,235

pdx: 4.660

260

I||||I|I|

270

lfllllllllll

280

I'l'llllI!II!'!II|I|II|’|III

290 300 310
CHANNEL NUMBER

Illl!'lll!l||1l1

320

330

0T-€



n
o
I}

FIGURE 3-5: Monte Carlo Histogram of
99.9 MeV Protons After Transmission
Through Aluminum. .
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FIGURE 3-6: Multichannel Spectrum of 99.9 MeV
Protons After Transmission Through Aluminum
and Absorption in & Silicon Detector. B
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FIGURE 3—7: Monte Carlo Histogram of .135
36.1 MeV Protons after Transmission ]
Through Aluminum.
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FIGURE 3-8: Multichannel Spectrum of
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25— 36.2 MeV Protons After Transmission  PdX
Through Aluminum and Absorption in  -135
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FIGURE 3-9: Multichannel Spectrum of 13.92 MeV Protons

After Transmission Through Aluminum and Absorption
in a Silicon Detector. '
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FIGURE 3-10: Multichannel Spectrum of
10.91 MeV Protons After Transmission
Through Aluminum and Absorption in a
"Silicon Detector.

Channel WidtB: 0.0458 MeV
pdx in gm/cm

30—

No Absorber

25—

20—

pdx
.01323

pdx
. 02646

10

PERCENT OF PROTONS STORED IN EACH CHANNEL

O—rrr T 1|||||||| ARBS LS SRS RN AR
205 210 215 2 o 225 2%0 235

CHANNEL NUMBER



PERCENT OF PROTONS STORED IN EACH CHANNEL

30

25—

20—

15—

10—

FIGURE 3-11: Multichannel Spectrum of
7.88 MeV Protons After Transmission
Through Aluminum and Absorption in a
Silicon Detector.
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FIGURE 3-12: Multichannel Spectrum of Protons
4Oo— 7.88 MeV From van de Graaff Accelerator Absorbed
in a Silicon Detector
Channel Width: 0.0603 MeV
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CHAPTER L
PROTON STOPPING POWER MEASUREMENTS IN SEVEN ELEMENTS
by George W. Crawford, Stephen M. Curry, Danny R. Dixon, Patrick H. Hﬁﬁt)
Phillip L. Kehler and Daniel C. Nipper

Introduction

The purpose of this research is to contribute to the information available
in the field of stopping power data, a reliable set of measurements from
which the mean ionization potential of each of seven elements can be calcu-
lated. Additional data is reported in Chapter 5 of this volume (1). The
values extracted from these data are reported in Chapter 6 (2).

A critical review of the experimental stopping power data previously avail-
able has been made by Bichsel (3). Turner (k) complements the work of
Bichsel and regards the same data from the point of view of verification

of the theory and determination of the parameters. As Turner and Bichsel
report in their papers, no data is available on any of the seven elements
reported herein covering the energy range from 30 to 265 MeV. Overlapping
data is available at energies. less than 30 MeV for aluminum and copper, and
these data are analyzed by Bichsel to represent the same values for the
mean ionization potential as reported for this work.

Design of the Experiment

It was desired to measure the energy lost, AE, by a proton of initial
energy, Eg, in passing through an absorber of thickness X having a density,
p. The measured guantities included the initial energy of the proton, the
most probable energy of the unscattered proton, Ej, after leaving the ab-
sorber and the shortest possible distance, pdx, through the absorber. The
energies Ey and E; were recorded as multichannel pulse height distributions
of charge created in and collected from the active region of lithium-drifted
silicon detectors. The detectors used were in each case large enough to
totally absorb the entering proton beam. -These detectors are described in
Volume 68-1 of this report, with a full description of the total absorption
technique given in Chapter 6 (5).

In order to obtain a single data point, 4 separate measurements were made
using two detectors of different volumes and two nearly identical absorbers.
The sequence was as follows. With detector number 1 operating at optimum
bias and alignment (5), the histogram representing By was stored in the RIDL
Nanolyzer. Absorber A was then intruded into the beam as exactly perpen-
dicular to the beam as possible by a changer apparatus without breaking the
vacuum and the histogram for 1Ep was stored. Absorber A was replaced with
absorber B and the histogram 1Ep was stored. Precision pulse generator
peaks were also stored with each proton peak. These were used to monitor
the stability of the system. The typed record of one such histogram 1s
given in Table 1, together with its companion Ey histogram. The pulse
generator peaks are found in channels 1L4k4-5, 16L-5 and 209 for both runs.
Fach histogram was analyzed using the new approach described in Chapter 1
(6). The analysis for each peak is given in Table 2. The program selects
the most probable channel number, N, and determines the error in N.
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DETECTOR G-3 BIAS 550 VOLTS: X8-1/16-662-376-ATT.IN: INPUT-1: EO=lOO MeV

Channel Number Of Counts Stored In Each Channel

Number 0 1 2 3 N 5 6 7 8 -9
140 572 596 567 610 1220 759 598 540 556 543
150 5h8 523 526 534 L6l  LB9 kol 503 L68 L6
160 L2 448  Lbhe 466 910 1192 Lol L0645k 448
170 W5 k29 k23 369  LOo6 458 397  Lo7T  Le6  398
180 Lo  hoy LSk 525 525 552 575 608 685 705
190 673 735 655 6k 643 699 793 9k9 1251 3145
200 7773 1178 1kt 111 87 74 109 68 91 1050
210 59 86 7h T4 70 8h 68 78 72 61

M*¥1-28 No Absorber

140 87 840 823 883 1699 1025 855 811 819 7hl
150 81k 784 824 791 806 803 856 894 911 939
160 952 932 1023 1100 1638 2323 1134 1104 1075 1078

170 1035 1007 950 917 938 1012 11k 1289 1684 3299
180 5483 5193 1765 L27 250 257 201 202 205 180

190 186 179 185 184 178 1k3 164 169 159 160
200 167 150 170 160 1k 154k 1kl 150 387 197k
210 139 150 128 155 157 137 139 125 132  13h

M*1-29 AL(1.6778 g/cm®) Absorber

TABLE 1. TYPICAL, MULTICHANNEL ANALYZER DATA HISTOGRAMS

Experimental Procedure

The electronic system had been carefully chosen and adjusted to give very
linear, noise-free operation under the conditions existing at Southern
Methodist University. Field trips to six different radiation facilities
were made to obtain the data covering the range from 8 through 187 MeV.
Essentially the same procedure was carried out at each laboratory. Any
travel damage was located and corrected. Next a noise-free ground con-
nection was established. As the operating conditions differed at each
place, a thorough testing of the linearity of response and the noise
level was made under the operating conditions of each laboratory. This
test was repeated at intervals during the long continuous periods of
operation. During certain periods of the early morning and early evening
power transients, it was necessary to suspend data taking until the

noise level returned to an acceptable level.

A very careful alignment of the detector in the beam was vital to the
success of the experiment. The mounting of the detector permitted both
translational and rotational motion with respect to all three axes. Fine
adjustments continued until the proton beam entered one end (at the
center of the active region of the detector) and remained in this region,
traveling parallel to the length of the detector, until totally absorbed.
This alignment produced both the maximum charge pulse and the sharpest
peak histogram at the optimum bias voltage.

A series of histograms, each with the protons totally absorbed in the
active region of the detector, were taken as a function of absorber



4-3
TABIE 2. DETERMINATION OF MOST PROBABLE CHANNEL

CHANNEL LIMITS: 196 197 198 199 200 201 202 203 204
COUNTS: 793 99 1251 3145 7773 1178 17 111

MEAN CHANNEL IS 199.3836 TOTAL COUNTS ARE 15357

K A

16463, .2hks572 21027 .okO73  .08079

16448, -.23022 .21050 -.02815 .08090 .00101

13891  -.23202 -.4OLk5  -,00762 -.12468 .00308 @ -.01L69

14023, -.42000 -.37547 -.16213 ~-.11722 .0246L  -.01423 -.00110

24700, -.38076 1.25470 -.20138 .55830 .03145 -.06379 ~.00126 ..00224
CHAN EXP I 5 6 7 8 CHAN

196. 793. 1171.53 1125.3%  W76.04 569.65  793.00 197.

197. 9Lg, 811.L40 818.60 1543.85 1417.13 949.00 198.

198. 1251. 609.90 636.72 592.70 T705.93 1251.00 199.

199. 31h5. 4150.03 4118.20 3844.85 3773.57 3145.00 200.
200. 7773, 6L17.94 6L426.63 T116.39. T7142.30 7773.00 201.
201. 1178. 2325,94 2344.87 1839.62 1870.86 1178.00 202.

202. 147, -69k. 32 -729.66 -436.17 -522.91  147.00 203,
203. 111. 66.25 73.92  606.54  740.92  111.00 20k,
PROB. CH. NO. 200. 34 200.35 200.36 200.39 zqo.ul

8 IS BEST N. AND GIVES CHAN = 200.41, ERROR IS .03 CHAN.

MONTREAL*1-28: EO= 100 MeV: NO ABSORBER

CHANNEL LIMITS: 177 178 179 180 181 182 183 184 185
 COUNTS: 1289 168k 3299 5483 5193 1765 L27 250 -

MEAN CHANNEL IS 180.524k2 TOTAL COUNTS ARE 19390

K A ,
20178. -.22346 ,12624  -.03763  .0275u4kL
20180. -.22536 .12636 -.03884  ,027560 -.00012
20430, -.22488 .16124 -.0k015 .0387hk2  -.00026 .00073
20408, -.uk855 ,16821 -.20001 .039202  -.02837 .00067 ~-.00113
CHAN EXP L 5 6 7 CHAN

177. 1289 1201.99 1206.43  1238.84 1289, 178.
178. 1684 1820.61 1817.92 1766.99 . 1684. - 179.
179. 3299 3165.06 316k.52 3198.68 3299,  180.
180. 5483 5608.22 5611.15 5589.30 5L83.  181.
181. 5193 5090. 4k 5087.13 5080.12 5193.  182.
182. 1765 1852.71 1854,51  1878.65 1765.  183.

183. Lot 369.1L4 371.02 321.07 Yo, 184,
18k, 250 281.83 277.31 316.35 250. 185,
PROB. CH. NO.:  180.90 180.90 180.90 180.92

7 IS BEST N AND GIVES CHAN = 180.92 ERROR IS .020 CHAN.

MONTREAI#*1-29 AL (1.6778 pdx) ABSORBER




TABLE 3

MEASUREMENTS FOR STOPPING POWER DETERMINATIONS
AT E_ = 159.75 (£.25) MeV

pdx Most Average

(g.cm®) Probable Error . FWHM AE Error
+, 001 Channel (Channels) (Channels) .. (MeV) . .- (MeV)
BERYLLIUM: Z =4, A=9.012, p = 1.84k
None 322,50 %, 02 2.05
1.599 308. 36 *.06 2.48 7.0k +,03
3.082 294.87 #,08 2.52 13.77 #, 04
4. 403 282,42 *.10 3.28 19.97 *,05
CARBON: Z =6, A= 12.011, p = 1.582
None 322,24 *.02
1.985 302.97 +.08 3.28 1 9.60 %, 0l
2.8L40 29k, 50 *.10 3.30 13.82 *,05
3.621 286.43 #.10 3.3k4 17.83 *.05
ALUMINUM: Z = 13, A = 26.980, p = 2.702
None 318.57 *,02 2.05
1.685 30L. 46 *, 04 3.26 7.03 +,02
3.235 291.1k4 +,06 3.29 13.67 +,03
L. 660 278.46 *,06 3.h2 19.98 *,03
5.929 266.89 +,08 3.43 25.76 %, 0b
SILICON: Z = 1k, A = 28.086, p = 2.328
None 322,50 .02 1.95
2.328 302.L40 %, 0L 2.58 10.00 #,02
3.503 292.10 *, 0k 3.24 15.15 +,02
4. 656 281.40 *,06 3.38 20.48 +,03
6.98k4 258.8L +,10 3.36 31.72 *.05
9.335 234,72 #,10 3.42 43,74 +.05
IRON: Z = 26, A = 55.847, p = 7.792
None 322.35 *,02 2.00
3.2hh 297.93 #,10 3.37 12,17 *.05
6.339 273.50 *,10 3.45 oL, 34 *,05
COPPER: Z = 29, A = 63.540, p = 8.897
None 318.55 %,02 2.10
3.781 290.98 %,05 3.28 13.73 +,03
5.423 278.31 *.10 k31 20.05 *+,05
7.102 265.03 +,20 3.32 26.62 *,10
LEAD: Z = 82, A = 207.190, p = 11.224
None 318.40 %,02 2.20
5.106 290.80 %, 06 3.26 13.74 *,03
5.205 290. 50 %, 0L 3.20 13.89 *,02

7.858 275.43 +,0h 3.27 21,56 +,02



TABLE L4

MEASUREMENTS FOR STOPPING POWER DETERMINATIONS

AT B = 99.9 (#.1) MeV

pdx, Most Average
(g/ cm®) Probable Error FWHM AR Error.
*, 001 Channel (Channels) (Channels) = (MeV). (MeV)
BERYLLIUM: Z = L4, A =9.012, p = 1.844
None. 201.20 +, 02 1.35
1.599 181.53 " *,05 2.47 10.10 %, 02
3.082 161.93 *,05 2.h7 20.16 +=, 0L
4, 403 142. 0k *+,06 2.66 30.38 %, 05
CARBON: Z =6, A= 12.011, p = 1.582
None 201.20 +,02 1.35
1.037 187.48 +,0L 2.10 7.03 +,02
1.985 174.28 +,06 2,38 13.82 +,03
2.856 160.10 *,10 2.69 20.43 %05
3.636 149.26 *,20 2.90 26.68 *,10
ATLUMINUM: Z = 13, A = 26.980, p = 2.702
None 201.21 *,02 1.25
1.685 181.78 +,08 1.98 9.97 =, 0l
3.235 162.36 *,06 2.29 19.94 *,03
L, 660 142.73 #,08 2.86 30.02 *,0L
5.929 123.30 #,10 3.52 39.99 %, 05
IRON: Z = 26, A = 55.847, p = 7.792
None 200. 40 *,02 1.55
1.666 183.05 %, 04 2.08 8.65 *,02
3.244 165.46 *,08 2.62 17.41 %+, 0h
6.304 126.62 *,10 3.54 36.78 *,05
COPPER: Z = 29, = 63.540, p = 8.897
None 201.20 %,02 1.60- o
1.97h% 181.09 #, 0L 1.88 10.00 *,02
3. 781 161.21 +,06 2.30 19.93 #+,03
5. 423 141.10 +,05 3.0h4 29.95 =,02
LEAD: Z = 82, A =207.190, p = 11.224
None 200. 24 +, 02 1.40
2.680 180.99 *,10 2.43 9.9k +,05
2.723 180.73 +, 0l 2.55 10.11 +, 02
5.205 162.00 +,08 3.02 20.08 +, 0L
7.893 140.81 +,06 3.75 31.89 #,03
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TABLE 5

MEASUREMENTS FOR STOPPING POWER DETERMINATIONS
AT E_ = 36.2 (.1) MeV

pdx Most Average
(g/cm) Probable Error FWHM AE Error
+,001 Channel (Channels) (Channels)  (MeV) (MeV)
ALUMINUM: Z = 13, A = 26.980, p = 2.702
None 243,35 +,05 2.2
0.135 232.00 .05 3.2 1. 704 *,01
0.270 220.16 - .05 4.6 3.477 .01
0. 4055 207.87 .05 5.3 5.329 .02
0.540 194.88 .10 7.8 7.273 .02
SILICON: Z = 14, A = 28.086, p = 2.328
None 243,35 *,05 2,2
0.3306 224,88 .10 5.1 L ko +,03
0.6612 182.86 .10 6.4 9.38 .03
0.9941 143.75 .20 7.2 15.10 . 05
COPPER: Z =29, A = 63.540, p = 8.897
None 243,35 *.05 2.2
0.106 236.89 .05 3.1 1.12 +,01
0.16k4 231.76 .05 3.8 1.74 .01
0.263 225,42 .05 4.3 2.84 .01
0.318 221.53 .10 b7 3. 44 .02
0.Lk2k 212,17 .10 5.1 4.68 .02
TABLE 6
MEASUREMENTS FOR STOPPING POWER DETERMINATIONS
i\ rAT Eg = 1k, (#.05) MeV
ALUMINUM: Z = 13, A = 26.980, p = 2.702
None 231.52 %+, 05 2.6
0.01323 225, 72 .05 2.8 0.349 %,01
0.01981 222,72 .05 3.2 0.529 .01
0.02646 219.81 .05 3.5 0.70L .01
SILICON: Z = 14, A = 28.086, p = 2.328
None 231.52 %,05 2.6
0.0856 189.90 .10 h.2 2.50 %=,01
0.1676 143.36 .15 6.1 5.30 .01
COPPER: - Z = 29, A = 63.540, p = 8.897
None 231.52 %,05 2.6
0.0463 21k.17 .05 2.8 1.04 .01
0.09245 196.27 .05 3.7 2.12 .01
0.1112 187.70 .10 h.1 2.63 .01
0.15k40 168.67 .10 4.6 3.78 .01



TABLE T

MEASUREMENTS FOR STOPPING POWER DETERMINATIONS
AT B, = 11. (*.05) MeV ‘

pdx Most Average )
(g/cm?) Probable Error FWHM AE Error -
*, 001 Chennel  (Channels)  (Channels) (MeV) (MeV)
ALUMINUM: Z = 13, 980, p = 2.702
None 232.32 *.05 2.2 :
0.01323 223.45 .05 2.7 0.k21 #,01
0.01981 218.92 .05 3.1 0.636 .01
0.02646 214,04 .05 3.6 0.868 .01
SILICON: = Z = 1k, .086, p = 2.328
None 232.32 *.05 2.2
0.0856 166.21 .10 4.8 3.1k +,01
0.1676 72.1 .10 9.2 7.61 .01
COPPER: Z = 29, .540, p = 8.897
None 232.32 %.05 2,2 '
0. 0463 205. 35 .05 3.9 1.281 *,01
0.092k45 176.92 .05 4.3 2.635 .01
0.1112 162.97 .05 5.4 3.294 .01
Q.15uo 127.61 .05 7.1 h.oTh 01
TABLE 8
MEASUREMENTS FOR STOPPING POWER DETERMINATIONS
AT Eg = 8. (#.05) MeV
ALUMINUM: Z = 13, A = 26.980, p = 2.702
None 23h, 7 #*,10 2.1
0.01323 218.4 .10 2.9 0.546 .01
0.01981 209.9 .10 3.k 0.831 .01
0.02646 201.0 .10 3.9 1.128 .01
SILICON: Z = 14, A = 28.086, p = 2.328
None 234, 7 *.10 2.1 o
0.0856 97.3 .10 9.5 4. 60 *,01
COPPER: Z = 29, A = 63.540, p = 8.897
None 234,17 #,10 2.1
0.0463 183.8 .10 6.1 1.704 #,01
0.09245 121.6 .10 8.3 3.788 .01
0.1112 89.0 .10 9.8 L. 880 .01
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thickness. FExamples are given in Figures 2, 4, 6, 8, 9, 10 and 11 of Chap-
ter 3 (7), for aluminum. The data taken at 187 MeV was not accurate enough
to be included. The 187 MeV data used for the stopping power measurements
is that reported in Chapter 5 (1).

A series of data involving ten different absorbers could be taken without
breaking the vacuum and entering the absorber changer. With each detector,
one data point would be taken for each thickness by loading the holder with
absorbers of the same material and increasing thickness. The second data
point would be taken with absorbers of different materials but giving the
same magnitude of AE. This was repeated with the second detector. Every
effort was made to eliminate sytemmatic errors in the data taking procedure.
This included a change of operator so that different persons took the four
data points used to obtain the average values reported in Tables 3 - 8.

Eo was determined using three different ways. First was the calibrated
value given by the laboratory group. This was checked by making a range
measurement in aluminum. Data was taken as though it were a stopping

power measurement with the aluminum absorber thickness increased until

the energy of the badly scattered beam was less than 4 MeV. The remaining
range was calculated and this was checked by inserting foils, each about
0.00662 g/cme in thickness. Using I = 163 eV, the energy was determined
using the Monte Carlo proton transport program described in SMU Report 68-2.
The usual linear transport range calculation introduced considerable error.
A third check was made using the AE/Apdx measurements. The determined
value and the accuracy with which Eo energy is known is given in the titles
of Tables 3 - 8.

The values for the average AE for each pdx as reported in Tables 3 - 8 and
in Chapter 5 (l), were used in the determination of the mean ionization
potential of the seven elements. These results are given in Chapter 6 (2).
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CHAPTER 5
STOPPING POWER MEASUREMENTS USING
A MAGNETIC SPECTROMETER

by Danny R. Dixon, Stephen M. Curry, Bo Jung and George W. Crawford

The 185 MeV protons from the synchrocyclotron of the Gustaf Werner
Institute, the University of Uppsala, Uppsala, Sweden, have been used
in a study of the energy lost by protons in traversing various metals
and plastics. Data were taken using the double two-fold coincidence
telescope system with six energy channels of the Gustaf Werner Nuclear
Physics group.

Apparatus

A schematic drawing of the experimental set-up 1s shown in Fig. 1.

The collimator inside the tank was a 10 mm thick brass piece with a
circular aperture of 20 mm diameter. Its purpose was to reduce the
geometrical cross-section of the beam. Photographic methods were used
to determine the collimator shape. Neutrons and scattered protons
produced at the collimator and in the magnetic channels inside the
cyclotron were negligible due to the large distance from the detecting
apparatus and the shields used.

The external, unpolarized proton beam of the 185 MeV synchrocyclotron
passed two focusing magnets, two bending magnets and one adjusting
magnet before striking the target. The focussing magnets consisted of
two sets of quadrapole magnets. They were both necessary to handle the
large astigmatism of the emerging beam. At optimum focusing the beam
cross-section at the entrance of the apparatus was approximately circu-
lar with a diameter of 2.5 mm.

The bending magnets defined the direction of the beam. The photographic
methods used allowed a determination of the beam position to at least

* 0.2 mm at the target 8osition and of its angular deviation from the
symmetry axis to * 0.04  (1).

The proton energies were analyzedoin the magnetic spectrometer. The
magnet has a_?ending angle of 135  and accepts protons in a solid angle
of 1.17 x 10 steradians (2). For this work, the spectrometer was
positioned at zero degrees, since only those protons exiting parallel
to the incident beam were of interest.

The incident beam was in vaccuum over the entire path of flight, until
emerging from the magnetic spectrometer.
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The magnetic field in the spectrometer was stable to about one part in
25000, corresponding to an uncertainty in the proton energy of 0.15 MeV
out of 185 MeV. Consequently, the field fluctuations of the magnetic
spectrometer did not contribute appreciably to the widths of the energy

peaks (3).

The spectrometer field was measured with nuclear magnetic resonance
equipment. The probe, containing lithium, was inserted and a field
reading made before and after each measurement of the number of counts
in the six energy channels. At the position of the probe, the field
was thus known to a very high precision. However, due to a lack of
knowledge of second order effects of the spectrometer there is assigned
an uncertainity of approximately 0.5% to absolute energy values (3).

After bending, the protons were detected in a double two~fold coinci-
dence telescope system with six energy channels. The light pulses from
the scintillators were detected by photomultipliers. The photomultiplier
pulses were fed into transistorized coincidence units and fast prescalers.
The dead time of the circuits was sufficiently small (approximately

25 nsecs) for two protons from consecutive bursts of the cyclotron to be
resolved (1). The beam intensity was reduced during the runs (to about
200 protons per second) in order to minimize pileup of the proton pulses.

Although the current in the cyclotron magnet was as stable as the spec-
trometer current, the cyclotron field, due to intermittent short circuits
in the coils, occasionally "jumped", causing energy changes in the proton
beam of 100 keV or more. This resulted in multiple-peaking, but the
effect was so obvious that the data could always be adjusted appropriately.

Experimental Procedure

The size and position of the incident beam were frequently checked by
photographing the beam using Polaroid type 57 3000 speed film. Fine

position adjustments were performed using the adjusting magnet shown

in Fig. 1.

The absorbers were mounted individually in a movable aluminum holder
attached to the cover of the scattering chamber. The holder could be
moved into the proton beam or out of the proton beam by remote control.
When the holder was in the beam, the face of the absorber was perpen-
dicular to the path of the incident protons. The beam was centered on
the face of the absorber.

The elements studied were Al, Be, C, Cu, Pe, Pb and Si. The plastics
studied were lucite, nylon, polyethylene and a tissue equivalent
plastic. Each absorber was large compared to the beam diameter of 2.5 mm.

The energy loss, A E, is defined by the equation A E = EO— E, , where

EO= the incident proton energy and Ei= the energy of the pro%ons after
passage through the absorber. EO was determined experimentally in the
following way:
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With the proton beam turned off, the absorber was inserted into the
aluminum holder. The cover was then placed on the scattering chamber,
and the vacumm pump activated.

Next, the proton beam was turned on. With the holder out of the beam,
the magnetic field strength was adjusted until scalers five and six
were recording more counts than any of the other scalers. At this
point, protons having energy slightly on the high side of the peak
were then bent enough by the magnet to reach the detectors. Protons
slightly on the low side of the pegk were bent too much to reach the
detectors.

Then the nuclear magnetic resonance probe was inserted, and the magnet-
ie frequency read from the display unit. The probe was then removed
and the scalers reset at zero.

Counts were then stored in the scalers until the data was valid statis-
tically.

The probe was reinserted into the magnetic field. If there had been

no significant change in the magnetic field strength, the number of
counts in each of the six scalers was recorded. The six numbers repre-
senting the number of counts in each of the six energy channels and the
average magnet frequency comprised one line of data.

Next the magnetic field strength was decreased until the peak had shifted
about two channels. The probe was inserted, and the magnetic frequency
determined. The probe was removed and the scalers reset to zero. Counts
were stored. The magnetic frequency was rechecked and the counts recorded.

The field strength was again decreased until the peak had shifted
another two channels. The magnetic frequency was determined, counts were
stored, and the frequency checked. Then the third line of data was recorded.

Usually three lines of data were sufficient to determine the energy
distribution of the incident protons. The incident proton energy peak
ordinarily had only a 0.25 MeV FWHM, as compared to a 0.18 MeV channel
width (approximate) for the scintillator detector system. Hence the
full spectrum could be easily recorded in any three or four of the
energy channels. Three lines of data therefore provided a very adequate
description of the incident proton energy distribution.

The next step in the experimental procedure was the determination of

E,. The proton beam did not have to be turned off in order to place

the absorber, since that process could be accomplished by remote control.
This provided greater stability in the incident energy, E , and there-
fore better accuracy. ©
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With the absorber in the beam, the procedure used for measuring E_ was
repeated. However, the presence of the absorber in the beam causéd
the energy peak to broaden. The width of the peak dictated the number
of lines of data required for adequate description. For the thicker
absorbers, as many as six lines of data were required.

As soon as enough lines of data had been recorded to adequately
describe the absorber peak, the absorber was removed from the beam
by remote control. Then E was remeasured, using the same procedure
. - o)
previously described. The second measurement of EO was necessary to
insure that the incident proton energy had not fluctuated during the
measurement of E.,. The most probable value of EO was the average of
the two measurements.

A E was then determined from AE = EO - Ei.

Data Analysis

Fach line of data was analyzed using the CDC 3600 computer at the
University of Uppsala. A program written especially for the analysis

of data taken using the magnetic spectrometer and detector system at
Uppsala was used. Knowing the NMR frequency and the number of counts
recorded in each scaler, the computer tabulated the mean energy per
channel, the channel width, the normalized number of counts per channel,
and the standard deviation in the number of counts. The program corrected
the data for the relative sensitivity of the six scintillator detectors.

As an example, the results of the computer analysis for Pb (pax =
5,1050) are shown in Table 1. DNote that channel three on every line
of data shows 0.00 counts. The number three scintillator failed to
function properly at any time during this experiment.

Figure 2 shows a plot of counts vs. energy for the data in Table 1.
Through selection of the best multiplicative factors, the separate
curves were all normalized relative to any one of the individual curves.
The normalized curves are shown in Fig. 3.

To the extent that it was possible, a smooth curve was drawn through
the various data points. The peak energy was then determined graph-
ically for the position of maximum counts. The energy spread was
determined at full width half maximum. For this example, the energy
was determined to be 173.28 + 0.05 MeV, and the spread to be 1.30 MeV.

This same procedure was used for the analysis of all the absorber

peaks, as well as the incident proton energy spectra. Table 2 shows the
computer print-out for a typical no-absorber run. Figure L4 shows a plot
of counts vs. energy for the data in Table 2, A typical normal-
ized curve is shown in Figure 5. Values for the mean
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energy loss for the materials studied are listed in Table 3. Using
these measured energy losses for the absorbers studied, the mean
ionization potential for each material has been calculated. See
Chapters 6 and 7.

We are grateful to Professor The Svedberg for his support and interest
in this experiment. It is a pleasure to acknowledge our deep debt to
Dr. Borje Larsson for his generous support in all phases of this work.
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i1y the data using their computer program.
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TABLE 5-1

Results of the Uppsala Computer Analysis for Pb ( pdx= 5.105)

Line Ch, Ch. Stand, _ _ ,

No., No., Width Energy Counts Dev, 2 Max, b Min, €
5 1. 0,1737 174.130 2982.25 54,23 3036.48 2928,02
5 2 0.1732 173.956 4760.20 68.82 4829,02 4691.38
4 1 0.1734 173.851 5652.86 - 74,66 5727.,52 5578,20
5 3 0.1727 173,783 0.00 0.00 0.00 0.00
4 2 0.1729 173.678 7028.86 83,63 7112.49 6945.23
2 1 0.1733 173.668 5822,49 75,78 5898.26 5746,71
5 4 0.1722 173.611 7289.87 85,51 7375.38 7204.36
4 3 0,1724 173,505 0.00 0,00 0.00 0.00
2 2 0.1728 173,495 6308.46 79.23 6387,69 6229.23
3 1 0.1731 173,454 5921.10 76.42 5997.52 5844.69
5 5 0.1717 173,438 8207.53 91,38 8298.90 8116.15
4 4 0.1719 173,333 8232.70 90,87 8323,57 8141.83
2 3 0.1723 173.322 0.00 0.00 0.00 0.00
3 2  0,1726 173.281 6232.84 178.75 6311.59 6154.08
5 6 0.1712 173.266 7576.42 87,00 7663,42 7489.42
-1 1 0.1728 173,198 5272.16 72.12 5246,28 5202,04
4 5 0.1715 173.161 8146.49 91,04 8237.53 8055,46
2 4 0.1718 173.150 6595.79 81,34 6677.12 6514,45
3 3 0.1721 173.108 0.00 0.00 0.00 0. 00
1 2 0,1723 173.025 4800,00 69,11 4869,11 4730.89
4 6 0.1710 172.989 6805,19 82.45 6887.65 6722,74
2 5 0,1713 172,978 5920,.65 177,61 5998.26 5843.04
3 4 0.1716 172,936 5480,44 74.14 5554,58 - 5406, 30
1 3 0,1718 172,853 0.00 0.00 0.00 0.00
2 6 0.1708 172.806 4563,44 67.52 4630,96 4495, 92
3 5 0.1711 172,765 4455.75 67.33 4523,07 4388.42
1 4 0.1713 172.681 3217.65 56,81 3274.46 3160.84
3 6 0.1706 172,593 3392.61 58,22 3450,82 3334,39
1 5 0.1709 172,510 2669.38 52,11 2721.49 2617,27
1 6 0,1704 172.339 42,48 1763.72

a

pStandard Deviation in counts

1806, 19

Maximum = Counts plus Standard Deviation
SMinimum = Counts minus Standard Deviation

1848, 67



TABLE 5-2

Results of the Uppsala Computer Analysis for a Typical Noe~Absorber Run

Line Channel Channel Standard ,

Number Number Width Energy Counts Deviation® Maximum Minimum®
3 1 0. 1850 186,436 607,50 24,48 631,97 583,02

3 2 0.1845 186. 251 67.66 8.21 75.87 59,46
-2 1 0. 1848 -+ 186.225 311. 64 17.53 329.17 294,11

3 3 0. 1840 186. 067 0.00 0.00 0.00 0.00

2 2 0, 1843 186, 040 238.81 15,41 254,22 223,39

1 1 0.1846 185,983 1001,97 31,43 1033,41 970, 54

3 4 0.1835 185, 883 4589, 77 67.85 4657, 62 4521, 92

2 3 0.1838 185, 856 . 0.00 0.00 - 0.00 0.00

1 2 0.1841 185,799 21106.47 144,92 21251,39 20961, 55

3 5 0, 1829 185, 699 35947,10 191,23 36138,33 35755, 87

2 4 0,1833 185,672 23835, 51 154,62 "23990.13 23680, 89

1 3 0.1836 185,615 0.00 0,00 0.00 6,00

3 6 0, 1824 185.516 11884.12 108.96 11993, 08 11775,16

2 5 0, 1827 185, 489 4992, 88 71,27 5064, 15 4921,61

1 4 0.1830 185.431 1360.08 36,93 1397.01 1323,15

2 6 0,1822 185.306 575,42 23,98 599,40 - 551,45

1 5 0.1825 185, 248 390, 64 19,93 - 410,58 370,71

1 6 0.1820 185, 066 247,175 15,73 263.48 232,02

a8Standard Deviation in counts
bMaximum = Counts plus Standard Deviation
CMinimum = Counts minus Standard Deviation

TT-¢
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Material

TABLE 5-3

Mean Energy Lost by 185 MeV Protons

In Traversing Various Materials

Aluminum
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Copper
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. Lead

Silicon.

Lucite (C5HgO,)

Nylon {

Polyethylene (CHé)

C1pH5505N,)

n
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(c

27Hél

ON)

ax
gm/cm?
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8.59 *.05
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CHAPTER 6

MEAN IONIZATION POTENTTAL FOR MONTE CARLO

PENETRATION OF CHARGED PARTICLES IN MATTER
by George W. Crawford

Introduction

The mean ionization potential, I, is defined as the mean value of the
minimum energy transfer in an atomic collision which produces an ionization
event. All of the atomic electrons are considered to participate in the
collision process (1). It is treated here as a property of the material
under consideration and not as a function of the kind or speed of the inci~
dent particle. I is the main parameter of the stopping power formula derived
in Chapter 2 (1) based on the work of Bohr (2,3). A survey of the modifica-
tions and calculational methods used to determine charged particle energy
degradation as a function of penetration depth in matter is given in Nuclear
Science Series Report Number 39 (k). Tables of energy losses and ranges are
given based on adjusted values of I determined from earlier stopping power
or range measurements and assuming a "straight-shead model.' This model
assumes that the incident particles lose energy by ionization losses with
the removal of atomic electrons in the target material with no subsequent
change in the incident particle direction.

This paper uses the latest form of the "straight-ahead" stopping power equa-
tion as part of a Monte Carlo nucleon transport program, PROTOS 3. This
program is reported in detail in Volume 68-2 of this report (5). The inci-
dent particle is permitted to interact with the free and bound atomic elec-
trons, to undergo small angle scattering from the electrons, to have large
angle scattering from the nucleus and to cregte nuclear reactions. As
nearly ag possible, the program attempts to duplicat the actual path of any
incident particle. As shown by Berger and Seltzer, (5), the "straight-shead"
model assumption that the path of the particle is the shortest distance from
entrance to exit in a medium can be corrected in a number of ways. PROTOS 3
corrects for this by permitting multiple scattering. It further treats each
particle penetration as an individual history, different from all others.

A Monte Carlo histogram is compiled giving the distribution of emerging
particles with respect to location, angle of emergence and energy of the
particle as it emerges. A number of histograms are given in Chapter 3 (6).
The evaluation of the most probable energy loss suffered by protons perpen-
dicularly incident on plane parallel absorbers was carried out using the
parametrization procedure derived in detail in Chapters 1 and 2 (7,8) of
this report.

Procedure

" Emerging energy histograms were calculated using PROTOS for each of the data
points reported in Chapters 4 and 5 of this report (9,10). The value for I
used for the initisl run was that reported in Science Series Report Number

39 (h), for each element. The silicon value used was that provided by
Bichsel (ll). Bichsel also provided verification that the stopping power

and shell correction program was correct. The value of I was then varied
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TABLE 1

DETERMINATTION CF MEAN TONIZATION POTENTIAL, I, OF BERYLLIUM

The Change In AE Produced

Absorber Monte Carlo By A Change In Most
Thickness Calculated pdx 4 1 E- Probable
pdx Measured I= 53‘eV of .001 .of 1 eV: of .1 MeV Value Of
+.001 AE AE A(AE)  A(AE) A(ARE) I
(g/cm?) (Mev) (MeV) (MeV)  (MeV) (MeV) _ (eV)
| E_ = 185.6 MeV
1.599 6. 35%.05 6.35 . 004 .01k .002 53.
3.082 12.543+,10 12.40 . 004 .026 . 004 51.8
4.40o3 17.89+.10  17.88 . 00k .038 . 006 52.7
E = 159.75
1.599 '7.04+,03 7.05 . 0045 .015 .002° 53.7
3.082 13.77+.04 13.79 - . 0046 .029 . 006 53.7
4. 403 19.97+.05 19.99 . 0048 .043 . 008 53.4
B, = 99.9 v .
1.599 10.10+.02 10.12 . 0065 .023: .007 53.7
3.082 20.16%, 04 20.26 .0071 . 066 .015 54,5
4,403 30, 38+.05 30.42 .0080 077 .030 53.6
TABLE 2
DETERMINATION OF MEAN IONIZATIONTPOTENTIAL, I, OF CARBON
; The Change In’AE Produced -
Absorber Monte Carlo By A Change In Most
‘Thickness Calculated pdx T ' E Probable
pdx Measured I ="T2eV of .001 of 1 eV of .1 MeV Value OFf
#.001 AE AF. A(AE) A(AE) A(AE) - I
(g/cm?) (MeV) (MeV) (MeV). (MeV) . (MeV) (ev)
E = 185.6 MeV '
1.985 8.59%.05 8.60 . 0043 ..011 . 002 2.6
2,840 12.40+.10 12.41 .00k5 J021 .003, 72.5
2.856 12,50+.14 12.49 . 0045 ~.030- .003 71.5
E_ = 159.75 MeV ‘
1.985 9.60%, 0k 9.57 . 005, .016 .002  70.8
2.840 13.82+.05 13.81 .005 "~ .02k . 005 1.7
3.621 17.83+.05 17.78 ., 005 - .031 . 006 70.6
E_ = 99.9 MeV .. " f
1.037 7.03+.02 7.03 . 007 .013 - .006 T2,
1.985 13.82+,03 13.86 .007 . 026 .009 73.5
2.856 20.43+,05 20.45 . 007 . 04kO .012 72.5
3.636 26.68+.10 26.80 . 007 . 068 .026 73.7
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TABLE 3

DETERMINATION OF MEAN IONIZATION POTENTIAL, I, OF ALUMINUM

The Change In AE Produced

Absorber " Monte Carlo By A Change In ~ Most
Thickness Calculated - pdx I Bo ~  Probable
pdx Measured I=163 eV of .00l of 1 eV of .1 MeV Value Of
 #.001 AE AE A(AE) ~ A(AE) A(AE). I
(g/cmg)_ (MeV) ‘ (MeV) 7 (MeV) (MeV ) (MeV) ~ (eV)
E = 185.6 MeV ‘ o
1.685 6.35+.15 6. 34k .0038 . 005 .002 161.8
3.235 12.26+.05 12.297 . 0039 .010 .00k 166.2
4. 660 17.92+,05 17.894 . 00L0 .015 . 006 161.3
5.929 22,97+.11 22,984 .00L1 .020 009 163.7
E, = 159.75 MeV (Range = 22.607+.001 g/cm?)
1.685 7.03%.02 7.024 .00k2 . 006 . 002 162,
3.235 13.67+.03 13.672 .00k .013 . 006 163.1
L., 660 19.98+.03 19.993 .00k6 .021 ", 008 163.6
5.929 25.76+.04 25.756 .0046 .030 .010 162.9
B, = 99.9 MeV (Range = 9.935¢.OOl.g/cm?).
1.685 9.97+.02 9.98 . 0061 .009 .008 163.9
3.235 19.94%, 03 19.95 . 0068 .019 .018 . 163.5
4,660 30. 02+, 0L 30.02 . 007k .03~ .031 . - '163.
5.929 39.99+,05 39.99 . 0084 ©.0hk l:_(,'.@h7 :.,_:163.
E = 36.2 MeV (Range = 1.645+.001 g/cm?)
.135 1., 70Lk#,01 1.710 . 0013 .0016 . .005 166.6
270 3.477+.01 3.486° .0013 .0037 © ~ .010 16h.6
. 4055 5.329+,02 5.342 . 001k . 006 .015 ©16k.5
.540 7.273+.02 7.288 <0015 .008 .020 163.8
E = 1k MeV : .
.01323  .349+.01 .3508 . 027 .0003k " .002 168,
.01981 . 529, 01 . 5287 .027 . 00051 .00k 162.
. 02646 . TOL#, 01 . 7083 .028 5.00069 . .005 168.
E = 11 MeV
.01323 Jhoix,01 Lok .032 .0QOk1 .002 170.
.01981 .636%+,01 .638 .033 . 0009 . 005 165.
. 02646 .868+,01 .860 .03k . 0011 . 006 156.
Eo = 8~MEV
.01323 . 5h6+,01 ' 545 .0h3 . 00063 . 006 161.
.01981 .831+.01 .830 . Ohly . 00098 .007 162.
.02646  1.128%.01 1.124 .0L5 . 00017 .013 160.
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TABLE L4

DETERMINATION OF MEAN IONIZATION POTENTTAL, I, OF SILICON

The Change In AE Produced

Absorber Monte Carlo - . By A Change In Most
Thickness Calculated pdx I B - Probable
pdx " Measured I=172.5eV of .00L of 1 eV of .1 MeV Value Of
+,001 AE AE A(AE) A(AE) A(AE). I
(g/cm?) (MeV) (MeV) (MeV) (MeV) (MeV) (ev)
Eo = 185.6 MeV |
0.233 0.82%.05 .81k 1.0038 .002 .002 '169.5
1.16k4 b, h6+,15 4. 485 » 0039 .00k .002 178.7
2.328 9,03+.10 9.038 .0039 .007 .003 173.6
4.656 18.37+.10 18.37k . ookl .015 . 004 172.8
B, = 159.75 MeV
2.328 10.00+.02  10.005 . O0Ll . 009 .00k 172.9
3.503 15.15%.02  15.134 . 00k6 .01L . 006 171.4
4.656 20.48+.02 20.495 . 0047 . 020 . 007 173.3
6.984 31.72+.05 31.585 . 0049 .039 .012 169.1
9.335 L3, 7h+, 05 h3f63 . 0053 . 058 .023 170.6
E, = 36.2 MeV
+3306 4. Lo, 03 4. 409 .013 . 0043 . 00k 170.
.6612 9, 38+,03 9.353 .01k .0102 . 006 169.5
.994Y  15.10+.05 15.195 .022 .0184 .081 178.
B = 1b MeV
. 0856 2.50%,01 2. 484 .031 . 0034 .017 168.
.1676 5.30%,01 5.353 . .oko 10073 .108 179.
EO = 11 MeV
. 0856 3.1h+,01 3.129 .02 .003 . 029 170.
.1676 7.61+.01 7.606 .081. .017 .1ko 170.
' E =8 Mev '

o

0856  L4.60+.01  4.669 . 083 . 0092 096 173,
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TABLE 5
DETERMINATION OF MEAN IONIZATTON POTENTIAL, I, OF COPPER

The Change In AE Produced
By A Change In

Absorber Monte Carl@ Most
Thickness Calculatéd™ pdx I E Probable
pdx Measured I=31L eV of ,001 of 1 eV of .1 MeV "Value Of
#.001 AE AE A(AE) A(AE) A(AE) I
(g/cm?) (MeV) (MeV ) (MeV) (MeV) (MeV) A (eV)
Eo = 185.6 MeV
3.781 12. hl=x, 20 12,46 .003 . 006 . 006 317.2
5.423 18.05%,20 18.02 . 0033 . 00T . 009 312.1
B = 159.75 MeV
3,781 13.73+.03 13.75 . 0037 . 006 .008 317.2
5,423 20, 05,05 20.03 .0038 . 009 .013 312.1
7.102 26,62+,10 26.6k . 00k0 .01I3 .022 315.5
= 99.9 MeV
1.974 10. 00,02 10.01 .00L6 -+ ,005 . 005 "316.
3.781 19.93%.03 19.97 . 0058 .011 .012 317. b
5.423 29,95, 02 29.95 ., 0063 .018 .023 31k,
= 36.2 MeV
.106 1.12+.01 1.121 .011 . 0007 .003 31k,
.164 1.7k, 01 1,747 .011 .0011 . 0ok 320,
.263 2,84%.01 2.835 .011 .0017 . 007 311,
.318 3, hhs, 02 3.451 .011 . 0021 .008 319.
Lhol 4, 68+,02 L, 666 .011 . 0029 L0111 309.
_ E = 1h MeV
. 0463 1.0h+,01 1.0k40 .023 . 0007 .003 31k,
. 09245 2,124 .01 2.132 .025 L0017 . 007 321.
L1132 2.63%.01 2.619 .027 . 0020 .009 309.
.1540 3. 78+.01 3.759 .030 .0031 . .01k 307.
' E, = 11 MeV _
,0k63 1.281%.01 1,27u .0286 , 0010 ,005 " 307.
. 09245 2.635+-01  2.659 ,0322 . 0023 .012 32h,
L1112 3,29k, 01 3.289 .0345 .0030 ,015 312.
.1540 L. o7k, 01 L, 958 .0372 .00k .018 310.
E = 8 MeV ‘
.0k63 1.704+,01 1. 691 .okl .0013 .019 30k,
.092k45 3.788%.01 3. 782 . 056 .00k2 .061 316.
1112 L4.880+.01 4.887 .07 . 0065 .10 313.



6-6

TABLE 6

TETERMINATION OF MEAN IONTZATION POTENTIAL, I, COF IRON

The Change In AE Produced

Absorber Monte -Carlo By A Change .In. Most
Thickness - Calculated . pdx I B . Probable
pdx Measured I = 302 eV of ,001 of 1 eV -of .1 MeV_ Value Of
+,001 © - AB AR ‘ A(AE) A(AE) A(AEY 0 I
(g/cm®) (MeV) (MeV) (MeV) (MeV) (MeV) (eV)
E = 185.6 MeV ’ '
3.217 10,80%.10 10.805 .0035 .005 .005 303.
3.24k 10.91+.10 10.91 . 0036 . 005 . 005 302.
6.304 21.63+.10 21,61 . 0036 .011 .012 300.2
" 6.339 21.79+.10 21.73 .0036 .011 .012 -296.6
E = 159.75 MeV
3.244 12.17+.05 12.12 - .0038" . 007 .008 295.
'6.339 24, 34,05 24.30 .0039 .013 .019 299.1
- B, = 99.9 MeV :
1.666 8.65+.02 8.66 .005k .005 . 00k 30k.
3.24k4 17.41+.04 17.44 . 0058 .010 .010 305.
6. 30k 36.78+.05 36.80 . 0070 .020 . - .026 303.
TABLE 7
DETERMINATION OF MEAN IONIZATION POTENTIAL, I, OF LEAD
The Change In AE Produced
Absorber Monte Carlo - By A Change In Most
Thickness Calculated pdx T ' E Probable
pdx Measured I = 840 eV of .001 of 1 eV of .1 MeV ' Value Of
+,001 AE AE A(AE) A(AE) A(AE) I
(g/cm?) (MeV) (MeV) (MeV) (MeV) (MeV) (ev)
E_ = 185.6 MeV o .
5.106 12.43+,05 12.426 - .0025 .0025 .009 838.L4
5.205 12.65%,05 12,647 . 0025 L0025 .009 838.8
7.858 19.30%.05 19.296 . 0025 .00LO .016 8h1.
7.893 19.37.05 19.381 . 0025 . 0040 .017 8L2.8
E, = 159.75 MeV: . '
5.106 13.7h+.03 13.703 . 0027 .0030 .012 - 827.5
5,205 13.89%.02 13.925 . 0028 .0031 .013 851.3
7.858 21, 56+, 02 21.555 . 0029 . 00L7 .022 839.5
E = 99.9 MeV
2.680 9.9h4%,05 9.943 .0036 .0030 . 006 8L1.
2.723 10.11%.02 10.105 .0036 .0030 . 006 838.3
5.205 20,08, 0l 20. 08k .0038 .0048 .016 840.8
7.893 31.89%.03 31.896 .0038 . 0076 . 028 8L0.8
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until the calculated AE for the given absorber and pdx was the same as that
measured. The many values of I, each duplicating a data point, are given in
seven tables, one for each element. FEach table also contains the pdx, Eo,
measured AE, value of AE calculated using the nearest whole value for I, the
experimental value for I and the effects of errors in I, Ey and pdx on the
calculated AE value. The tables are numbered 1 through 7 and arranged in
increasing values of Z, for Be, C, Al, Si, Fe, Cu and Pb.

Consider the case of the aluminum absorber having a pdx of 5.929 g/cmg (see
Table 3). The average of four measurements of AE at Eq = 185.6 MeV was

22.97 #.11 using the magnetic spectrometer. Assuming a value of T = 163.0 eV,
the Monte Carlo calculated AE was 22.984 MeV. The LINEAR calculated AE was
22,946 MeV. If the shell correction and density factors were removed from
the program, both calculated AE's were increased by 0.015 MeV. A change of

1 eV in the value of I produced a change of 0.020 in the calculated value of
AE. Thus the difference between LINEAR and MONTE CARLO transport calculations
represented a difference of 1.9 eV in the determination of I. The shell
correction represented a difference of only 0.75 eV in I.

If an error of 0.1 MeV had been made in measuring E,, then AE was in error by
0.009 MeV. The magnetic field in the spectrometer was stable to about one
part in 25000, corresponding to an uncertainty in Ej of 0.15 MeV, or an error
in AE of 0.014 and in I of .7 eV.

An error of 0.001 g/cm? in the pdx measurement causes a change of 0.0041 MeV
in the calculated AE. The material used was the purest available, 99.96 %,
and the measurements had been made with great care and precision. The many
absorbers had been checked for internal holes. Handling was done to minimize
damage. Positioning was done within 1 degree in the holder and the holder

in the beam. This is the major error in the pdx value used. Thus the error
in I caused by the pdx measurement was not greater than 0.2 eV.

The combined errors in determining T from the measured values of Egy, pdx and
AR gave a maximum uncertainty of 5 eV. The difference between Linear and
Monte Carlo determinations i1s roughly half that. The most probable value
of I to use in the Monte Carlo program is 163.7 eV, for this data point.

The average of four measurements of AE at E, = 159.75 MeV for the same set
of absorbers was 25.76 # .04 MeV, using silicon detectors to totally absorb
the protons emerging from the absorbers in the straight ahead direction as
described in Chapter 4 (9). Assuming a value of I = 163.0 eV, the Monte
Carlo calculated AE was 25.756 MeV. The LINEAR calculated AE was 25.721.
Using both programs to match the measured AE, the most probable value for
the Monte Carlo calculation of I was 162.86 as compared to the linear calcu-
lation of I = 161.7. The maximum possible error from a pdx or Fo measurement
would change I by 1.5 eV. Removal of the shell corrections and density
factors caused an increase of .04t MeV in AE. TFor the same set of absorbers,
at Bo = 99.0 MeV, the removal of the corrections gave an increase of .12 MeV
in AE. The average measured AE was 39.99 MeV. Using I = 163.0, the Monte
Carlo AE was 39.991 MeV, and the Linear AE was 39.958. The best linear I
would be 162.9.

Using LINEAR calculation technics, the data reported here would give a value
for I of 161.1 eV. The Monte Carlo average value based on the 25 average

AE meagurements at seven different energies is 163.8 eV. The greatest vari-
ation in the values for I occurred in the low energies. The standard devi=-
ation for the 25 data points is 3.7 and the probable error is 2.0 eV,



TABLE 8
MONTE CARLO STOPPING POWER, RANGE AND ENERGY 1.0SS VALUES FOR PROTONS

IN BERYLLIUM: I = 53.34 eV, Z =4, A =9.012, p = 1.844

Energy Stopping Range Range Most Probable Energy Loss
‘ Power in1lm in 5mm in 10 mm
(MeV) (MeV cn®/g)  (g/cu?) (cm) (MeV) (MeV) (MeV)
2.0 136.87541 0.008 0.00k4 2. 2 2.
3.0 101.00023 0.017 0. 009 3. 3 3.
4.0 80.83231 0.028 0.015 L, L b,
5.0 67. 79744 0.0h1 0.022 5. 5 5.
6.0 58. 62854 0.057 0.031 6. 6 6.
7.0 51.80132 0.075 0.041 7. 7 7.
8.0 46.50525 0.096 0.052 8. 8 8.
9.0 L2, 26816 0.118 0.06h4 9. 9 9.
10.0 38. 79544 0.143 0.077 10. 10. 10.
12.0 " 33.42961 0.199 0.108 g.262 12. 12.
14,0 29. L6hok 0.262 0.1k42 6.867 1h. 1h.
16.0 26.40779 0.334 0.181 5.743 16. 16.
18.0 23.97363 0.41h 0.224 5.011 18. 18.
20.0 21.98665 0.501 0.271 4. 478 20. 20.
2h.0 18.93118 0.697 0.378 3.737 2k, ok,
28.0 16.68556 0.922 0.500 3.236 28. 28.
32.0 14.96136 1.176 0.637 2.868 18.264 32.
36.0 13.59349 1.456 0.789 2.586 15.276 36.
Lo.0 12. 48031 1.763 0.956 2.361 13.387 Lo.
45.0 11. 34856 2.183 1.184 2.137 11.738 28.868
50.0 10. 42842 2.643 1.L433 1.956 10.532 24,134
55.0 9.66487 3.1hk0 1.703 1.808 9.600 21.229
60.0 9.02059 3.676 1.993 1.684 8.852 19.150
65.0 8.L6932 L. 2k7 2.303 1.579 8.234 17.552
70.0 7.99205 4. 855 2,632 1.488 7. 71k 16.269
5.0 7. 57464 5.497 2.981 1.409 7.269 15.208
80.0 7.20637 6.173 3.347 1.339 6.883 14,312
85.0 6.87895 6.882 3.732 1.277 6.545 13.541
90.0 6.58590 7.624 4.135 1.222 6.246 12.871
95.0 6.32199 8.399 k. 554 1.173 5.979 12.281
100.0 6.08303 9.204 k.991 1.128 5.740 - 11.757
110.0 5.6670k 10.907 5.91kL 1.050 5.327 10.864
120.0 5.31703 12. 727 6.902 0.985 L. 984 10.132
130.0 5.01839 14,662 7.951 0.929 L. 60k 9.518
140.0 L, 76052 16. 707 9. 060 0.881 L. Lhs 8.996
150.0 4, 53561 18.857 10.226 0.839 k, 229 8.545,
160.0 4. 33769 21.110 11.448 0.802 4,039 8.152
170.0 4.16218 23.461 12.723 0.770 3.872 7.807
180.0 4. 00547 25.908 14.050 0.741 3.723 7.500
190.0 3.86472 28. hh7 15. k427 0.715 3.590 7.266
200.0 3.73762 31.076 16.852 0.691 3.470 6.980
220.0 3.51715 36.590 19.843 0.650 3.262 6.555



TABLE 8 (Continued)
MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS

IN BERYLLIUM: I = 53.34 eV, Z =14, A =9.012, p = 1.8hk

Energy Stopping Shielding Range Most Probable Energy Loss
Power in inlmm in 5mm in 10 mm
(MeV) (MeV cm®/g)" (g/cm®) (cm) (MeV) (MeV) (MeV)
240.0 3.33260 42,429 23.009 0.616 3.089 6.202
260.0 3.17594 48.573 26.3h1 0.587 2.942 5.903
280.0 3.04137 55.004 29.828 0.562 2.816 5,648
300.0 2.92461 61.705 33.hk62 0.541 2.707 5. 427
320.0 2.822u42 68.661 37.234 0.521 2.612 5.234
340.0 2.73229 75.857 41.137 0.505 2.527 5,064
360.0 2.65226 83.280 45,162 0.490 2.453 L.o1k
380.0 2.58079 90.918 49. 30k 0.477 2.386 L, 780
400.0 2.51661 98.758 53.556 0.465 2.327 4,659
L25.0 2.44511 108.828 59.017 0.L452 2.260 4, 525
450.0 2.38184 119.179 6h.631 0.kh4o - 2.201 L, 4ot
475.0 2.32551 129.792 70.386 0.430 2.149 L, 302
500.0 2.27510 140.651 76.275 0.421 2.102 L. 208
525.0 2.22979 151. 741 82.289 0.L412 2.060 4,123
550.0 2.18888 163.0kL7 88. k20 0. Lok 2.002 L. o7
575.0 2.15180 17k.556 9L.661 0.398 1.988 3.978
600.0 2.11809 186.255 101.006 0.391 1.957 3.915
625.0 2.0873k 198.134 107.L448 0.385 1.928 3.857
650.0 2.05921 210.181 113.981 0.380 1.902 3.805
675.0 2.03341 222, 386 120.600 0.376 1.878 3.757
700.0 2.00969 234, The 127. 300 0.371 1.856 3.713
725.0 1.98784 247,238 134%.077 0.367 1.836 3.673
750.0 1.96766 259.866 140.925 0.363 1.817 3.635
775.0 1.94901 272.620 147.8L1 0.360 1.800 3.600
800.0 1.93172 285. 492 154.822 0.357 1.784 3.568
825.0 1.91568 298. 475 161.863 0.35k4 1.769 3.539
850.0 1.90077 311. 56k 168.961 0.351 1.755 3.511
875.0 1.88690 32L, 752 176.112 0.349 1.7ke 3.485
900.0 1.87397 338.03k4 183.315 0.346 1.730 3.461
925.0 1.86191 351. 405 190. 566 0. 34k 1.719 3.439
950.0 1.85065 364.859 197.863 0.3hk2 1.709 3.418
975.0 1.84013 378. 394 205.202 0.340 1.699 3.398
1000.0 1.83028 392.003 212.583 0.338 1.690 3.380
1100.0 1.79672. Lhy7.12k 242, 469 0.333 1.659 3.318
1200.0 1. 77066 503. 141 272.853 0.328 1.635 3.271
1300.0 1.75028 559.903 303.635 0.326 1.617 3.232
1400.0 1.73L28 617.255 334.737. 0.320 1,602 3.203
1500.0 1.7217h 675.079 366.095 0.320 1.591 3.180
1600.0 1.71192 733.278 397.656 0.318 1.581 3.162
1700.0 1.70431 791.773 429,377 0.315 1.573 3.148
1800.0 1.69849 850.498 L61. 224 0.315 1.568 3.135
1900.0 1.69413 909. 399 Lh93.166 0.315 1.565 3.128
2000.0 1.69099 968. 430 525.179 0.313 1.563 3.123
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Energy

(MeV)

TABLE 9

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS

ocNeoNoNoNoNoNoNoNoReoRoRoRoNoNoNoNoNoNoRoNoNoNoRoNoNoNoNoNoNoRoRoNoNoNoNoNoRoRoRoNo R

Stopping

Power

143
106
85
T1
62
5k

L9,
Lk,
L1,
35.
31.
28.
25.
23.

20

17.
16.

1k
13
12
11

=t
(@]

VIV ONONON] 3 1 OO0 O0\O \O

(MeV cm?/g)

.12657
.12961
.27849
.49788
. 03261
.9LL38
hoo62
9905k
34846
70401
52017
28621
70627
59694
. 3b73k
95h22
11388
. 65200
.46108
.24908
. 26276
.L4h365
. 75200
.15985
. 64690
.19806
.80190
k956
.13408
. 84988
. 592kT
R RIh iy

Range

(g/cm?)
.008
.016
.027
.04o
.055
.072
.091
J112
.135
.187
.2l
314
.388
.469
.652
.861
.096
.356
641
.030
456
.916
Jhia
.940
.501
.09k
.718
.373
.058
.T72
.515
.085
I
.546
.430
L4110
.48L
.649
.901
26.237
28.655
33.726

OJ~IONANNITJTFWWNHOMONOHRHRPRHFOOOOOOOODOOOOOOOO

N N b pd et
WHFEO-IUVWRHO

Range

(cm)
0.005
.010
.017
.025
.034
. 045
. 057
.071
.085
.118
.156
.198
.24s5
.296
e
. 5Ll
.693
.857
.037
.283
.552
.843
.156
.14o0

WWPOPPOHFPHFOOOOO0O000000000000

IN CARBON: I = T2.1h eV, Z =6, A= 12.011, p = 1.582

Most Probable Energy Loss

in 1 mm
(MeV)
2.

POOOPQOOQLPOOOHPEHEHPREEREFEFEEDDDDWFENNNO0 DTN Fw
o
l_l
}_l

in 5 mm

(MeV)

=
[\Y]

. =

.083
.2hh
.817
.201
.756
.683
.846
.170
.610
-137
. 731
.378
.609
<795
.550
330
.951
.634
. 366
.136
.937
.762
.607
k70
.346
.235
.0k2

in 10 mm
(MeV)

33.726
25. 498
21.777
19.328
17.525
16.116
14.97L
14.023
13.215
12.518
11.910
11.373
10.895
10.079
.408
.8L4s5
. 364
.9kg
. 587
.268
.985
.732
. 504
111

NONOVONI 1~ OO O\O
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TABLE 9 (Continued)

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS

IN CARBON: I = 72.1k eV, Z =6, A = 12.011, p = 1.582

Energy Stopping Shielding Range Most Probable Energy Loss
, Power in inlmm in 5mm in 10 mm
(MeV) (MeV cn?/g)  (g/cm®) (cm) (MeV) (MeV) (MeV)
240.0 3.62391 39.095 2k, 712 0.575 2.882 5. 784
260.0 3. 45449 L, 7h2 28.282 0.548 2.745 5.508
280.0 3. 30895 50.651 32.017 0.525 2.629 5.271
300.0 3.1826k4 56.807 35.908 0.505 2.528 5.067
320.0 3.07208 63.196 39.947 0.487 2.439 'L.888
340.0 2.97456 69.80k4 hh. 12k 0.k472 2.361 4,730
360.0 2. 88796 76.620 48,432 0.458 2.292 4,591
380.0 2.81062 83.631 52.86kL 0.h4h6 2.230 L. 466
400.0 2.7h117 90.827 57.413 0.L435 2.175 4.355
ko5, 0 2.66381 100.068 63.254 0.423 2.113 4,230
450.0 2.59534 109.565 69.257 0.Lk12 2.059 " L,121
475.0 2.53439 119.301 75.411 0.402  2.010 4,023
500.0 2.47986 129.261 81.707 0.393" 1.966 3.936
525.0 2.43084 139.430 88.135 0.385 1.927 3.857
550.0 2.38658 149.797 9k, 688 0.378 1.892 3.787
575.0 2. 34649 160. 347 101. 357 0.373 1.860 3.722
600.0 2.31003 " 171.070 108.136 . 0.367 1.832 3. 664
625.0 2.27679 181.959 115.018 0.361 1.805 3.611
650.0 2.24638 192.999 121.997 0.356 1.781 3.562
675.0 2.21850 204,183 129.066 0.352 1.759 3.518
700.0 2.19288 215.503 136.222 0.348 1.738 3.477
725.0 2.16928 226.951 143.458 0. 34k 1.719 3.439
750.0 2.147ko 238.519 150. 770 0.341 1.702 3.hok
775.0 2.12735 250.200 158.154 0.337 1.686 3.373
800.0 2.10870 261.988 165.605 0.335 1.671 3.343
825.0 2.09139 273.877 173.121 0.332 1.658 3.315
850.0 2.07531 285.862 180.696 0.329 1.645 3.290
875.0. 2.06036 297.936 188.328° 0.327 1.633 3.266
900.0 2.04643 310.095 196. 014 0.32h4 1.622 3.2hh
925.0 2.033L45 322.33L 203.751 0.322 1.611 - 3.223
950.0 2.02132 334.650 211.536 0.320 1.602 3.204
975.0 2.01000 347.036 219. 365 0.319 1.593 3.186
1000.0 1.99941 359.491  227.238 0.317 1.584 3,169
1100.0 1.96336 409.916 259,112 0.313 1.557 3.112
1200.0° 1.93544 461,164 291.507 0.307 .1.534 3.068
1300.0 1.91367 513.070 - 324.317 0.305 1.518 3.03k
1400.0 1.89666 '565. 502 357. 460 0.302 1.503 3.005
1500.0 1.88338 618.353 - 390.867 0.300 1.h92 2.984
1600.0 1.87306 671.535 Lol 48k 0.297 1.484 2.969
1700.0 1.86512 24,976 458,265 0.297 1.479 1 2.956
1800.0 1.85911 T78.616 Lig2.172 0.297 1. b7k 2.945
1900.0 1.85468 832. 407 526.174 0.294 1.471 2.94k0
2000.0 1.85157 - 886.307 560. 2kl 0.294 1.469 2.935
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Energy

TABLE 10

MONTE CARLO STOPPiNG POWER, RANGE AND ENERGY LOSS VALUES.FOR PROTONS

(MeV)

COO0O0000000000000000000000000000000000OOOO0O

Stopping
Power

(MeV cm2/g)

112. 40285
83.96190
67.96378
57.55107
49.91376
L, 46603
40.19299
36. 74388
33.89330
29, L4807
26.126L6
23.54118
21. 46654
19.73187
17.10208
15.15052
13.64088
12. 43610
11. 45084
10. bhhs8

. 62295

.93868

. 35951

.86259

.43135

.05339

. 71929

Lok

.15501

.91kks5

.69636

. 31601

.99533

.72122

485

.27709

. 09466

.93270

. 78796

.6578L

. 54024

. 33604

WWwWwwW FFEFF Uy ooy 1~ 0 O\0

Range

(g/cn®)
.011L

L0217
.0350
. 0510
L0697
. 0909
L1145
.1k0o5
.1688
.2321
.30L2
. 3848
hT737
. 5707
. 7887
.0373
. 3154
L6224
- 9573
.L1h3
.9127
L4513
. 0291
.6L52
. 2986
.9884
L7137
4739
.2682
. 0958
.9561
.T720
.7108
. 7680
17.9392
20.2201
22,6070
25.0961
27.6839
30.3671
33.1426
38.9583

o)
wEQ\OOO«]O\\n\n-'.:‘FL»I\)[\)I—'I—'I—-‘I—'OOOOOOOOOOOOOOO

]
N

Range

(cm)
. 00k
.008
.013
.018
.025
.033
.02
,052
. 062
. 085
112

<175
.211

.383
486
.600
.72k
.893
.078
277
bo1
. 719
.961
.216
L8l
. 766
. 060
. 366
. 684
.356
o7k
.835
.639
.483
.366
.288
245
.238
12.266
14,418

@OD%]O\\H\J'!-l:‘wu)u)IDI\)I\)I-—‘I—'I—-‘I—'!—'OOOOOOOOO‘OOOOOOOO‘OOO

e
F o

J1k2

.291°

IN ALUMINUM: T = 163. eV, Z = 13, A = 26.980, p = 2.702

Most Probable Energy Loss

in lmm
(MeV)

\O O3 O\ W

el
SINRS

. 068
995
.869
097
.056
- 373
879
.501
.201
.900

.660 -

62
.296
155

FHRHERERERRERERERRDDDDDDWWW U 00—
O
w
=

in 5 mm
(MeV)

20.880

in 10 mm
(MeV)

38. 647
31.683
27.840
25.162
23.123
21.493
20.1Lk6
19.008
18.029
17.176
16.423
15.153
14.119
13.258
12.528
11.900
11.354
10.875
10.450
10.071
9.731
9.145 .
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TABLE 10 (Continued)

6-13

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS

(MeV)

240.
260.
280.
300.
320.
340.
360.
380.
400.
hos5,
450.
W75,
500.
525.
550.

275
600.

625.
650.
675.
700.
725.
750.

775
800.

825.
850.
87s5.
900.
925,
950.

975.
1000.
1100.
1200.
1300.
1400.
1500.
1600.
1700.
1800.
1900.
2000.

ol eNoloRoloholeNoRoNoNojojoRoloRogolejojoRoiojopololojoloRoReooRoleNojepoleRoloReRe)

IN ALUMINUM: I=163. eV, Z = 13,

Stopping
Power
(MeV cn?/g)
3.16491
.01951
.89Lk52
. 78600
.69097
.60713
. 53267
46616
.hobL3
- 33989
.28102
.22862
L1817k
.13962
.10161
.06718
.03590
. 00739
.98133
95745
.93553
.91535
.89673
. 8795k
. 8636k
. 84890
.83522
.82252
.81070
- 79969
. 7894k
77987
.T7093
. Tk066
.TL7hO
. 699k7
.68563
. 67500
.66693

HERPHERPRPRREREERHERERREAEREREREDDDODDD0DN0 DD DD MDD DD D W

Shielding Range

(g/cn?)

45,
51.
58.
65.
2.
80.
87.
.97h
10k,
11k,
125.
136.
147.
159.
171.
183.
195.
207.
220.
232.
245,
258.
271.
285,
298.
311.
325.
339.
.815
366.
380.
39k.
408.
465,
523.
581.
640.
700.
760.
820.
880.
9Lo0.
1001.

95

352

108
512
331
366
663
206
980

174
698
5077
583
908
465
2l
221
393
45
266
9Ls5
TTh
The
843
068
409
861
L7
070

648
562
554
618
527
312
789
814
266
050
087
311
669
117

in

(cm)

16.
19.
21.
2k,
26.
29.
32.
35.
38.
Lo,
hé,

303.

370.

694
086
588
192
892
684
561
519
55k
Lho
450

.549
.7h0
.017
<375
.809
.31h
.885
.519
.212
.960
.759
.608
.502
Lo
.418
435
.L488
-575

-695
. 8liky

.023
.228
.289
675
.318
.162
.166
.201

511

- 199
.138

509

A = 26.980, p = 2.702

Most Probable Energy Loss
in 1 mm

0000000000 000000000000000000000000000000

in 5 mm
(MeV)
k. 305
4,104
3.932
. 782
.652
- 537
435
.34k
.262
.171
.091
.020
-955
.898
.8L6
.800
LT57
.718
.682
.650
.620
-593
.567
.5kl
.522
. 502
.L8h
.L66
A5
436
pit=yl
.4o8
. 396
<357
. 326
. 300
.281
.268
.255
.2L8
.24
.237
.234

MOV PODNODUONOPDNODNODPODNODODNODPOPDPODPODDVDODPODNOPODNOPODNODODVDODPDWWWWWWWWW

in 10 mm
(MeV)

658
. 247
. 806
.591
. 326
.093
.e8s
. 702
. 537
.353
.191
.0U6
.917
.802
.697
.603
.518
.439
. 368
. 303
.2L3
.187
<137
.090
.0h6
. 006

Bl i e g g i i g G R R RS BN RV B RU R, RS, RV R R AN, I o)W e AN e W e ) Wo W ) NN EENIEN I o o No o]
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TABLE 11

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS

IN SILICON: I = 172.3, Z = 1%, A = 28,086, p = 2.328

Energy Stopping Range Range Most Probable Energy loss
Power in 1 mm in 5mm in 10 mm
(MeV) (MeV cm?/g) (g/cm?) (cm) (MeV) (MeV) (MeV)
2.0 11k. 41418 0.012 0.005 2. 2 2.
3.0 85.78734 0.022 0.009 3. 3 3.
4.0 69. 44820 0.035 0.015 L. L L,
5.0 58.81833 0.050 0.021 5. 5 5.
6.0 51.28148 0.068 0.029 6. 6 6.
7.0 45.63120 0.089 0.038 7. 7 7.
8.0 41.03139 0.112 0.048 8. 8 8.
9.0 37.52287 0.138 0.059 9. 9 9.
10.0 3k4.62308 0.165 0.071 10. 10 10.
12.0 30.09547 0.227 0.097 12. 12. 12.
14.0 26.71164 0.298 0.128 8.187 1k 1k,
16.0 24, 07713 0.376 0.161 6.777 16. 16.
18.0 21.96254 0.463 0.199 5.90L 18. 18.
20.0 20.22415 0.558 0.239 5.279 20. 20.
24.0 17.50618 0.770 0.331 4. 415 ok, 2k,
28.0 15.51462 1.013 0.435 3.830 28, 28.
32.0 13.97303 1.284 0.551 3.405 23.670  32.
36.0 12. 74212 1.584 0.680 3.078 18.980  36.
40.0 11.73507 1.910 0.820 2.817 16.428 Lo,
45.0 10.70617 2.356 1.012 2.556 14.319  41.507
50.0 9.86578 2.841 1.220 2.346 12.817 30.919
55.0 9.16567 3. 366 1.446 2.172 11.670 26.608
60.0 8.57296 3.929 1.688 2.027 10.757 23.77hk
65.0 8.06432 k. 530 1.945 1.903 10.007 21.679
70.0 7.62282 5.166 2.219 1.796 9.378 20.034
75.0 7.23581 5.838 2.507 1.703 8.841  18.693
80.0 6.89366 6. 54k 2.811 1.621 8.376 17.570
85.0 6.58891 7.285 3.129 1.548 7.969  16.613
90.0 6.31569 8.058 3.L461 1.483 7.609  15.784
95.0 6.06926 8. 864 3.807 1.42k 7.289  15.057
100.0 5.84581 9.702 4. 167 1.371 7.001  1k.h41k
110.0 5.45609 11. 470 h.927 1.279 6.505 13.322
120.0 5.12746 13.357 5.738 1.201 6.093 12.428
130.0 4. 84651 15. 360 6.598 1.134 5.743  11.681
140.0 4, 60351 17.473 7.506 1.077 S5.444  11.046
150.0 L. 3912L 19. 694 8.549 1.027 5.184  10.498
160.0 L. 20420 22.017 9.457 0.983 k.956 10.022
170.0 4.03815 2h. 439 10.498 0.944 L. 755 9.603
180.0 3.88973 26.957 11.579 0.909 4,576 9.231
190.0 3. 75630 29. 569 12.701 0.878 4. ka5 8.899
200.0 3.6L4570 32.269 13.861 0.849 L. 270 8.600
220.0 3. 42628 37.928 16.292 0.801 L. 020 8.085



TABLE 11 (Continued)
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MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS

Energy

(MeV)

240,
260.
280.
300.
320.
3L40.
360.
380.
400.
hos,
450,
W75,
500.
525.
550.
575.
600.
625.
650.
675.
700.
725.
750.
775,
800.
825.
850.
87s.
900.
925,
950.
975.
1000.
1100.
1200.
1300.
1400.
1500.
1600.
1700.
1800.
1900.
2000.

cNeoNoNoNoNoNoNeNoNoNoNoNoNoRoRoNeNoRoRoNoNoNoNoRoNoNeNoRoNoNoNoNoNoNoRoNoRoRoRoNeRo RO

TN SILICON:

Stopping
Power
(MeV cm?/g)

. 25077
.10163
.973k2
.86210
.76k62
.67861
. 60222
.53399
JLrer1
.Lhouhs
. 34405
.29030
24221
.19900
. 16001
.12469
. 09261
. 06337
. 03664
.01215
. 98966
. 96897
.94989
.93226
.91595
. 9008k
. 88683
.87380
.86169
.85041
.83990
.83010
.82095
. 78994
. 76615
LTh781
.73367
L7228k
LT1461
1.70849
1.70407
1.70103
1.6991k

HPFHEEFEFRPRPHEFFRPRPPEREFRFEREFEFFRFFPFREFDODDODNODODONODOODOPODNDODODONDNONDWW

I =172.3,

Z = 1h,

Shielding Range

(g/cm?)

L3.

50.
56.

329.

738.

973.

912
201
776

.620
.77
. 054
.616
.391
.366
1. 601
113
.884
.896
.135
. 585
.234
). 069
-079
.252
579
.051
659
. 395
.251
.221
.298
475

746

.107
-553
.078
677
.348
-659
.818
.648
. 006

ST

867

.200
A
. 355

081

in

(cm)

18.
o1,
2l
o7.
30.
33.
36.
40.
L3,
b7,
52.
57.
61.
66.
71.
76.
81.
86.
92.
97.
102.
108.
113.
119.
12k,
130.
135.
141,
1h7.
153.
158.
164,
170.
Ll

19k

218.
2ho,
267.
292.
317.
342,
367.
392.
437,

862
564
388
328
377
528
776
116
5h2
938
Lk
080
811
638
557
561
645
803
032
328
685
101
572
o9k
665
282
9k3
643
383
158
968
810
682

561
976
614
Log
382
NTy)
57k
764
990

A = 28.086,

p = 2.328

Most Probable Energy Loss

in 1 mm

(MeV)

0.759
.725
. 694
.668
.646
.626
.607
.592
577
.561
. 548
.535
.523
.513
. 504
.hob
.L188
482
475
.L69
L6k
.460
455
451
Ll
bl
LL4ho
.438
L3k
.32
430
=)
.hes
.hag
Lk
.Lo9
.Lo6
.hok
Loa
. 398
.398
.398
.398

oNoNoNoReoNoRoNoNoNoRoNoNoRoRoNoNeoRoNoRoNoNoNoNoNoRoNoRoRoNoRoRoRoNoNoNoNoRoNoRoNORG]

in 5 mm

(MeV)

.810
.633

-349

.0k2
.962
.889
.809
738
675
.618

.521

443
. Lo8
377
.348
.322
.298
275
.255
.236
.218
.201
.186

MPOMPVPONDMODNDVDHONPVNODNVNOVDNVDONDNDMDPDNODONDPONDDNDMDMNONND NN WWWWWWW

481

.233.
132

567
.80

in 10 mm

(MeV)

7.657
.296
.986
.718
.Lalh
.279
.096
L93h
.788
626"
8o
.355
.2ho
.139
.0L8
.964L
.888

R FFFFFFFEFEFFEUVVIVIVIVIVIVI VONON 0N OV
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TABLE 12

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS

IN TRON: I = 300.9 eV,
Energy Stopping Range
Power o
(Mev)  (MeV en®/g)  (g/cm”)
2.0 88.83200 0.015
3.0 68.39137 0.028
4.0 56. 20445 0.0kk
5.0 48.03178 0.063
6.0 L2,13054 0.085
7.0 37.6L806 0.110
8.0 34.11525 0.138
9.0 31.22868 0.168
10.0 28.83948 0.202
12.0 25.10947 0.276
14.0 22. 32050 0. 360
16.0 20.14899 0.455
18.0 18. 40541 0.558
20.0 16.97198 0.671
24.0 14, 7h782 0.92k
28.0 13.0958L 1.212
32.0 11.81591 1.533
36.0 10.75110 1.887
Lo.0o 9.92165 2.27h4
45.0 9.07187 2.800
50.0 8.37567 3.373
55.0 7.79413 3.991
60.0 7.30069 L, 654
65.0 6.87637 5.358
70.0 6.50747 6.10k4
75.0 6.18354 6.891
80.0 5.89354 7.717
85.0 5.63824 8.583
90.0 5.40902 9. 487
95.0 5.20202 10. 428
100.0 5.01410 11. 405
110.0 L.68585 13.L466
120.0 k. 40855 15.663
130.0 k.17113 '17.992
140.0 3.96550 20. 4L
150.0 3.78566 23.02h
160.0 3.62705 25.718
170.0 3.48610 28. 526
180.0 3. 36002 31.L4h3
190.0 3.24659 ol k66
200.0 3.14400 37.591
220.0 2.96571 Llh,13h

Z = 26,

in 10 mm
(MeV)

63.031
56.123
51.515
48.016
Lo.848
39.097
36.195 -
33.855
31.915
30.273
28.862
27.633
26.551
25.591
23,960 -

A= 55.847, p=7.792
Range Most Probable Energy Loss
inlmm in 5 mm
(em) (MeV) (MeV)
0.002 2. 2,
0.00k 3. 3.
0.006 L. ly,
0.008 5. 5.
0.011 6. 6.
0.01k 7. 7.
0.017 8. 8.
0.021 9. 9.
0.025 10. 10.
0.035 12, 12.
0.0k6 1k, 1h.
0.058 16. 16.
0.071 18. 18.
0.086 20. 20.
0.118 15.760 ok,
0.155 12.488 28.
0.196 10.629 32.
0.242 9.389 36.
0.291 8.k56 Lo
0.359 1577 L5.
0.433 6.907 50.
0.512 6.368 48.573
0.597 5.923 38.578
0.687 5.548 33.855
0.783 5.228 30.662
0.88k4 4.950 28.259
0.990 4,706  26.339
1.101 4. 489 2. 750
1.217 L. 298 23. 406
1.338 L.127 22.248
1.463 3.972 21.237
1.728 3.703 19.553
2.010 3.477 18.194
2.309 3.285 17.070
2.624 3.120 16.121
2.95h 2.975 15.309
3.300 2.848 14.605
3.661 2.736 13.988
4.035 2.636 13. 442
L. h23 2.545 12.955
.82k 2.464 12.519
5.664 2.323 11.768
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TABLE 12 (Continued)
MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS

IN TRON: I = 300.9 eV, Z =26, A = 55.847, p = 7.792

Energy Stopping Shielding Range Most Probable Energy Loss
Power in inlmm inS5Smm in 10 mm
(MeV) (MeV cm?/g)  (g/cm®) (cm) (MeV) " (MeV) (MeV)
240.0 2.81615 51.046 6.551 2.205 11.145 22,624
260.0 2.68896 58. 304 7.482 2.104 10.620 21.508
280.0 2.57955 65.888 8.455 2.018 10.171 20. 562
300.0 2. L4852 73.777 9.468 1.943 9.783 19.750
320.0 2.4h0126 81.954 10.517 1.878 9.4h5 19. 0Lk
340.0 2.32778 90. 401 11.401 1.820 9.148 18. k427
360.0 2.26250 99.103 12.718 1.768 8.885 17.882
380.0 2.20418 108.0u45 13.866 1.722 8.650 17.397
400.0 2.15181 117.21L 15.043 1.681 8.4h0 16.965
L425.0 2.09347 128.976 16.552 1.635 8.206 16.485
450.0 2.04184 141.051 18.102 1.595 8.000 16.062
475.0 1.99589 153.416 19.689 1.559 7.816 15.687
500.0 1.95480 166.054 21.310 1.527 7.652 15.353
525.0 1.91789 178.946 22,965 1.498 7.505 15.053
550.0 1.88k459 192.076 24,650 1.h72 7.373 1h. 784
575.0 1.8544Y 205. 29 26.364 1.449 7:253 1h.541
600.0 1.82706 218.990 28.104 1.hko7 7.145 1k4.319
625.0 1.80212 232. 746 29.870 1.5408 7.0L46 14.119
650.0 1.7793% 246,686 31.659 1.389 6.956 13.936
675.0 1.758L8 260. 798 33.470 1.373 6.873 13.768
700.0 1.73933 275.071 35.301 1.358 6.798 13.615
725.0 1.72172 289. 495 37.152 1.344 6.728 13.473
750.0 1.70550 30L. 062 39.022 1.332 6.664 13.34%
775.0 1.69053 318.763 40.909 1.320 6. 604 13.224
800.0 1.67669 333.589 42,811 1.309 6.550 13.113
825.0 1.66388 348,534 Ll 729 1.299 6.500 13.011
850.0 1.65200 363.590 L6.662 1.290 6.453 12.916
875.0 1.64098 378.751 48,607 . 1.281 6.409 12.828
900.0 1.6307k 394,010 50. 566 1.273 6.369 12. 747
925.0 1.62122 409. 362 52.536 1.266 6.331 12.671
950.0 1.61236 Lok, 802 54,517 1.259 6.296 12.600
975.0 1.60L411 L4ho. 323 56.509 1.253 6.26L 12.535
1000.0 1.59641 455,920 58.511 1.246 6.233 12.473
1100.0 1.57045 519. 006 66.607 1.227 6.133 12.268°
1200.0 1.55066 583.009 74,821 1.211 6.055 12.109
1300.0 1.53557 6h7.731 83.127 1.201 5.995 11.990
1400.0 1.52407 713.01k4 91.506 1.190 5.948 11.898
1500.0 1.51541 778.729 99.939 1.185 5.91k4 11.831
1600.0 1.50898 8Lk, 770 108.415 1.180 5.888 11.779
1700.0 1.5043k% 911.053 116.921 1.175 5.870 11. 742
1800.0 1.50115 977.509 125.450 1.172 5.859 11.716
1900.0 1.49915  10k44.080 133.993 1.172 5.852 11.701
2000.0 1.49812  1110.718 142,545 1.169 5.846 11.690
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TABLE 13

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS.

Energy

&
<}
~

.0.00EDEDOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

IN COPPER:

I = 313.8 eV,
Stopping Range
Power
(MeV cm?/g)  (g/cm?®)
83.22719 0.0162
6k. 73953 0.0295
52, 62654 0.0L462
L, 66743 0. 0660
38.99442 0.0889
35.07007 0.1148
31.65868 0.1k435
29. 37289 0.1750
27. 42743 0.2092
23.96626 0.2856
21. 36069 0.372k
19. 41222 0. 4692
17.7506L4 0.5758
16. 38200 0.6920
14.25314 0.9520
12.66833 1.2478
11. 43869 1.5781
10. 45452 1.9418
9.68537 2.3380
8.85178 2.8775
8.14362 3. 4668
7.57969 4,1023
7.10098 L, 7829
6.68921 5.5073
6.33111 6.2745
6.01662 7.0833
5.73813 7.9329
5.48979 8.8223
5.26681 9.7506
5.0654L4 10.7170
L, 880L45 11. 7209
L. 56166 13.8380
4, 29228 16.0952
4. 06158 18.4871
3.8617kL 21.0087
3.68695 23.6552
3.53275 26.4220
3.39571 29.30k9
3.27311 32.3000
3.16281 35.4033
3.0630L 38.6112
2.88963 45,3272

Zz =29,
Range

(em)

.0018

.0033
. 0052

.0100
.0129
.0161
.0197
.0235
.0321
.0k19
. 0527
. 0647
L0778
.1070
.1403
A7k
.2183
.2628
. 323k
.3897
L4611
.5376
.6190
. 7052
. 7962
.8016
.9916
.0959
.2046

.317h
.555h
.8091
0779
.3613
.6588
. 9698
.2938
.6304
<9792
.3398
.o9kT

G UIRVIRUEV VLV WV Sl Sl ol s e e N e NoNeoNoNoRoNoNoNoNoNoNoNoNoNoNeNoNoNoRoNoRoNoNo NoNe)

.007h

in 10 mm
(MeV

A = 63.54, p = 8.897

Most Probable Energy Loss

inlmm din 5 mm

(MeV) (MeV)

2. 2.

3. 3.

L, L,

5. 5.

6. 6.

g 7.

8. 8.

9. Q.
10. 10.
12. 12.
1k, 1k, .
16. 16.:
18. 18.
20. 20.
19.177 2k,
1hk.313 28,
12.059 32.
10.592 36.

9.524 Lo.

8.519 L5,

7.729 50.

7.108 55.

6.606 L6.8u6

6.185 39.500

5.825 35.236

5.51l 32.194

5,242 29. 856

5.002 - 27.966

L, 788 26.386

k. 596 25.038

4. hop 23.866

h.121 21.921

3.870 20. 364

3.656 19.086

3.471 18.012

3.311 17.095

3.170 16.301

3.0kl 15.606

2.933 14.992

2.832 1h. 446

2.7h2 13.957

2.585 13.116
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TABLE 13 (COntinued)

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS

IN COPPER: T = 313.8 eV, Z =29, A= 63.54, p = 8.897

Energy Stopping Shielding Range Most Probable Energy lLoss
Power , in in 1 mm in 5mm in 10 mm
(MeV) (MeV cm?/g) (g/cw®)  (cm) (MeV) (MeV) (MeV)
240.0 2.74413 2. ko1 5,892 2.543 12.419 25.255
260.0 2.62040 59.871 6.729 2.342 11.832 23.998
280.0 2.51395 67.654 7.604 2.246 11.330 22.935
300.0 2.42148 75.749 8.51k 2.163 10.897 22,022
320.0 2. 34046 84.139 9.457 2.090 10.520 21.231
340.0 2.26896 92.806  10.431 2.026 10.188 20. 540
360.0 2.2054k 101.734% 11.L434 1.968 9. 894 19.929
380.0 2.14868 110.909  12.465 1.917 9.633 19.388
400.0 2.09771 120.316  13.523 1.872 9.398 18.903
k25,0 2. 04093 132.382  14.879 1.821 9.138 18.367
450.0 1.99068 1Lk, 768  16.271 1.776 8.908 17.895
475.0 1.94597 157.453  17.697 1.736 8. 704 17.475
500.0 1.90598 170.416  19.15h 1.700 8.521 17.102
525.0 1.87005 183.639  20.6L0 1.668 8.358 16.768
550. 0 1.83765 197.106  22.15k4 1.639 8.210 16.468
575.0 1.80831 210.801 23.693 1.613 8.078 16.196
600.0 1.78166 22L, 709  25.256 1.589 7.957 15.950
625.0 1.75739 238.818 26.8k42 1.567 7.846 15.726
650. 0 1.73522 253,114  28.L4k49 1.547 7. 746 15.521
675.0 1.71492 267.585  30.075 1.529 7.654 15.335
700.0 1.69629 282.222  31.721 1.512 7.570 15.164
725.0 1.67916 297.014  33.383 1.497 7.492 15.007
750.0 1.66338 311.951  35.062 1.483 7.421 14,862
775.0 1.6L4882 327.025  36.756 1.470 7.355 1h.729
800.0 1.63535 3h2.228  38.L465 1.458 7.294 1k4.605
825.0 1.62289 357.552  L40.188 1. 447 7.238 1h4.ho2
850.0 1.6113% 372.989  L41.923 1.436 7.186 14,386
875.0 1.60063 388.534  L43.670 1.427 7.138 14.289
900.0 1.59067 Lok.180  L5.L428 1.418 7.093 1k.198
925.0 1.58141 419.920 L47.198 1.410 7.051 14.113
950.0 1.57280 435.749  L8.977 1.h02 7.012 1k4.035
975.0 1.56477 451.663  50.765 1.395 6.976 13.962
1000.0 1.55730 L67.655  52.563 1.388 6.942 13.893
1100.0 1.53206 532.327 59.832 1.367 6.831 13. 66k
1200.0 1.51286 597.937 67.206 1.349 6. 742 13.L490
1300.0 1.49821 66k4.282  T4.663 1.336 6.677 13.357
1400.0 1.48707 731.197 82.184 1.326 6.628 13.255
1500.0 1.47868 798.551  89.755 1.318 6.589 13.180
1600.0 1. h72kT 866.237 97.362 1.312 6.560 13.123
1700.0 1. 46801 934.168 104.998 1.310 6.5h2 13.081
1800.0 1.L464h96 1002.273 112.653 1.307 6.526 13.055
1900.0 1.46305 1070.493 120.320 1.305 6.518 13.037
2000.0 1.46210 1138.780 127.996 1.305 6.513 13.026
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Energy

TABLE 1k

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS

—
5
<

~r

leNoNoNoNeoNoNoNoNeNoNoRoNoNoNoNoNoNoNoRoNoReNoNoNoRoRoNoNoNORORONORORORORORORC RORORS)

IN LEAD:

Stopping
Power

(MeV cm?/g)

L,
37.
32.
28,
25,
23.
21.
19.
18.
16.
1k.
13.
12.
11.
. 90564
.85917
. 03932
.37811
.83254
. 27060
.80803
. L2009
.08973
.80LTT
. 55628
. 33756
14346
.96953
.81317
.67180
.54331
.31852
.12825
. 96506
.82350
.6995L
. 59006
. 19266
.Loskhé
. 32693
.25586
.13220

PMMPOMODPNDPDPPDPODNDWWWWW F & Faououo OnOv—=3 00 ONO

69257
55753
31839
L4336
L7507
12759
22166
64079
30627
1775
53462
23L96
17552
29363

I =840, eV, Z = 82, A = 207.19, p = 11.22k

Range

(g/cn®)

.033
- 057
.085
.117
.154
.19k
.239
. 287
.339
.hsh
.582
.725
.880
.0k9
423
.845
.314
.828
.385
L1k
.962
.8k
. 786
. 787
.845
. 959
127
.348
.621
.9ks5
.318
.208
.285
. 540
. 966
.556
. 305
.207
.256
Ll
CTTH
61.822

l,._l
HOO-~IDO\WN FFWNNDMPODHHEFROOOOOOOOOOOOO

VI E EEWW N DN M
D OFO D OV VO OVFW

Range

(cm)

.003
. 005
. 007
.010
.013
.017
.021
.025
.030
.0ko
.051
.06k
.078
. 093
.126
.164
.206
.052
.301
. 369
Lhhe
. 520
.60k
.693
. 788
. 887
.991
.100
.213
.331
L53
711
.985
275
.580
.900
.234
.582
.9L3
. 316
702
. 508

VMEFFLOWLWWMODNODNOHFFHPEFEFEFRFRFFRFOOOOOOOOOOOOOOOOO0O00000O00000O0O0

Most Probable Energy Loss

in 1

mm

(MeV)

PMPPDPODPDPDWWWWW & F&FFFUouviuia OO OO

. 736
.02h
Lot
.27k
.18
-593
.9L48
.hes
.992
627
.313
. 04O
.801
.588
.398
.228
.OT7h
.809
.581
. 386
.223
.07k
.951
.83k
CT37
.643
. 564
oo

in 5

mm

(MEV)

.151
. 595
L1k
. 060
.709
.823
.258
.930
. 783
778
. 095
735
.608
657
.8h1
.132
.510
.960
470
.030
272

in 10 mm
(MeV)

6h.146
57.330
52.729
49,228
4k, oL8
40.278
37.353
34,992
. 33.03k
31.376
29,950
28.708
27.61kL
26. 642
2,991
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TABLE 14 (Continued)
MONTE CARLO STOPPING POWER, RANGE AID ENFRGY LOSS VALUES FOR PROTONS

IN LEAD: I = 840. eV, Z = 82, A = 207.19, p = 11.224

Energy Stopping Shielding Range Most Probable Energy Loss
POWer2 21n in 1 mm in 5 mm in 10 mm
(MeV) (MeV cm™/g) (g/em”) (em) (MeV) (MeV) (MeV)
240.0 2.02833 71.363 6.358 2.303 11.642 23.637
260.0 1.93992 81. 366 7.2h9 2,201 11.110 22,506
280.0 1.86380 91.801 8.179 2.11k 10.656 21.546
300.0 1.79764 102.642 9.1k 2.038 10.264 20.721
320.0 1.73965 113.863 10,14k 1.972 9.921 20. 006
340.0 1.688u46 125. 441 11.176 1.914 9.619 19.379
360.0 1.64298 137.356 12.237 1.862 9.353 18.826
380.0° 1.60913 149.581 13.326 1.823 9.125 18. 3Lk
400.0 1.57256 162.057 1k.438 1.781 8.940 17.972
4o5.0 1.53183 178.043 15.862 1.73k4 8.703 17.484
450.0 1.49579 19h.43h 17.323 1.693 8.493 17.05k4
475.0 1.46373 211.203 18.817 1.657 8.307 16.673
500.0 1. 43507 228. 32k 20.3h2 1.625 8.1h41 16.333
525.0 1.4093k 25,773 21.897 1.595 T7.992 16.029
550.0 1.38615 263.527 23.478 1.568 7.858 15.757
575.0 1.36517 281.567 25.086 1.545 7.737 15.510
600.0 1.3461k 299.873 26.717 1.523 7.627 15.287
625.0 1.32865 318.429 28.370 1.503 7.527 15.083
650.0 1.31287 337.220 30. Olih 1.485 7.436 14.896
675.0 1.29845 356.229 31.738 1.469 7.352 14,728
700.0 1.28523 375. kb2 33.450 1.454 T7.276 14,57k
725.0 1.27309 39L.846 35.178 1. 440 7.207 14,432
750.0 1.26193 Lk, ko9 36.923 1.k427 T7.143 1k, 302
775.0 1.25166 43k.179 38.683 1.416 7.083 14.182
800.0 1.24218 L5k, 087 40,456 1.405 7.029 1k.072
825.0 1.23342 Lk, 1ke Lo, 243 1.395 6.979 13.970
850.0 1.22533 Lok, 334 4k, oh2 1.385 6.932 13.876
875.0 1.2178k% 514.656 45.853 1.377 6.889 13.789
900.0 1.21090 535.099 Lr.67h 1.369 6.8k49 13.708
925.0 1.20447 555.656 49,506 1.362 6.812 13.634
950.0 1.19851 576.319 51. 347 1.355 6.778 13.564
975.0 1.19297 597.083 53.197 1.349 6. 746 13.500
1000.0 1.18783 617.939 55.055 1.343 6.716  13.4k0
1100.0 1.17066 702.191 62.561 1.326 €.620 13.242
1200.0 1.15785 787.527 70.16k 1.310 6.54L 13.094
1300.0 1.14834 873.691 77.8h1 1.300 6.490 12.982
1400.0 1.14137 960. 477 85.573 1.292 6.451 12.901
1500.0 1.13638 1047.723 93. 346 1.284 6.h22 12.841
1600.0 1.13296 1135.295  101.14k8 1.281 6.401 12.802
1700.0 1.13079 1223.088  108.970 1.279 6.388 12.776
1800.0 1.12962 1311.014  116.804 1.276 6.380 12. 760
1900.0 1.12928 1399.003  124.643 1.276 6.378 12.755
2000. 0 1.12960 1486.997 132.483 1.276 6.380 12.758
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Results

The average of the most probable value of the mean ionization potential
for each of the seven materials is given in Table 15. The variance and
probable error of each value is given. These are compared to values of
I used by Barkas and Berger (4,12) and Berger and Seltzer (13) from the
two emperical equations

12 + 7/Z eV, Tyqy 163 eV (17a)

9.76 + 58.8 z-1-19 ev, Iadj 163 eV (170)

Iadj/Z

Iadj/Z

Equation 17b is due to Sternheimer (private communication to Barkas and
Berger ). Dixon (14) used his measured values for Al, Si, Fe, and Pb and
found that equation 1T7b should be

1/Z = 9.81 + 35.5/Z (iTe)
Values reported by Bichsel (15) are also listed.
TARLE 15
VALUES OF I
Element Bichsel Barkas Crawford Variance Probable
Berger Error
Zz (ev) (eV) (ev) (ev) (ev)
Be I3 6L 60. 53.3 .78 .5
c 6 8 8 T72.1 .98 T
A 13 166 163 163.8 2.9 2.0
.8 1k 175.6 172.0 172.3 3.7 2.5
Fe 26 285 300.9 3.2 2.2
Cu 29 320 31k 313.8 4.9 3.3
‘Pb 82 820 826 840 5.2 3.5

Rather than merely find another mathematical equation which fits the

new values of I, this report proposes a new model. This model is based

on the lowest (Class 1) ionization potential as reported in the Handbook

of Chemistry and Physics (16). Assume that the lowest ionization potential
indicates the magnitude of the difference between two adjacent elements.
Thus the proposed emperical relationship which can be used to determine

the correct value of T to be used in the Monte Carlo tramsport calculation
is given in Table 16. This system gives values for the first two shells
well within the experimental value error. Fach step in the first ten
elements fills another position in the spd system of identifying electron
configuration. Beginning with bydrogen with its one electron, only one
electron can be involved in a collision. The lowest ionization potential
value of 13.53 eV and the x-ray K edge ionization potential of 1k eV are

in close agreement. Thus the mean ionization potential is really one electron
and should be the same with I = 13.5 eV. '
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The ionization potential is defined as the work (expressed in electron
volts) required to remove a given electron from its atomic orbit and
place it at rest at an infinite distance. The mean ionization para-
meter, I, is defined to be the mean value of the minimum energy
transfer in a proton-atomic electron collision which produces an
ionization event. All of the atomic electrons are considered to
participate in the collision process.

Fano (L) has derived a definition for I based on the Thomas-Fermi
statistical model, namely that it is the logarithmic average over
the excitation energies weighted by the oscillator strengths. I
depends only upon the ground and excited state wave functions of

a stopping material. The determination of I from this definition
presents serious difficulties since the oscillator strengths are
not generally well known in the desired energy range. Theoretical
values for I for the first four elements are reported by Fano to be
15. for hydrogen; UWl.8 for helium; 45, 38.8 for lithium and

60, 66 eV for Be. The model proposed here is a numerical corre-
lation which may lead to new insight with a possible relationship
between the lowest ionization potential and the oscillator strengths.

Helium with two electrons has a lowest ionization potential of 24.L6
eV, with an x-ray K edge ionization potential of 25 eV. Using this
emperical model, I for helium should be 37.99 eV. Both electrons
would be involved in the nucleon - electron collision process.

The Class 2 ionization potential of helium is 54.14 eV. The sum of
the two is 78.6 eV. If the mean value, I, involves both with equal
weight then I would be equal to & (24.46 + 5h.1h4) = 39.3 eV.

Thus the possible I value would be between 38 and 39.3, Fano on

page 311 of NSS Report No. 39 (4), lists values of 15.0 and 42 + 3 eV
for H and He, as compared to 13.5 and 38. for this model.

The problem becomes more complex in stepping from the first period
to the second period. Three electrons are now involved in the
collision process. However, if one assumes that the change in the
MEAN value is indicated by the lowest ionization potential, then

I for lithium is about 43.35 eV. The I for beryllium becomes 52.63
and this compares favorably with the measured value of 53.3 eV.
Continuing on, the model gives a value for carbon of I = T72.11
which is that measured for carbon. Values for the value of I for
the rest of the second period are obtained by adding in turn the
lowest ionization potential of each element.

The values for I for higher Z elements can be obtained using two
assumptions. First, that within a given period, the Class 1 ion-
ization potential represents the difference in mean ionization
potential, I, between any two adjacent elements. Second, that the
correct value for I is known for at least one element in the period.
Thus the values for I in the third period listed in Table 16 are valid
if the I-value for aluminum is 163.0 eV. Those listed in the fourth
period are based on I, = 314.0 eV. The baseline values used in each
of the periods, two, %ﬁree and four, agree closely with those measured
in this research effort using protons having energies as low as 8 MeV
and as high as 185.6 MeV.
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TABLE 16

SUGGESTED VALUES FOR I

Element Electron Lowest Values of I in eV
Configuration Tonization Summing Crawford Barkas Fano  Anderson
Z Potential Colunm 3 Berger
B 1 st 13.53 13.53 18.7 15
He 2 s2 ol L6 37.99 Lo, 4o+3
Ii 3 s20sl 5.36 43.35 40,38
Be L 52252 9.28 52.63 53.3 60.0 6k
B 5 " opl -8.26 60.89
¢c 6 " op2 11.22 72.11 72.1 78.0 81
N 7 " EpE 1L4.48 86.59 88
0 8 " 2p 13.55 100. 1k 101
F 9 " op> 17.3% 117.48
Ne 10 " oopb 21,47 138.95 131.
Na 11 " 3st 5,12 149.4
Mg 12 " 352 7.61 157.0
A1 13 " "3pl 5,96 163.0 163.8  163.0 163
Si - 1k " " 3p2 8,12 171.1 172.3  172.0
P 15 " " 3p3 10.9 182.0
s 16 " " 3p4  10.30 192.3
cl1 17 " " 3p2 12.95 205.3
Ar 18 " " 356 15.68 221.0 210. 190
K 19 (Ar ysd L,32 oo, 7
Ca 20 " Lg? 6.09 248.8 194.8+3.54
Se 21 M3l 6.7 255,5 216.8+3.6
T 22 " 3§2hg? 6.81 262.3 209.812.6
v 23 " 3934s° 6.71 269,0 £39.2£2.8
Cr 24 " 33@2hsl 6.7h 275.7 258, 0%l . It
M1 25 " 330Lg? 7.41 283,1 273,245, k4
Fe 26 # 3364g2 7.83 290.9 300.9 285 273 280.6£3.1
Co 27 " 3qTLg? 7.81 298, 7 298.8+3.7
Ni 28 " 338452 7.61 306.3 304 303.243. 7
Cu 29 " 3q104g1 7.68 31k.0 313.8 314 315 320.8+3.8
Zn 30 L 1P 9.36 323.4 323.1+3.8
Ga 31 meonoom gl 597 329,k
Ge 32 v " hp2 8,09 337.5 343.0
As 33 mom v s310.5 - 348.0
Se 34 m "y 9.70 3757
Br 35 o " hpo 11,80 369.5
Kr 36 "o " hp0 13,93 383.4 381. 360
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Anderson, Sorensen and Vajda (17) obtained a value of 320.8 # 3.8 eV from
"smoothed stopping power values' and a linear transport calculation.
Dalton and Turner (18) report a "new average value for I, " calculated
from the data of nine experiments that measured absolute gtopping power,
relative stopping power, or range. The experiments reviewed were those of
Bakker and Segre (19); Thompson (20); Sachs and Richardson (21); Brolley
and Ribe (22); Burkig and MacKenzie (23); Zrelov and Stoletov (2#);
Nielsen (25); Barkas and von Friesen (26); and Nakano, MacKenzie and
Bichsel (27). They describe their procedure as follows: "The older data
have been analyzed with insufficient allowance for the contribution of
shell corrections, and new shell corrections (C/Z) for the entire atom,
as described by Fano (28), have been included in this analysis. I-values
obtained from relative stopping power measurements have been normalized to
I = 163 eV for aluminum and I = 314 for copper."” Their results are given
in Table 1T7. The standard error reported for the new average values 'is
about 2% for the elements considered, which is consistent with the accuracy
of the experimental measurements."(17)’

The 25 average values for I,. given in Table 3 represent 100 different
measurements. The 24 averagé values for I in Table 5 represent 96
different measurements. The average valuesureported inTable 15 are in
experimental agreement with the "new average values, for aluminum and
copper but not for the other five elements.

The value obtained for I from a given measurement, whether of stopping
power or of range, is determined as much by the method of evaluation
(smoothed, linear, Monte Carlo, ete.) as by the measurement. The equations
used for shell and density corrections also play a vital role in the
value of I. The changes in the I-values as reported and as modified in
the Dalton and Turner (18) paper are ample evidence of this. As an example,
Nielsen's values (25) were reduced due to C/Z correction as follows:
. . I Reduction New Value Crawford(Theory)
L-Be 56 eV 3.6% 55.6 eV 52.63 eV

13-A1 179 10.7  163. 163. )

28-Ni 371 18.5  308. 306.3 Gopied from Teble 818

29-Cu 376 18.4 315. 31k, page 29, reference 1O.

W7-Ag 577 25.2 L61. 61, For protons of 1 to 5 MeV

79-Au k2 2.2 777 816. energy.

Burkig and MacKenzie's values (23) reduced due to C/Z correction as follows:
-F 28.8 289, .

SS—CE §66.o 3?2_2 giﬁ.O Copied from Table 2,

4Y7-Ag  587.0 459.6 161 page 17, reference 18.

79-Au 997: 719:6 816. For protons of 19.8 Me¥

82-Pb 1070 Tk 8L0. energy.

EEQQ£§QQL§ values (20) were raised by C/Z corrections as follows:

1- 18.2 21.9

H-saturated 15.5 18.6 ]

H-unsaturated 13.0 15.7 13.53 COPleg fromeable 5i8

6-C 70.2 82.2 72.11 page 23, reference 18.

C-saturated 69.3 80.0 For 270-MeV protons

C-unsaturated 67.2 8.7

7-N 76.3 89.1

N-if ring 68.8 80.6 86.59

8-02 88.3 102.8 100.1
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Bakker and Segre (19) performed an experiment similar to the one reported
here in that they measured the amount of material necessary to obtain a
fairly large amount of energy loss from the incident 340 MeV proton, report-
ing their results in terms of relative absorption of copper. They found the
mass stopping power relative to copper by dividing the number of g/cm2 of
copper by the equivalent number of g/cm2 of the element being studied.
Dalton and Turner "treated Bakker and Segre's values of stopping powers per
electron relative to aluminum as the raw data. Bakker and Segre's results
were corrected by using 163 eV instead of 150 eV for the I-value of alumi-
pum. " (18). Their values for the mass stopping power relative to copper

are compared to the Monte Carlo values and to the results of Zrelov and
Stoletov (24) in the following compilation.

Ble- Mass Stopping Power Relative to Copper Mean Ionization Potential, eV

ment 340 MeV 660 MeV Craw-
Bakker Crawford Zrelov Crawford Bakker Dalton Ford Zrelov Dalton
1-H 3.010%¥ 3.088 3.016%  3.022 15.6 17.5 13.5 15#4 13.6
3-Li 1.21k 1.199 34, 37.4 L43.h
h-Be 1.171 1.205 1.167 1.188 60.4 66.6 52.6 616 61.7
6-¢ 1.285 1.310 1.268 1.294 76.4  83.5 T2.1 858 86.2
13-A1 1.1hk3  1.148 150. 163. 163.
26-Fe 1.036 1.030 1.034 1.029 243,  266. 290. 27322 276.
29-Cu 1. 1. 1. 1. 279. 297. 31k. 30510 307.
h7-Ag 0.902  0.90h 428,  hhk, 462,
48-ca 0.887 0.888 k70, 468435 L61.
50-8n 0.858 0.868 h79., L4o1. U483,
82-Pb 0.754 0.752 758. The. 8hLo.

*Both Bakker and Zrelov measured H as part of CHy. "The stopping power of
hydrogen was determined from the CHp - C difference. For hydrogen the
accuracy of the mass stopping power is about 5% and that of Iy is about 50%."
according to Zrelov (24). It is apparent that the chemical binding of the
hydrogen in polyethylene has considerable influence on the stopping power
and I-value. (20).

The only direct data given by either group is the range in copper. Bakker
and Segre (19) report a range of 92.L4 g/cm? Cu. The Monte Carlo range for
a 340 MeV proton in copper is 92.806 for I = 313.8 eV. An error of 1 MeV
in the energy of the proton represents an error of 0.434 g/cm® Cu, so the
measured range is within the range for a 339 MeV proton in copper. Zrelov
and Stoletov report a range of 257.6 + 0.3 g/cm2 Cu for protons having an
energy of 658 + 2 MeV. The Monte Carlo calculation using I = 31b eV gives
a range of 257.75 g/cmg Cu for 658 MeV protons. It is quite apparent that
the Monte Carlo calculation which includes the latest shell and density
corrections gives results in complete agreement with the reported data for
copper whereas a simple linear recalculation does not.

This superiority of the Monte Carlo determination is also shown in the
following comparison of the reported ranges of protons in aluminum.

Data covering a range of energies from 6 to 18. MeV were taken by Bichsel,
Mozley and Aron (30); at 18 MeV by Hubbard and MacKenzie (31); at 36.2 and 99.9
MeV by Crawford; at 100 MeV by Portner and Moore (29); at 159.75 MeV by
Crawford; at 340 MeV by Mather and Segre (32); and at 752 MeV by Barkas and
von Friesen (26). The corresponding Monte Carlo range for I=163 eV is

given for each data point.
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The shell corrections decrease in value as the proton energy increases,
producing very small changes at energies above 100 MeV. The magnitude
of the change with proton energy is clearly shown in the examples given.

When the I-value is obtained from a range measurement, a new variable must
be considered. This variable is the difference between the range calculated
from the linear or "straight ahead" concept and that calculated by a Monte
Carlo transport program which permits small and large angle scattering as -
well as nuclear interaction in addition to the usual linear movement of

the proton between these events.

Range

The range of a heavy particle is well defined only when the particle loses

energy solely by many, small energy losses to electrons without scattering.

The straight ahead model uses this continuocus slowing down approx1matlon
This c.s.d.a. range is calculated from the equation

= Ry + L a8/ (aB/pdx)

where RO is the range at some low energy, Eo’ and must be measured. In
this report, the values of Ro at E, = 2 MeV were taken from the Barkas
and Berger range tables in SSR Report No. 39 (). For proton energies
above 25 MeV, R, represents less than 1% of the range of the proton. Thus
any error in this measurement has very little effect on the range calcu-
lated for high proton energies and a large effect on range values at

low energies. This represents a meximum straight line travel and may be
correlated with the perpendicular distance between the faces of an absor-
ber. Scattering spreads the beam of protons, resulting in a shortened
perpendicular path. The value given for the range in Tables 8 through 14
were obtained from a Monte Carlo penetration and represent this shortened
perpendicular path. At energies below 200 MeV, the percentage of protons
removed from the beam by large angle scattering and by nuclear reactions
is sufficiently low to continue to use the concept of range in giving

the depth of penetration. At higher energies, the percentage of protons
-remaining in the original beam decreases rapidly as the proton energy
increases. Thus the term "Shielding Range" is used rather than the Monte
Carlo range. Some do penetrate this far but most of the beam does not.

The linear method of determining I from a range measurement is to estimate
the probable I-value of the absorber and then to numerically integrate
over the energy interval EO to E. The pre-determined value of is
added to the result of the numerical intergration. The value of © I

is adjusted until a value of I is found which gives the measured range.

In the Monte Carlo calculation, the same basic game of varying the value

of T is played, but for the same value of I and the same shell and density
corrections, the Monte Carlo range is always shorter than the c.s.d.a.
range. The Monte Carlo value for I is always larger than the c.s.d.a.
I-value for the same range, if the same stopping power tables are used.
Dalton and Turner (18) used the same range c.s.d.a. equation but different
stopping power tables to obtain "new values of I" from the following data.
The same range measurements, when compared to the Monte Carlo ranges
reported in Tables 8 - 1, are in agreement within experimental error.

Many of the large differences in I-values which appear in comparing results
of different experimenters disappear when the Monte Carlo evaluation of I is
made using the same data. '
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Source

30
30
30
30

31

29
29

32
32

26

TABLE 17

Comparisén of Measured Ranges in Aluminum to Monte Carlo Ranges

Proton Energy

Measured Range

Monte Carlo Range Change in Range

(MeV) (g/cm?)

6.15 +.010 0.07301%. 0002
11.820 #.015 0.22633 "
1k, 971 #.020 0.3hk263 "
17.836 *.025 0. 16692+, 0003
18.00 .02 0.4770 +.0005
36.2 .1 1.645 +.001
'99.9 .1 9.935 #.001
99,58 .08 9.768 +.010
99.88 .08 9.940 =*.009
159.75 #.25 22.607 *.001
338.5 #1.40 78.63  %.92
339.7 +1.84 T9.h2  +1.04
752.2 273.29
T52.°7

I =163 eV if Energy Wrong
by 1L MeV
0.0729 (g/cm?)
0.226M
0.3432
0. 4666 i
0. 4737 . 045
1.640 077
9.939
9.884 .017
9.936
22.550 .036
T79.540 o
80. 093 .118
273.170 .
273.29 536

Thus the range predicted for Monte Carlo transport of the proton through
the absorber using a value of I = 163 eV gives a value within the experi-
mental accuracy of the experiments when one considers both the range un-
certainity and the energy uncertainity.

32
32
19
2l
26

32
32
26

32
19

Comparison of Measured Ranges in Copper to Monte Carlo Ranges

337.9
338.5

3ko.
658.

752.2
549

Comparison of Measured Ranges in Lead

335.5
338.5
339.7

752.2
5.7

Comparison of Measured Range in Carbon

339.7
340,

343.3

+1. bk
+1.89

*2‘
*20

+2,25
+2, 32

+1.83
+2,

91.8L
9L. 77

92. 4
257.6
31k4.91

122.76
124,37

hi5.62

70.03
70.9

+.92
+,92

+,3

+1.84
+1.90

+, 88

I =31k eV

91.896
92,156

92,806
257.748

313.46
31k.9

122.76
124.00
125.26

416.009
his,.62

69.705
69. 804
70.9

.433

571
.603

to Monte Carlo Ranges
I =284 ev

579

« 790

to Monte Carlo Range
I="72.11eV

.330

Again the Monte Carlo calculated ranges using the I-values measured in
this research effort are in agreement within experimental error with the
reported ranges.
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New Average Values of I (Dalton and Turner)

Average
Element Value of I
(ev)
1-H 18.2
2 - He 4.3
3 - Ii 37.4
L - Be 61.7
6 - C 81.2
7 -N 89.6
8 -0 101

10 - Ne 132
13 - Al 163
17 - ¢c1 176
18 - Ar 189
20 - Ca 187
22 - T 22k
23 -V 250
26 - Pe 277
27 - Co 290
28 - Ni 312
29 - Cu 316
30 - Zn 319
36 - Kr 350
k1 - Nb Lot
k2 - Mo hoo

45 - Rh 4o
46 - Pa 456
W7 - Ag 466
4W8 - ca L62
49 - In 481
50 - Sn 186
54 - Xe 480
73 - Ta 692
T - W TOh
771 - Ir 730
78 - Pt 711l
79 - Au 760
82 - Pb 767
90 - Th 698
92 - U 856
Acknowledgements

References

19,
20
19
19,
19,
20,
20,
22
25
20
20
23
23,
23,
19,
27
23,
19,
23
o2
23
23
23
23
19,
23,
23
19,
20
23,
19,
23,
23
23,
19,
23
19,

20,

23,
20,
22
22

27
23,

25,
23,

23,
o

23
27
23,
27,

25,
23,

26

22, 24

2k, 25, 27
20 24

2l

27
oL, 25, 26, 27

25, 27

2, o7
25

27
26
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Periodic Table of the Elements

1a 2a | 30 ] b ] 56 ] 606 [ 70 | 8 T [ 2b | 3a I, | 52 | 6a | Ta 0
1 ' 2
H He
1.008 4.003
13.53 KEY TO CHART Rl 16
13.53 . 137.99
3 n Atomic Number] 24 5 6 7 18 9 10
Li Be Symboll Cr B c* N 0 F e
6.939| 9.101 Atomic Weight] 51.99 , 10.81} 12.01} 14.01 | 15.999 18.99§ 20.18
5.36 | 9.28 6.74 | Class I Ionization Potential, volts. 8.26 | 11.22| 14.48 | 13.55 | 17.3k | 21.47
13.35] 52.63 275.7 | Mean Ionization Potential, eV. 60.89 | 72.11| 86.59 [ 100.1 | 117.5 | 138.9
11 12 13 1L 15 16 17 18
Na Mg AL¥ si P S cl Ar
22.99| 2Lk.31 26.98 | 28.09| 30.97 [ 32.06 | 35.45 | 39.95
5.12]  7.61 5.96| 8.12| 10.9 |10.3 |12.95| 15.68
149.4] 157.0 163.0{ 171.11{ 182.0{192.3 | 205.3 | 221.0
19 20 21 22 23 2L 25 26 27 28 29 30 31 32 33 3k - 35 36
K Ca Sc Ti v Cr Mn Fe Co Ni cu¥ n Ga Ge As Se Br Kr
39.10{ 40.08 | Lk.96 | 47.90] 50.94 | 51.99 | 5L.94 | 55.85| 58.93 | 58.7L | 63.55 | 65.37 | 69.72 | 72.59| T+.92 | 78.96 | 79.90 | 83.80
L.321 6.09| 6.7 6.8 6.71| 6.4} T.42} 7.83| 7.81| T7.61{| 7.68| 9.36 | 5.97| 8.09( 10.5 9.70{11.80 1] 13.93
oho,7{ 248.8 | 255.5 | 262.3 | 269.0 | 275.7 | 283.1 | 290.0{ 298.7 | 306.3 | 31k.0 | 323.4 | 329.4 | 337.5| 348.0{ 357.7 | 369.5 | 383.4
37 38 39 Lo L1 Lo L3 jan L5 L6 L7 L8 L9 50 51 52 53 Sk
Rb Sr Y Zr Nb Mo¥* Te Ru Rh Pa Ag Ccda In on S Te I Xe
85.47 | 87.62 {88.91 |91.22 | 92.91 | 95.94 101.1| 102.9 | 106.4% | 107.9 {112.4 {114.8 ] 118.7] 121.7 | 127.6 | 126.9 | 131.3
L.16 5.67 | 6.5 6.92| 7.2 7.351 7.7 7.7 7.7 8.3 7.54| 8.96| 5.76| 7.30| 8.5 8.96 | 10.6| 12.1
388. 393. {Loo. |LOo7. {415. | 422, | 430. {438, | 4hs5, fhush, ju6l. JLh70. fu76. | u483. | ho2. |s501. |[511. |523.
55 56 57 T2 13 Th 75 76 T T8 19 80 81 82 83 8L 85 86
Cs Ba La HE Ta W Re Os Ir Pt Au Hg ™ Pp¥* Bi Po At Rn
132.9 |137.3 38.9 |178.5|180.9183.8|186.2|190.2| 192.2}195.1 |197. |200.6 |20k.4 | 207.2| 209. | 210 209 222
3.87 5.19 5.6 8.7 8.88 1 9.18 |10.39 | 6.07| 7.38! 8.0 8 9 10.70
527. |532.  p38. ‘ 798. | 807. | 816. | 827. | 833.| 84o.| 848, |856. |865. §876.
58 59 60 61 62 63 6L 65 66 67 68 69 70 71
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm b Tu
140.1 |140.9 | 1hk.2 | 1k5 150.3 | 151.91 157.2 | 158.9 {162.5 | 164.9 {167.2 | 168.9] 173.1 | 174.9
6.54 | 5.8 6.3 6.6 5.64 [ 6.7 6.7 6.8 7 7 7 7.1 8
5k5. 1550. ] 557. | D B .
*Note: The values for the Mean Ionization Potential, I, of each element is based on the theory that the Class T

Tonization Potential represents the difference in the I-value between any two adjacent elements.

if one value for I is known in any one period, the remainder may be calculated.

in this report are Carbon, Alﬁminum, Copper,

Molybdenum, and lead.

Thus
The key elements used

T€-9
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CHAPTER 7
MEAN TONIZATTON POTENTTAL VALUES FOR MIXTURES AND COMPOUNDS

by George W. Crawford

Introduction

As part of the stopping power measurements in seven elements described

in Chapter 4 of this report, data was taken using lucite, nylon, poly-
ethylene and a tissue equivalent plastics. The plastics were inserted

in the beam in sequence with the elements and data was taken and vrocessed
for them in exactly the same way as for the elements. In order to obtain
a single data point, U4 separate measurements were made using two detectors
of different volumes and two nearly identical absorbers.

Degcription of the Plastics

LUCITE (05H802) = 1.1892 gm/cm?
Carben: Z = 6, A = 12.01115

Hydrogen: % =1, A = 1.00797

Oxygen: Z =8, A = 15.999L

Gram Molecule = 100.1188 grams contain 6.023 x 1023 molecules

Density of Carbon .713242 gm/cc

Density of Hydrogen = .0957678 "

Density of Oxygen = .380028 "

NYLON (012H2202N2) = 1.1399 gm/cc
Carbon: Z =6, A= 12.01115

Hydrogen: Z =1, A= 1.00797

Oxygen: Z =28, A=15.999k

Nitrogen: Z = 7, A = 14,0067

Gram Molecule = 226.309 grams

Density of Carbon: = .T7260 gm/cc

Density of Hydrogen: = .1117 "

Density of Oxygen: = .1611 "

Density of Nitrogen: = .1k11 "

POLYETHYLENE (CH, )" = .9U582 gm/cc
Carbon: Z =6, A= 12.01115

Hydrogen: Z =1, A = 1.00797

Gram Molecule = 14.02709 grams

.80990 gm/cc
13592 "

Density of Carbon
Density of Hydrogen
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TISSUE_EQUIVALENT (027H210N) o = 1.0999 gm/cc
Carbon: Z =6, A= 12,01115

Hydrogen: Z =1, A= 1.00797

Oxygen: Z =28, A=15.9994

Nitrogen: Z = 7, A = 14,0067

Gram Molecule = 375.47L45 grams

Density of Carbon: = ,95003
Density of Hydrogen: = .06210
Density of Oxygen: = .OL68T
Density of Nitrogen: = .04103

Bragg's Rule (1)

It is assumed that Bragg's rule gives the correct proceedure for
determining the proper value for Z/A, I, and shell corrections to
be used in the Monte Carlo calculations.

z/n = (/o) Z(2i/A1)0
log I = A/Z (1/p) Z(2i/A1)p 1 log I;
¢/z = B/Z (1/p) T (2i/A1)p s (Ci/A;)

The values obtained for the four plastics are as follows:

Name Z/A I(theory) I (measured) I(i)
Lucite .53990 61.9 63.89 68.1
Nylon . 54860 57.0 57.55 63.4
Polyethylene »5T7137 L.l 46.58 5h.5
Tissue Equiv. .52776 61.5 61.50

Values for I are measured in electron Volts.

Reference

1. Studies in Penetration of Charged Particles in Matter Publication 1133
National Academy of Scilences-National Research Council, Nuclear Science
Series Report Number 39, Washington, D/C/ (196k4).
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DETERMINATION OF MEAN IONIZATION POTENTIAL, I, OF LUCITE

The Change in AE Produced

Absorber Monte Carlo By A Change In Most
Thickness Calculated pAx I Eq Probable
phx Measured I = 61.9 eV of .001L of 1L eV of .1 MeV Value Of
+.001 AR AE A(AE) A(AE) A(AE) T
(g/cm?) (MeV) (MeV) (MeV) (MeV) (MeV) (ev)
E, = 185.6 MeV .
1.510 T.17 +£.05 T.172 . 005 012 . 002 62.51
2.263 10.82 +,05 10.820 . 005 .021 . 003 61.93
Eog = 159.75 MeV
1.510 7.95 #.03 7.966 . 005 .015 .002 63.00
2.263 12.00 .04 12,046 . 005 .023 .003 63.85
3.009 16.19 .05 16.226 . 005 .032 . 003 63.06
, Eg = 99.9 MeV
0.75k4 5.58 *.05 5.593 . 007 .011 . 006 63.11
1.510 11.47 .03  11.467 . 007 .02k .009 61.81
Average Value = 62.89
Iucite: (C5 Hg 02). Barkas and Berger Value: I = 65.6 eV
p = 1.1892"g/cm?.
Z/A = 0.5399
TABLE 2
DETERMINATION COF MEAN IONIZATTON POTENTTAL, I, OF NYLON
The Change In AE Produced
Absorber Monte Carlo By A Change In Most
Thickness Calculated phx I Eo Probable
phAx Measured I = 57.0 eV of .00l of 1 eV of .1 MeV Value of
+, 001 AE AE A(AE) A(AE) A(AE) I
(g/cm?) (MeV) (MeV) (MeV) (MeV) (MeV) (ev)
E, = 185.6 MeV
1.kho 7.06 #.08 7.078 . 005 .011 .002 58.66
2.895 14,34 £.10 14,337 . 005 .031 .003 57.10
Eo = 159.75 MeV
1.h49 7.82 +.04 7.838 . 006 .012 .002 58.66
2.17h 11.87 .03  11.866 . 006 .025 .003 56.84
2.895 15.99 .03  15.953 . 006 +033 .003 55.88
Ey = 99.9 MeV
0.727 5.51 *.03 5.537 . 009 013 . 006 59.08
1.k4h9 11.28 #.03 11.283 . 009 .019 . 009 57.16
2.17h 17.37 #.04  17.357 .009 Loh1 .010 56.68
2.895 23.73 #*.03 23.762 . 010 .05k .010 5T7.59
Average Value = 57.55

If NAS-NRC Publication 1133 I-values are used,
I is calculated to equal 63.35 eV.

p = 1.1399 g/cm2.
Z/A = 0.5486
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TABLE 3
DETERMINATTON OF MEAN TONIZATION POTENTIAL, I, OF POLYETHYLENE

The Change In AE Produced

Absorber Monte Carlo By A Change In Most
Thickness Calculated pAx I Ey Probable
pAx Measured I = 47.3 eV of .001 of 1 eV of .1 MeV Value of
+, 001 AE AE A(AE) A(AE) A(AE) I
(g/cm?) (MeV) (MeV) (MeV) (MeV) (MeV) (ev)
E, = 185.6 MeV
1.200 6.2% .05 6.230 . 005 .01k .002 46,64
E, = 159.75 MeV
1.200 6.93 #.04 6.898 . 006 .016 .002 45.35
1.802 10.44 .03  10.438 . 006 .02L .003 46.93
2.402 1%.00 .04  14.031 .006 .032 .003 48.32
B, = 99.9 MeV
0.600 L.87 +.10  L.853 . 009 .012 .005 L5.93
1.200 9.93 .04 9.908 .009 .025 . 006 46,47
1.802 15.23 #.03 15.198 .009 .039 . 006 46.53
2.4ho2 20.79 #.05  20.7hk .010 . 054 .006 46.50

Average Value = L46.58
Polyethylene: (C Hg)n. Barkas and Berger Value: I = 54.6 eV
p = 0.9458 g/cmg.

Z/A = 0.57137
TABLE L
DETERMINATION OF MEAN IONIZATION POTENTIAL, I, OF A PLASTIC
(027 H,, O N)
The Change In AE Produced
Absorber Monte Carlo By A Change In Most
Thickness Calculated pAx I Eq Probable
phx Measured I = 61.5 eV of .001L of 1 eV of .1 MeV Value of
. %, 001 AE AR A(AE) A(AE) A(AE) I
(g/cm?) (MeV) (MeV) (MeV) (MeV) (MeV) (eV)
E, = 185.6 MeV
2,098 9.96 .05 9.969 . 005 .018 .002 62.02
2.79L 13.36 +.05 13.363 . 005 . 025 .003 61.65
E, = 159.75 MeV
1.398 7.29 #.06  T7.309 .006 .01k .003 62.88
2.098 11.10 #.05  11.059 . 006 .021 .003 59.57
2,794 14.85 +,05 14.857 . 006 .028 .003 61.77
E, = 99.9 MeV
0.698 5.18 .04 5.135 .009 .010 .00k 57.02
1.271 10.4h +,04  10.496 .009 .021 .005 64.18
2.098 16.07 #.05 16.112 . 009 .032 . 006 62.82
2,794 22.00 #.05 22.003 .010 .ol .006 61.58

. = .50
1.100 g/em® Average Value 61.5

p:
7/A = 0.52776



I = 62.9eV

ENERGY

MEV

10000
120040
1400.0
16000
1800.0
20000

TABLE 5

STOPPING POWER VALUES AND RANGES IN LUCITE

Z/A = 0.5399
STOPPING RANGE
POWER
MEV#CMp /GM GsCM2
160-.03665 00200
94.84854 « (0368
68.83682 « 0620
54076396 20948
"45.77099 01349
34.84438 2362
2839169 e 364]
24+10331 5176
21.03379 6957
1872150 « 8977
16.91327 1.1228
15.45823 1.370%
1426068 16402
13.25689 1.9313
1240269 202435
1073442 3.1129
9.51471 461047
8.58247 5.2132
T.8459] 64334
T.24876 T.7608
6.33871 10.7205
567723 14.0618
5017444 1707578'
477930 217845
4446063 26,1203
3.88175 38.1872
349300 51.8027
3.21500 66.7508
3.00721 B82.8526
2084674 99,9584
271967 117.9416
261701 136.6945
253275 156,1247
246268 176.,1526
240377 196.7094
2035378 217.7353
2:31104 239.17890
2027425 2609917
2¢24241 283.1360
221472 305.5755
219053 328.2787
2011986 4212145
207690 516.6087
2+05062 613.5717
203497 T711.5112
202638 Bl0.0240

p = 1.1892 g/cm?
SHIELDING RANGE

DELTA
RANGE
G/CM2

«0000
0169
« 0252
0328
0401
#1012
«1279
« 1535
«1781
«2020
2251
2477

2697

2912
«3122
8655
9918
1.1085
1.2202
13274
29597
33413
3.6960
4.0267
443358
12.0669
13.6155
14.9481
161018
17.1058
17.9832
18.7525
19.4302
200279
20.5569
21.0259
21.4427
21.8136
221443
224395
227032
92.9358
95.3942
96,9629
97.9395
98.5128

-5

Lucite (c5 Hy 02)

RANGE

CM

20168 -

«0310
« 0522
« 0798
»1135
01986
+3062
4353
«585]
« 1549
09442
1.1525

]1.3792

16241
1.8866
266177
324517
4.3838
54099
6.5261
9.0149
118246
149326
18.3186
219647
321117
4345610
561309
69.6709
84.0552
99.1773
1149466
131.2855
148.1270
16544133
183.0940
2011252
219.4683
238.0895
256.9589
276.0500
354,1999
4340417
515.9533
598.3108
6811504

ENERGY
LOST
PER CM

44000
6.000
-8.000
110000
‘14000
18.000
22000
26000
30000
34000
42000
46.000
50000
52.069
36.639
30.619
26.833
24131
20434
17972
16195
14.844
13.780
11893
10654
9,780
9.132
8.634
8.241
T.924
7.665
74451
T.271
Te117
6,987
6.875
6777
6.693
6.620
6.406
6.276
6.193
6146
6.120
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TABLE 6

STOPPING POWER VALUES AND RANGES IN NYLON

I=57.6¢eV Z/A =
ENERGY STOPPING
POWER
MEV MEV#CM2/GM
2.0 166.09961
4.0 98,12151
6.0 T1-11168
8.0 56.52280
100 47.21148
140 35.91072
18.0 29.24410
220 24.81669
260 2164931
300 19.26429
34.0 17.3998]
38.0 15.89992
42.0 14.66576
460 13663149
50.0 12.75152
60.0 11.03336
700 9. 77757
800 8.81800
900 8406000
1000 744558
12060 6.50940
14000 5.82909
16040 5.31207
180.0 4.90581
200.0 4,57821
25060 3.98319
300.0 3.58366
35060 3.29797
40060 3&08444
4500 291954
50040 2.78895
550.0 2.68345
60040 2.59684
65040 2.52481
70040 2:46424
75060 2.41285
80040 2.36889
850.0 233105
900.0 229829
95040 2:269379
1000.0 2024490
1200-0 2.17209
140000 2412775
16000 2410055
1800.0 2.08428
20000 2.07526

0.5486 p = 1.1399g/cm2 Nylon (C
SHIELDING RANGE
RANGE DELTA RANGE
RANGE

G/CM2 G/CM2 CM

« 0200 «0000 «0175 .

=« 0362 «0163 «0318
20606 00243 <0532
« (0924 20318 «0811
«1313 « (0389 «1152

2 2294 + 0982 «2013

+ 35361 01242 3103
«5027 01491 4410
«6757! e 1730 «5928
« 8720 »1963 « 7650
10908 22188 « 9569
1-3315 e 2408 11682
1.5937 02622 1.3982
18769, «2831 16466
2.1805 +3036 19129
3.0263 «8458 2+6549
3.9913 « 9650 "3.5014
50701 1.0788 44478
6+2578: 11877 5.4898
75500 1.2922 6.6234
104318 2.8818 9.1515
13.6858: 3.2539 120061
17.2857: 3.6000 15.1643
212084 3.9227 18.6055
25,4326 4,2243 22.3113
37.1910 117584 32.6266
50.4610: 13,2699 4io 2679
65.0320 145710 57.0506
807297 15.6977 70.8218
97.4081 16,6784 85.4533
114.9438 175357 100.8368
1332316 18.2878 116.8802
152.1816 18.9499 133.5043
1717159 19.5344 150.6413
191.7676: 200517 168.2320
212.2782 205105 186.2253
233.1966 209184 204.5764
254.4781 212815 223.2460
276.0834 2146053 242.1997
297.9779 218945 261.4071
320.130T 221529 280.8411
410.8242 906934 3604037
503.9318 93,1076 442.0842
598,5838 94.6520 525.1196
694.2010 95.6172 609.0017
790.3886' 961876 693.3842

10 Hop Op Ny

ENERGY
LOST
PER CM

4000
6000
8.000
10000
14000
18.000
22000
26000
19.381
15.712
13.586
12.106
10.988
10104
8.507
Te421
6.626
6015
5.530
44805
4,286
3.896
3.592
3.348
2908
2.613
2404
20247
20126
26031
1953
1.891
1.837
1.793
1757
1.724
1.697
1672
1651
1634
1.583
1.552
1.531
1.521
1.510

)



TABLE 7

STOPPING POWER VALUES AND RANGES IN POLYETHYLENE

I =L46.6

FNERGY

MEV

joTe ANE AN
‘DT

o0
o0
10.0
14.7
18,0
22.0
26.0
30,0

34,0

38,0
42,0
46.0
50 .0
6{.}00
7C.0
80.0
99 .0

100,92
120.0
140.0
162 .0
180.0
200,70
250.C
300.0
350, 0
40040
450, 0
500.0
553.0
6000
£50.C
709.0
753 .9
800, 0
850,10
900 .0
957,

10609

1200.0

1400, "

1609.0

1800 .0

2000,0

eV Z/A = 0.57137

STOPPING
PDOWFR
MEV*CM2/GM

181.11624
106,27518

RANGE

G/CM2

f. 200
20,0350

76.79439
AR L,924G7
50 .822072
38,58843
31.38773
26.61258
23.27°013
2063283
18.62723
17.01479
15.688654
14.57782
13.63306
11.78938
1C.44278
9.41435
8.67234
T.94435
6.,94225
65.21438
5.66143
522706
4 .,87689
4.,24105
3.81424
3.5091n
3.28174
3.,10492
2.86543
2.85273
2.76019
2.68321
2.61847
256350
2.51648
2.47598
2..44090
2.41037
2.333693
2.20552
2.25773
222824
2.21047
2.20035

C,Ch75
N.0869
0.123C
02143
0.3300
0.4689
0.6303
0.8135

1.0179:

l1.2428
1.4879
l.7526

2.0365.
2.8275
3.7312.

4,7415
5.8541

7.0651

9. 7666
12.8182

19.8766°

23.8417
34,8828

47,3483

61.04C6
75.7959
91.4767

17"7.9672

125.1682
142.9952
161.375¢C
18042443
199.5481
219,2384

239.2730C
259.6147

230.2309
3510927
386,5217

474.2551°
563.4707

653.6271
T44.3291

p = 0.9458 g/cu”

DFLTA
RANGE
G/CM2

0.0
G.0150
0.0225
C.0295
C.0361
0.0913
0.1156
0.1389
0.1614
0.1832
0.2043
0.2250
0.2451
0.2647
0.2839
C.7913
0.9033
1.01G3
1.1127
1.2109
2.7C15
3.0517
3.3773
3.6811
3.9651
11.0410
12.4655
13.6923
14,7553
15.5809
16.4904
17.2011
17.8276
18.3798
18.8593
19.3038
19.69C3
26 e0346
2(1.3418
20.6163
20.8619
85.4291
87.7336
89.2158
90,1496
90,7290

-7

Polyethelene (C H2)

SHIELDING RANGE

RANGE

M

0.0211
C.0370
0. 0608
C.0920
C.13G1
G.2267
0.3489

0.4958 .

0.6665
(i.8602
1.0762
1.3140
1.5731
1.8530
2.1532
209899
3¢ 9450
5.0131
6.1895
14693
10,3261
13.5526
17.1233
21,0153
25.2075
36,8810
50.0606
64,5373
80,1378
96.7169
114.1520
132.3384
151.1865
172.6192
19 . 5634
210.97Q¢
231.7973
252.9795
274.43863
296.2834
318.3403
408.6631
501.4221
595, 7433
691.0618
T786.9668

ENERGY
LAST
PER CM

4,000
6..0CC
8., 0CC
10.C0C
14,9300
18,000

22.72C0

26. 000
30. 00C
34,060
33.250
25.372
21.864%
19. 533
15.852
13.586
12.007
10.828
9,908
B.557
Teb0T
6.898
6'349
5.911
5.122
4,599
4,225
3.948
3.734
3.565
3.428
3.316
3.2724
3., 38C
3.022
2.974
2.931
2.862
2.771
2. 714
2.677
2.6506



7-8

TABLE 8

STOPPING POWER VALUES AND RANGES IN TISSUE EQULVALENT PLASTIC

I =261.5 eV

ENERGY

MEV MEV#CM2/GM

2.0
460
6-0
8.0
100
140
1840
2240
{26-0
300
34.0
38.0
4260
4600
50+0
600
700
80.0
90,0
1000
12060
140.0
160.0
180.0
2000
250.0
300.0
350.90
4000
45060
500.0
550.0
6000
650.0
70060
750-0
800-0

850.0 -

9000

95000
10000
1200.0
14000
1600.0
1800.0
20000

Z/A = 0.52776
STOPPING RANGE
POWFER
G/CM2
159.57516 e 0200
9449740 « 0360
68.55762 0621
5452949 « 0951
45.56787 s 1354
34.68241 « 2371
28.25573 e 3656
23.98539 5199
2092919 «6989 .
1862717 29019
16.82713 1.1281
1537877 13771
1418680 1.6482
1318773 194081
1233759 202546
1067736 3.1287
9:.46362 4.,1258
8.53601 52403
7.80313 64672
7.20901 7.8019
630360 10.7780:
5.64554 14,1379
5214536 17.8548
475230 219043
4.43531 26,2648
385950 38.4010
347283 52.0953
3.19632 67.1304
298965 83,3266
2083004 100&5332"
270364 118:.6228
260154 1374869
251773 157.0329
244803 1771805
2.38942 197.8606¢
233970 219.0129
20297}8 24005848(
226058 262.5302
222890 284.8087
2020134 307.3843
2217728 330.2255
210695 423.7292
2:06416 5197101
203798 617.2729
202237 7158213
201378 814.9493

p = 1.100 g/cm?

DELTA
RANGE
G/CM2

« 0000
«0169
0253

« 0330

« 0403
«1017
1285

e 1542
«1790
+2030
22263

s 2490
2711

e 2927
«3138

« 8741

2« 9971
1e1145
12269
13347
2.9761
3+3599
3.7168
440496
4.3605
12.1362
13.6943
15.0352
161962
172066
180896
18.8642
19.5459
201476
206801
211523
215719
219454
222184
225757
2284172
93.5036
95.9810
97.5627
98.5484
9612890

Plastic (C

SHIELDING RANGE

RANGE

CM

« 0182

« 0336

¢ 0565

» 0865
21231
«2156
3324
4727

« 6354
«8199
10256
1.2519
14984
17644
200497
28443
3.7508
407640
5.8793
71.0927
9.7982
12.8527
16.2316
19.9131
238772
34,9100
4703594
61.0277
75.7515
91.3938
107.8389
124.9882
1427572
161.0732
179.8733
199.1027
218.7135
238.6639
258.9170
2794403
300.2051
385.2084
472.4638
561.1572
65007467
7408630

27

Hyq ON)

ENERGY
LOST
PER CM

4000
5000
-8-000
10000
14000
18.000
22000
26000
30.000
34.000
138000
42000
46,000
39.055
27.668
22.861
19.852
17.722
16.112
13.810
12.224
11059
10.162
9:.450
B.177
Te336
6. 740
6.296
5.954
5.686
5:469
5.290
56143
5.018
4,913
4.823
4o T4L6
4,680
4,621
4.570
4422
46333
4.276
40245
46229



CHAPTER 8

TABLES OF STOPPING POWERS FOR ELEMENTS, MIXTURES, AND COMPOUNDS

Energy

—
5
<

]
o

N =
OVl 00 F ¢

W
a ® & e ® & = O
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S RWL]
CD-F‘.

\O QO—=1 O\\JT £ F-
OO O OOON

100.
120.
140.
160.
180.
200.
250.
300.
350.
400.
450.
500.
550.
600.
650.
700
750.
800.
850.
900.
950.
1000.
1200.
1400.
1600.
1800.
2000.

PNFD

Proton Stopping Power Values for Elements Z=1.5
(MeV cm?/g)

H
I=13.53

401.88989
229. 5452l
163.86041
128.68013
106.58253
80.15462
64.77953
5h. 66457
47.47867
4209741
37.90936
3h.55287
31.79982
29.49911
27. 54640
23. 74702
20.98195
18.87633
17.21774
15.876k43
13.83854
12. 36221
11.24299
10. 36520
.65849
37734
.51879
. 90553
L4736
.09350
.81312
.58643
.Loo1e
.2khol
L11he1
. 00305
. 90776
.82550
. 75408
L6917k
.63709
L7556
.37481

3 FEFEEEEEUuVUTUVIOUIU OVONON] OON\O

by George W. Crawford

He
I=37.99

167.69778
97-4955h
T70.271k45
55.53735
46.21529
3k4.98526
28.40390
2h. 05148
20.94701
18.61470
16.79472
15.33282
14k.13140
13.12566
12.27075
10.60373

. 38725

.415888

. 72630

.13295

.22980

57421

.O7641

.68550

. 37046

. 79861

Jakol

. 14064

93567

<T7739

.65201

.55070

L6750

. 39827

. 34003

. 29057

2482k

.21176

.18015

.15263

.12856

.01hshL
.98761
1.97117
1.96171

HFMOMOMNDMPOPPDPDNODODPDMODPDPDONOPDWWW FEFuu On—I~] OO

-05791

Ii
I=h3.35

140.68589
82.20788
59.38127
L6.99099
39.13808
29.66303
24.10185
20. L2041
17.79263
15.81729
14.27515
13.03594
12.01721
11.16414
10.54388L4

.02Lk03

. 99115

20262

.58018

.07596

. 30823

. 75076

. 32736

. 99482

.T2677

.2Lk0o13

.91353

. 68006

.50558

.37083

.26L10

17787

.10706

HMOMOPODPODPDDODPDWwWW U OO0

Be
I=52.63

137.306L1
81. ok 78k
58. 77296
46.61385
38.88251
29.52757
2k, 02266
20.37228
17.763L7
15.80053
14.26690
13.03375
12.01945
11.16971
10. b6k
. 03626
. 00568
.21847
.59679
. 09300
. 32557
. 76805
i
. 01164
.Th332
. 25604
.92890
.69501
. 52020
.38520
.27828
.19191
.12100
. 06201
.01241
.97031
1.93430
1.90329
1.876k4k
1.85308
1.83267
1.77292
1.73646
1.71kok
1.70056
1.69302

EFRPMROMPODPOPODPDPDPODPDWW 5 20U OO O\0

B
I=60.89

138. 72147
81.716k2
59.L77h1
47.26903
39.48205
30.03457
2k, L6220k
20. 76121
18.11348
16.11962
14.56080
13.30672
12.27475
11. 40986
10.67395

9.23695

.18652

.38379

. Tho62

.23554

L5216

. 88283

45011

.11007

.83585

- 33775

. 00327

. 76409

.58532

Ll7e6

«33793

.2ho61

L7712

.11682

. 06613

.02312

FPODMPMDMPDNODOPODPODNONDWWW F&820 000N
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8-2

2640
300
340
38+0
420
460

SOGOA

6040
7040
8040
90.0
10040
12040
14040
1600
18040
20040
25040
30040
350.0
4000
45040
500.0
5500
60040
€500
7000
7500
80040
8500
900.0
950.0
10000
120040
140040
16000
18000
200040

Proton Stopping Power Values for Elements Z=6-10.
(MeV cm?/g)

C
“I=72.11

143614277

85, 28596
6203787
48.42652
4135149
315224}
25.70802
2183944
19.06805
1697897
15: 34442
14-02855
1294512
1203669
1126341
9.75256

8.64738 .

T-80233
To13444
6.59282
5:.76710
516671
471022
4.35138
4,06194
3.53604
3.18279
293014

274130

259546

247997

2.38669
231014

2e24648:
2919297’

214759
2.10879
2+07540
2004652

2:02141

199949
193552
189674
1.87313

1.85918
185164

N
I=86.59

136.27698
8179220
59.68443
47 .68836
39.97231
3054413
2494813
2121690

1853986
1651967
1493740
13.66273
12.61258
1173156
1098127
3.51435
8.44045
761881
696908
6044197
5.63796
5.05303
4.60811
4.25825
3.97598
3+46292
311819
2:87159
2:68724
2:54488

2e43216

234112
2426643

2020433
2.15215"

210790
2:07009
203757
200945
1.985¢01
1.96370
150160
186411

1.84144 .

1.82819
1.82120

0
I=100.10

130.93244

79.00391
58.05151
46.29055
38.86715
29.76352
24434326
20.72215
18.12056
1615519
1461478
13.37293
12034925
1149003
10.75801
9,32598
827690
7.47381
6483847
6.32284
553602
4.96333
4.52756

4.18480
3.90819 -

3.40529
3.06727
282545

2+64466

250505
2+39451
2:30524
2e23201
217115
212001
2:07666
203963
2:00779
1.98027
1.95638
193554
187492
1.83845
1.81652
1.80383

1.79727

y

¥
I=117.48

18.58397
7197639
53.06494
472.53592
35.65546
27.37160
2242149
1910701
1672196
1491803
1350283
1236106
1141927

10.62836,

9.95422
8.63453
71.66699
6.92586
6.33925
5.86296
5.13582
4.60628
4.20318
3.88602
3.63000
3.16438
2.85132
262731
245983
233049
2022810
214542
207760
2,02125
1.97392
1.93381
1.89956
1.87013
184470
182263
1.80339
1. 74753
le71407
169407
1.68264

1.67687

Ne
1=138.95

11632197

72.16500
53.39846
42.90816

36.12159°

2771988
22 T4579".

1940677

-

16.99979"
15.17687.

13.74526

12.58928 .

1163508
10.83327
1014948
8.80992
7.82695
7.07348
647676
5.99206
5.25165
4.71213
4430125
3.97785
3.71672
3.24164
2.92211
269343
252244
2.39039
2.28585
2.20146
2.13225
207476
2.02649
1.98559
1.95068
1.92070
1.8948]
1.87235
1.85279
1.79609
1.76228
1.74223
1.73092
1.72538



Energy
(MeV)

.C

>

»
»

LN
DBDO

10.
14.0
18,0
22.0
26.0
30.0
34 .0
38,0
42.0
46,0
50.0
60,0
70.0
80.0
9N .0

190.0
120.0
140.0
160.0
180.0
200.0
250.0
300.0C
350.0
400.0
450,0
500.0
550.0
600.9
650.0
700, 0
I50.0
800 .0
8350 .0
90n.C
950.0

1070 .0

120G.D

14027

1600.°

180°0.0

2000 .0

Proton Stopping Power Values for Elements Z=11-15.
(Nchm@/g)

Na
I=149.40

117.68256
58.,36726
50.66441
40.75000
34.33482
26.42519
21.66034
18.49234
16.,20704
14.47463

13.11327

12.01349
11.17533
0.34196
9.,69077
8.41457
T47767
6.75926
6.13C16
5.72775
5.02125
4.50628
4.11401
3.80520Q
3.55582
3.1020%4
273678
2.57829
241491
2.28874
2.188856
2.10824
2.04212
1.98721
1.94117
1.9C275
1.86872
1.84010
1.81539
1.79396
1.77531
1.72128
1.68913
1.67G13
1.65G47
165434

Mg
I=157.00

113.23463
68.80263
51.61926
41,54680
35.02242
26.98015
22.12216

16.56770

14.87108
13.41219

12.28974 ;

11.36257
10.58302
9.91787

8.61392

7.65631
6.92181
633986
5.86692

5.14417 ' |

4.61724
4e2158C
3.89973
3.64446
3.17989

2.86735 ¢

2.64362
2.47632
2.347T13
2.244856
2.16232
2.09461
2.03838
1.99119
1.95121
1.91711
1.88782
1.86254
1.84062
1.82154
1.76632
1.7335)
1.71415
1.72335
1.69820

Al
I=163.00

17G6,95879
66.73718
49.91C93
40.,19077
33.89142
26412502
21.46535

18.31039.
16.05855-

14,34982
13.n02588

-~ 11.91939

11.02167

16,2667

62242
B.35904
T7.43094
b,71892
6e154606
5.69604
4,99506
4.48391

4 09443

3.78775
3.54004
3.08919
2. 78584

2.56868

240629
2.28089
2.,181A2
210149
2.03579
1.98122
1.93542
1.89663
1.86353
1.83512
1.81060
1.78934
l.77084
1.71731
1.68554
1.66683
1.65643
1.65151

Si
I=171.10

112.32408
© 68.39978
50.58032
4]1.,09494
34 ,67409
26.74831
21.99124
18.79124
16.46245
14.71544
13.34063
12.22871
11.30968
10.536556
9.87663
8.58213
7.63080
6.90075
6.32208
5.85165
5.13246
4,60791
4.,20816
3.89334
3.63904
3.17612
2.86461
2.64159
2.47482
2.34602
2.24407

2.16178

2.09431
2.003828
1.99126
1.95144
1091 ?/‘}6
1.88832
1.856314
1.84132
1.82235
1.76747
1.73495
1.,71535
1.70528%
1.70033

8-3

P
I=182.00

167.22694
655.58739
48.,51909
30,0404
32,21574%
25.64864

D 21.10175

18.04167
15.82957
14.13708
12.82027
11.75473
180.87365
1n.13221
9.49913
8.25681
734339
6.64219
6.08622
5.63415
4.,94284
4,438643%
4,05403
3.75121
3.50657
3.06117
2.76139
2.54675
2.3R8624
2.26228
20 1(3416
2.084936
2.02004
1.94612
1.92783
1.88257
1.84990
1.82186
1.797656
1.77670
1.75%46
1.70577
1.67461
1.65637
1.64633
1.64170



Energy
(MeV)

2.0
4,0
600
3.0
10.0
14 .0
18.0

22.0

26.0
34,0
28.0
4240

46,0

50.0

6C. 1

T0.0

80.0

0.0
100.0
122.0
140.C
160,05
180 .M
2072 .0
2500
300,060
350,0
400,0
457 ,0
500.0
550.0
6£00,0
650,.0
700 .0
50,0
800,00
850, N
9CD L. O
957 ."n
1000,.0
12202,0
1400.0
1507 .0
1800.0
2000 .0

[y

Proton Stopping Power Values for Elements Z=16-20.
(MeV cm®/g)

S
I=192.30

28, 73717
£6.80150
49,43501
29,73445
33.56076

26.11647

21.50003
18.39127
1614291
14.43528
13,07976
11.99555
11.79868
10,.,34371
9.69888
B.43302
7.5189
6. 78683
6.21974%
5.75851
5.083%2
4,53819
4,14567
3,83645

3.13165
?2.82541
2.6N612
244212
2.31546
2.21521
2.13430
206797
2.01290
1.96669
1.92757
1.89421
1.865%3
1.84088
1.81949
1.82088
1.74717
1.71545%
16969
1.68681
1.68221

Cl
I=205.30

172.42215

63.25131
46.84268
37.71573
31.82465
24, 74464
20.38585
17.44786
15.,32192
13.,70638
12.43292
11.39475
10.54532
9.83000
G.21884
8,01854
7.13515
6.45651
5.91811

5.48011

4,80996
4,32075
3.94769
3.65374
3.41619
2:98357
2.63229
248370
2.32772
2.20722
2.11185
2.03489
1.97181
1.91944
1.87549
1.8383N0
1.80659
1.77938
1.75592
1.73560
1.71793
166697
1.63694%
1.61948
1.60999
1.60576

Ar

I=221.00

94,01163
58.40646
43,.3030C4
24,88954
?9.,45322
22.76169
18.856841
16.15894
14,19712
12.772551
11.53609
10.57813
9.78286
9.12137
8.55600
T.44506
6.62695
5.99817
5.49915
5.09307
4.47155
4,01768
3.67147
3.39862
3.17809
2.77636
2.50584
2.31209
2.16717
2.05525

1.96667,
1.89519
1.83660"

1.,78797
1, 74717
1.71264
1,.68321
l. 657956
1.63620
1.61735
1.60098
1.55378
1.52604
1.5709G68
1.50132
1.49754

K
I=242,70

- 98,25334
51.43927
45,69C20
36.85165

' 31.13352
24 ,086487
19.95744
17.10521
15.03801
13. 46483
12.22433
11.21932
10.38713

9.67883
9.08122
7.90617
7.04022
6.37428
5,.84555
5.41512
4,75606
4,27456
3.90714
3,61750
3.38235!
2.95671°
2.66933
2.46347
2. 30649
2.19058
2.09646
2.02052
1.95828"
1.90662
1.86330:
1.82665]
1.72541
1.76863
1.74554
1.772556
1.77821
1.658264
1.62970
1.61215
1.67316
1.59936

Ca
I=,48.80

17G.15466
62.72057
46, 71417
A37.67654
31 .829R"
24 ,62187
2C.29630
17.47037
15,.36209
13.,75755
12.492726
11.46640
1C.61730
9,9N172
5,.,28332
8.08377
7.19%46
6.51925
5.979M6
5.53926
4.86570
4,37353
3.89792
3.7C179
3.46238
3.02AC9
2,7321%
2.52165
2.36414
224254 -
2.14627
2.06860
2.00495
1.95212
1,9C07R?
1.87034
1.8384N
1.81101
1.78741
1.76699
1.74925
1.69R22
1.,64835
1.65117
1.6420
1.63R22



46.0
50.0
60.0
0.0
8D,
99 .O
100,90
1272.0
140.,0
160.0
180.0

1203.0
1400 ,.9
1400,0
18000
2000 .0

Proton Stopping Power Values for Elements Z=21-25,
(MeV cm/g)

Se
I=255.50

92.98543
58.32693
43,51199
A5.09627
29.65N10
22 ..83652
18.90776
16.26178
14.3%7147
12.80989
11.63335
10.67969
9,88979
9.22428
8.,65522
T.53221
6.70928
6.07613
557322
5,16369
4453641
4.07796
3.72804
3.45213
3,22905
2.82249
2.54858
2.35235
2.200555
2.09220
2.00248
1.93C08
1.87C76
1.82153
1.78024
1. 74521
1.71555
1,69004
1.66805
1.64903
1.63251
1.58500
1.55721
1.54127
1.532R2
1.52931

Ti

I=,62.30

90 .,66705
56.96815
42.56862
34,33821
29.01065
22,44279
18,52157
15.84909
13.93511
12.52851
11.37943
10.44780
9.67625
9.02584%
8.46985
7.37169
6656734
5.94831
5.45652
5.05599
4oblt239
3.99384
3-651’{1"‘{}
3.38143
3.16310

2. 76516
2.497GC3.

2:304692
2.16122

L 2.05024
1.96240
©1.89153

1.8323245
1.78526
le 744384
1.71066
1.69153
1.65656
1.635C5
1.61644
1.67028
1.55382
1,52668
1.51112
1.50291

1.49953%

'
1=069. 00

BE.40622
55.63907
41.61523
33.59468
28.3845]
21.95972
18.10397
15.50057
13.63300
12.25298
11.13063
10.22066
946674
8.83137
8.28790
7.21925
6.42796
5.82278
5.34190
4,95019
4.34999
3.91117
3.57615
3.31193
3.09826
2.70877
2 44631
2.25826
2.11759
2.00894
1.92295
1.85357
1.79673
1.7495%5
1.70999
1.67654
1.64803
1.623860
1.60255
1.58434
1.56853
1.52312
1.4965R8
1.48141
1447343
1.47C18

Cr
I=275.70

B2.65421

T56.51720

42 .30086
34,13405
28,.,88512
22.234871
18.42560
15.78574
13.87674
12.456385
11.322354
10.39908
9.63309
8.98724
8.4349T7
7.34855
6.54356
5.92823
5.43918
5.04075
4,420315
3.98364
3.64270
3.37378
3.15630
2.75982
2.49262
2.300116
2.15793
2.04731
1.95376
1.88913
1.83125
1.78322
1.74296
1.70°8940
1.67988
1.65502
1.63359
1.61576
1.59898
1.,55278
1.52583
1.51044
1,50237
1.49911

Mn
I=283.10

B7.,£0356
55.32564
41 ,44038
33,57505
28.,33217
21.92423
18.077C1
15.48806
13.61617
12.19366
11.17054"
10.19979
9.,44952
8.81692
B.27573
7.21105
6.42582
5.81857
5.33913
4.,94847
4,34965
3,91167
3.57719
3.,31335
3,099%4
2.7108%
2e448h2
2.2607T0
2.12C12
2.001154
1.92561
1.85628
1.79947
1,75233
1.71281
1.67939
1.650G2
1.62653
1.60551
1.53733
1.5715%6
1.52626
1.492087
1.43482
1.47696
1.47383



Ehergy
(MeV)

a
*

[on B B SV IR

s
[ I BN 6 I AN |

-
s

s U/
14 .0
18.0
22,0
260”
3N, o
34,0
38,0

42,0

46,0
%(}.Q
60.0
T70.0
83.0
30.0
100.0
120.2
147.0
160.0
18Ga€’
250.0

337 .0

350.0
4nn,.0
450 .0
500 .0
550.0
600.0
650,0
762.0
750,00
80N.0
850,0
ACH .0
957 .7
1000,0
1200.0
14C072,0
16“:’] o
1800.0
2000, 0

Proton Stopping Power Values for Elements Z=26-30.
(MeV cn?/g)

Fe
I=290.90

88.74861

56,1570
42 .09662
34,08856
28.81735
22.30383
18.39101
15, 75940
13.85558
12.47911
11.26962
10.37535
9.61312
8.97039
8.42061
7.33859
6.54037
5.92269
5.43527
5,03802
4.42901
3.98348
3.64318
3.37471
3.15755
2.76158
2.49466
2.30338
2.16027
2.04974

1.89170]

1.82387
1.78590
1.74568
1.71167
1.6R269
1.65%5787
1.632649
1.6183D
1.600195
1.,55590
1.57912
1.51384%
1.57595
1.50277

Co
I=298.70

B6.57579

54.88736
41.17737
33.35962

28.22362
21.8439010
18.01974
15.44075
13.57657
12.16016
1104420
1. 14050

. 9441692

8.78816
8.25020
7.19139
6.41000
5.80849
5.32787

4 .93892

4,34250
3,9N610
3.57273
3.30969
3.09691
2.70886
2.44726
2.25978
2.11951
2.01117
1.92543;
185626
1.79958"
1.75256.
1.71315,
1.,67982"
1.65143
1.62710
1.67616
1,58805
1.57233
1.52724
1.50103
1.4861%
1.47842
1.47541

Ni
I=306.30

29,32921
56.73808
42 ,5983N
34 ,52618
29.23384
22.63583
18.67000
16.00005
14.06916
12.60203
11.44621
10.51017
9,75557
9,.174693
B.54833
T.45252,
6.64367
6,02C85
5.52576
5.12021
4,50253
4, 05047
3,70509
3,.43255
3.21206
2.80991
2.53878
2.34445
2.19905
2.08675
1.99787
1.92617;
1.86743
1.81870
1.77784
1.74330
1.71389.
1.68868
1.66698
1.64822
1.63194
1.58526
1.55815
1.54277
1.53483
1.53177

Cu
T=314.00

- B4,73145

52.91866
40 ,51256
32.85040
27.83412
21.55917
17.78416
15.24217
13.403563
12.00664
10.90611
16.Mn148D
2.277056
8.67239
8.14272
T.10022
6.33044
5.73754
5.26628
4,87997
4.29186
3.86133
3.53242
3.27281
3.06276
2.67962
2.42127
2.23609
2.09753
1.99052
1.90582
1.837590
1.78152
1.73509
1.69616
1.66325
1.63523
l1.61122
1.59055
1.57268
1.55718
1.51275
148695
1.47237
1.464R5
lasb200

Zn
I=323.40

84,2985
53.75574

40,42816

32.82000

27.80177

21,55139
17.78151
15,24185

13.,47473

12.0n8772
10.90877
10.01798
9,28C57
8.,65939
8.14312
7.10184
6.,33288
5.74050
5.26950
4,88567
4,29541
3.86504
3.53612
2,27651
3.06643
2.68319
2.42475
2.23949
2.,17°086"
1.99379
1.900906
1.84070
1.78470
1.73825
1.699731:
1 «6A639
1.63837
1.61436
1.59369
1.57583
1.56023
1.515%94
1.49721
1.47568
1.46823
1.46544



1800.0
2000, 75

Proton Stopping Power Values for Elements Z=31-35.
(MeV cm</g)

Ga
I=329.L40

#1.11963
51.81271
38.98930
31.64322
26.82738
20.8C899
17.17046
14,71885
12.94509
11.59738
12.53542
F.67541
8.96347
8.36370
7.85125
6.85765
6.11579
5,54416

5.08954

4,71907

4.14929
3.73388
3.41635:
3.16571,
2.96287!

2.59282
2.34323
2.16432
2.03044
1.927C3
1.84520
l1.77918
1.72510
1.680232
1.64264

1.61085
1.58379

1.56061
1.54065
1.52341
1.5%845
146562
1.44081
1.42681
1.419466
L.41707

Ge
I=337. 50

79,70239
51.,00655
38.41302
31.18991
26.45131
20.53217
16.34521
14.52718
12.77764
11.44796
10, 40037
9.55179
8.84945
B,25763
T.75181
6.76927
6.03776
5447399
5.02559
4,66006
4,09780
3.637973
3.37459
3.12723
2.92703
2.56174
2.31535
2.13871
2.00653
1.90444
1.82364
1.75846
1.70507
1.66078
1.62366
1.59229
1.546558
154279

1.52301.

1.57599
1.49124
1.44899
1.42455
141779
1.47273
1.47121

As
I=348,00

78.71092

50.49991

38.07057
3G.93033
26.24181
2C.38699
16.82948
14.43051
12.69409

11.37424
‘16.33428

9.49182

8,79449

B8.,200692
T.70459
6,.,71689
6.00063
5,441073
4,99585
4,.,63284
4,07609
3.66728
3.35604
3,11030
2.911329
2.54842
2.303356
2.1280N0
1.992662
1.89515
1.81484
1.75C006
1.6970%
1.65298
1.616190
1.58493
1.55839
1.535656
1.51610
1.4992"
1.43455
144263
1.41840
1.40479
1.3972n
1.39541

Se
I=357.70

76.,13977

T 48,96359

36.94684%
30 .03363
25.49040
19.81964
16.36426

14.03365

12.34651
11.06377
10.05286

2.23406
8.556CT:
7.9848T7
T.49650
6.53619
5.838032
5.29423
4.86152
4.,50868
3.96734

'3.56973

3.26708
3.028C8
2.83462
2.48154
224333
2.N7252
194470
1 - 8"%‘597
1.76783
1.70487
1.65318
1.61036
1.57448
1.54415
1.5183¢4
1.4G624
1.47722.
1.46079,
144655

1.470531.
1.23230
1.36912
1.36247
1.34A211

Br
I=369.54

7646245
49,31049
37,7518
37,.32096
25.72879
20.01672
16,5379
14.185n9
12.48145
11.18598
10.16492
9.33774
B.65280
8.07573
T.58231
6.61187
5,90463
535531
4,91819
4.56166
4,01455
3.61257
3.,30655
3.06574
2.86943
2.51240
227148
2.09873
1.95944
1.86957
1.79054
1.72679
1,67458
1.632128
1.59499
1.56433
1.53023
1.51539
1.49667
l.43006
1.46567
1.42454
l.4N0433
1.38757
1.38092
1.378A1



Energy
(Mev)

o
DO PN
s & © 8
DD DD

’-—l
N
D

18. %
22.0
26,0
an.p
34,0
38.0
42.0

46.0

50,0
60.0

0.2

82.0
90,0
100.0
122.0
140.0
160.0
180.n
20040
250 .0
3N0.0
350.0
400.0
450,0
500.06
550.0
600.0
650.0
700.0
750.0
852.N
9en .,
957, C
1002.,0
1200,0
1470,
1600,0
187°0.10
2075, 0

Proton Stopping Power Values for Elements Z=36-L0.
(MeV em®/g)

Kr
I=383.

73.89377
4T7.81131
36.16681
29.44154
25.M1199
18.47227
16.09814
13.81212
12.15559
10.89552
9.,92213
9.097246
8.43085
1.86915
7.38899
6.44425

5.74752.

5.21952
4,79419
4,447073
3,91432
3.52418
3.22486
2.9895%3
2.73899
2.45113
2.21638
2.048G53
1.62223
1082476
1.74768
l.68556
1.63468
1.59248
1.55713
1.52726
1.57184
1.48CM3
1.46137
1.44520
1.43119
1.39113
1.356815
1.35531
10%4891

1.34674

Rb
I=388.

74.038604
47.96689
36.30280
29.56100
25.11852
19.56035
16.17760
13.88115
12.21692
10.95076
9.95267
9.14385
BoeaT412
7.90973
7.42710
6.47786'
5.77770.
5.24576
4,81850
4.46992
3.93480

3.54281-

3.24201
3.00558
2.81413
2046460
2.22869
2.05950
1.93287
1.83506!
1. 75765
1.69522
1.64408
1.60168
1.56616

) 1053614

1.51000
1.48873
1.406993
1.4536Y9
1.434962
1.3G6943
1.37632
1.36345
1.35705
1.35490

Sr
I=393.

73.75754
47.84595
36.229061
2951000
25.08018
19.53554
16.16411

13.87003-

12.20782
10.94304
9.94578
9.13768
B.46858
7.904173
T.42249
647412
5, 77455
523601
4.815009
4.46698
3.93254%
3.54097

3.24154

3.00427
2.81302
2.46383
2.22812
2.05907
1.93254%
1.83481
1.757406
1.63503
1.64393
1.60162
1.56612
1.93613
1.51062
1.48877
1.46999
Le4b377

1.43972°

1.39959
137653
1.36370
le 35734
1439523

Y
I=Loo.

T4e1223%

T 48.15373

36.48407
29.72736
25.270060
19.68973
16.29695
13.98684
12.31133
11.03639
10.03095
9.21626
8.54157
1.97297
7.48685
6.53052
5.82513
5.28206
4485652
4.50568
3.96696
3.57213
3.27032
3.03103
2.83821
2.48611
224842
2.G779%4
1.95034
1.85177
l.77376
1.71085
1.65932
1.61660
1.58080
1l.550586
1.52483
1.50231
l.483338
1.46752
1045330
l1e41292
1.3897J
1.37680
1.37043
1.36833

Zr
I=4o7.

713.66246
47,9817%
36,3919%
29.67029
25.232%1
1Q.n7044
16,2864
13,99138
12.32321
11.05141
10.,04707
9,.,23226
8.356973
T.3R7462
7.53020
6.541323
5.33375
5.28893
4, 85585
4.50293
3.95183
3.565090
3,26341
3.02470
283157
247931
2.24179
2007156
1.94422
1.3459N0
1.76812
1.70541
1.69407
1.6115°?
1.57588
1.%4577
1.52017
1.49826
1047”43
1.456317
1.4491D
1.4“397
1.33599
1,37329
1.367049
1.36514



Energy
(MeV)

SN
CooQOC

10.
14,0
18.0

22.0

26.0

30.0

34.0

38.0

42.0

46.0

50.0

60.0

710.0

80.0

90.0
100.0
120.0
140.0
160.0
180.0
200.90
250 .0
300.0
350.0
400.0
450.0
500.0
550.0
600.0
©50.0
100.0
750.0
800.0
850.0
900.0
950.0
1000.0
1200.0
1400.0
1600.0
1303.0
2000.0

Proton Stopping Power Values for Elements Z=L41-U45.
(MeV cmz/g)

Nb
I=415.

T73.53273
47.92371
36.35593
29.64461
25.21269
19.65727

16.27687
13.97611
12.30639
11.03327
10.02905
9.21511
8.54105
1.97291
7.48708
6.53151
5.82658
5.28381
4.85239
4.50601
3.96801
3.57367
3.27203
3.03380
284015
2448827
2.25069
2.08027
1.95270
1.85415
l.77617
1.71327
1.66176
1.61905
1.58327
1.55305
1.52734
1.50534
1.48642
1.47008
1445594
1.41559
1.39245
1.37563

1.37334.

1.37132

Mo
I=hko2,

T2.42401
47.27919
35.89043
29.27605
24.90553
19.42418
16.08731

13.82134

12.16825
10.91012
9.91760
9.11305
8.44673
7.88511
7.40486
6.46008
5.76317
5.22656
4.79998
4.45230
3.92487
3.53508
3.23687
13.00136
2.80946
2.46197
2.22706
2.05854
1.93239
1.83494
1.75782
1.69563
1.64469
1.60246
1.56709
1.53721

1.51179

1,49004
1.47133
1.45519
le44121
1.40134
1.37850
1.36587
1.35969
L3773

Te
I=430.

72.39059
47.34377

| 35.96532
. 29.34927
124.97478
19.48528

16.141569
13.87205
12.21494

"10.95277

9.95695

9414971

8.48102
T.91741
7.43536
6.48719
5.78764
5.24899
4.82079
4,47179
3.94165
3.55048
3.25119
3.01479
2.82334
2+47330

2423748
. 2.068390
" 1.94165

1.84381
1.76639

1.70394

ls65281
1.61041

1.57490
1.54491

1.51939
1.4975%6
1.47879
1.46259

1.44857

1.40858
1.33569
1.37305
1.356689
1.36497

' 70.94986
46.47893

' 28.84288"

Ru
I=438.

35433147

" 24.55006

19.16023
15.87581

" 13.64563

12.01883
10.77764
F.79833
9,00430
8.34650
7.79207

7.31788;
6.38502'
5.69676

5.16681
4.74547
4.40206
3.87979
3.49502
3.,20060
2.,96800
2. 77966
2.43522

2.20318,

2.03670
1.91208
1.81580
1.73961
1.67816:
1.62785
1.58613
1.55119
1.52168
1.49658
1.47510
1.45664
1.44070
1.42691
1.33759
1.36511
1.35271
1.34668
1.34484

8-9

Rh

I=khs5.

10.74481

46.42497

35.31445
2B8.84023
24455423

©19.17001

15.88743

13.65778
$12.03295
;1079098

9.81103
9.01637
8.35808
7.80310
T.32845
6.39456
5.,70559
5.17505
4.75324
4.40942
3.88585
3.50075
3.20604
297319
2.78464%
2.43977
2.20746
2.04078
1.91599
1.81959
1.74330
1.68177
1.63139
1.58963
1.55465
1.52510
1.49997
1.47847
1.46000
l1.44405
1.43024
1.39091
1.36844
1.35607
1.35007
1.34827



8-10

46.0

1950.0
1000.0
1200.0
1400.0
1600.0
1800.0
20000

Proton Stopping Power Valu
(NbV c

Pd
I=ks5k.

69.39070
45.62152
34.72867
28.37372
24.16385
18.87215
15.64425
13.45101
11.85446
10.63153
F.66664
8.88418
8.23588
71.68926
1.22179°
6.30196
5.62326
5.,10062
4.68506
4.,34632
3.82677
3.450061
3.16032
2.93096
274520
2.40541
217653
2.01230
1.88935
1.79436
1.71920
1.65857
1.60894
1.56778
1.53332
1.50422
1.47946
1.45829
1.44004
1.42438
1.41079
1.372038
1.34997
1.33782
1.33196
1.33022

Ag
T=h61.

69.43909
45.73032
34.83441
28.47081
24.25266
18.94772
15.71023
13.50980
11.9C823
10.68163
9,71273
8.92699
8.27586
T.72690
1.25730
6.33329
5.65151
5.12642
4,7038906
4,36863
3.84663
3.46821
3.17663

2.94622
2.75959

2.41822
2.18825
2.02325
1.89971
1.80428
1.72875
1.66784
1.61797
1.57662
1.54200
1.51270
1.48790
le46663
1l.44835
1.43257
1.41892
1.38006
1.35789
1.34572

1.33987

1.33810

E/g)

s for Elements Z=46-50.

cd
I=k70..

67.48833
44,53510
33,95055
2T7.76082
23.65495
18.48798
15.33289
13.18769
11.62591
10.43098

9.48546

B.71861

8.08309%

T.54723
7.08879

6.18671
5.52102.

5.00834
4.60068

4.,268371

3.75859
3.338859
3.10391
2.87893
2.69669
2.36384
2.13871
1.97757
1.85692
1.76371
1.68994%
1.63046
158175
1.541338
1.507586
1.47901
1.45473
1.43397
le41612
1.40073
1.33741
1.34949
1.32788
1.31604
1.31037
1.30874

In
I=b76.

67.08928

- 44 327764

33.80896
27.65279
23.56731

"18.42397

15.28221

'13,14558

11.58973

' 10.40081

9.45828
8.69387
8.06038

 7.52618

7T.06918

6.16981

5.50606

4.99490

458845
4.25711
3.74881
337663
3.095065
2.87138
2.68971
2.35788
2,13340
1.97274
1.85245
1.75952
1.68597
1.62666
1.57810
1.53785
1.50414
1.47568
1.45147
1.43077
1.41298
1.397064
1.38436
1.34658
1.32596
1.31329
1.30766
1.300607

Sn
T=483.

"55.78435

43.53577
33.,2258¢C
27.18553
23.17462
18.12262
15.03527
12.93532

11 .40540

10,23738
9.31035
8.55827
7,93500
7.40933
6.55963
6.07452
5.4212%
4.,91818
4.51809
4,19196
3.69163
3.32527-
3,04833.
2.82762
2.64882
2322290
2610123
1.94309.
1.82469
1.73321
1.66082
1.60243
1.55464
1.51501
104818“1‘
1.45382
1.43001
1.40964
1.39213
1.37703
1.36397
1.32681
1.30567
1.29411
1.28861
1.28708



1200.0
1400.0
1600.0
1800.0
2000.0

Proton Stopping Power Values for Elements Z=51-55.
(MeV cm?/g)

Sb
I=ho2,

64.90627
43.03595
32.86835
26.90427
22.94125

17.94601
14.89271
12.81452
11.30059
10.14434
9.22761
B.48268
T.86526
Te34453
6.89899
6.02202
537470
4.,87614
4.47966
4.15645
3.66057
3.259748
3.02264
2.80393
262674
2.30304
2.08401
1.92728
1.80993
1.71926
1.64751
1.58965
1.54221
1.50301
1.47013
1.44237
1.41876
1.39858
1.38124%
1.36628
1.35334
1.31655
1.29562
1.28421
1.27880
1.27732

Te
I=501.

62.63232
41 .61095
31.8C444
26 .04480
22.21487
17.33496
14.43016
12.41868
10.95298
9.83334
B.94663
8.22480
162652
7.12192
6.69011
5.84015
5.21269
4e72935
4.34502
4,03168
3.55092
3.19885
2.93204
2.72003
2.54826
2.23443
2.02205
1.87009
1. 75631
1.656840
1.59883
1.54272
1.49679
1.45872
1.42685
1.39994
1.377066
1.35749
1.34069
1.32619
1.31366
1.27802
1.25777
1.24674
1.24153
1.24014

I
I=511.

63.57565
42.33749
32.38916
26.53729
22.64275
17.72774
14.71891
12.66978

11.17621

10.03501
9.13222
B.386592
7.78568
7.27095
6483045
5.96320
5.32293
4.82967
4.43741

 4.11757

3.62686
3.26748
2+99268
2.77838
2.603006
2.28271
2.065489
1.91077
1.79461
1.70437
1.63384
1.57657
1.52989
1.49082
1.45829
1.43082
1.40747
1,38751
1.37036
1.35557
1e34278
1.30644
1.28532
1.27461
1.20934
1.20797

Xe
I=523.

61.92856
 41.35172

31.66763

25.96132
22.15994

17.35852
14.41704

12.41283

10.95148
9.83463
8.95092

8.23092

7.63321
7.12898
6.69746
5.84777
5.22032
4,73691
4.35244
4.03894
3.55792
3.20560
2.93620
2.72581
2.55396
2.23991
2.02776
1.87522
1.76134%
1.67335
1.60371;
1.54756
1.50159
1.46350
1.43160
1.40468
1.38179
1.356223
1.34543
1.33094
1.31841
1.28283
1.26266
1.25172
1.24661"
1.24531

8-11

Cs
T=527.

62.10825
41.50543

31.79524

26,07C53
22.25580"

17.43625
14.43301
12.47050
11.00295
9.88128
8.99369
8.27141
7.67081
7.16416
6.73059
5.87680
5.24631
4.,76051
4.37416,
4.05915
3.57578
3,22173
2.95102
2.73933
2.56668
2.25116
2.03802
1.88474
1.77032
1.68161
1.61195
1.55554
1.50935
1.47108
1.43904:
1.41199
1.38900
1.36934
1.35246
.233791
1.32532
1.28959
1.26934
1.25837
1.25325
1.25156



8-12

450.,0
500,90
550.0
600.0
650.0
700.0
150.C
800.,0
850.0
900 .0
950.0
1000.0
1200.0
1400.0
1600.0
1800.0
2000.0

Proton Stopping Power Values for Elements Z=56-60.
(MeV(m@/g)

Ba
I=532,

60.92549
40.756033
31.23778
25.61960
21.87436
17.14098
14.23965
12.26213
10.81990
9.71745
8.84500
8.13593
154523
1.04705
6.62067
5.78103
5.16093
4.68315
4,.30314
3.99330
3.51786
3.16963
2.90334
2.69306
252508
2221480
2.00518
1.85442
1.74189
1.65495
1.58614
1.53066
1.48524
1.447560
1.41609
1.38949
1.,36688
1.34756
1.33096
1.31665
1.30428
1.26915
124926
1.23849
1.23348
1.23224

La
I=538.

61.01828
40.87175
31.33754
25.73810
21.95374

17.207C5

14,29659

12.31243
10.86513
9.75869

8.88300
8,17127
7.57893
7.07872
6.65054
5.80733
5,18457
4.70473
4432304
4.01183
3.53429
3.18452
2.9176G5
2.70583
2.53687
2422527
2.01474
1.86331
1.75C30
1.66299
1.59389
1.53816
1.45255
145475
1.42310

1.39639

137369

1.35428

1.33762

L.32325

1.31083

l.2755¢

L.25562

1.24483

1.23982
1,23860

Ce
I=5L5,

61.20715
41.05614

25.84599

| 2207592

1730740
14.38239
12.38781
1093267
9.82006
8.9394]
8.22358
T.62860
712520
669437
5.84592
5.21922
4673629
4.35214
4,03893
3.5583¢0
3.20626
293705
Ce 12445
2455416
224058
202869
187664

1.76255 -

1.67467
1.60513
1.54905
1+50314
1.46510
143326
140638
1.38353
136401
1.34724
1.33279
132030
1.28484
1.26478
1.25395
1.24893
1.24773

Pr
I=550.

61.95500
41.61002

" 31.93596

26.21405
2239435
17.56107
14.59535
12.57257
11.096062
9.96797
9.07453
8.34827
T.74532
7.23435
6.79708
5.93586
5.,29969
480943
4,.,41945
4.10145
3.61351
3.25609
2.98275
2.76690
2.59214
227546
2.06037
1.90602
1.79018

1.70097

L.63037
1.57345
1.52685
1.48823
1.45591
1.42862
1.40544
1.38562
1.36860
1.35394

1.34126°

1.30548
1.284495

1.27398

1.26891
1.26771

Nd
I=557.

62.31656
41.,90985
32.18266
26 42427
22.57831
17.70976
14.72130
12.63252
11.19464
10.05673
9.,15586
8.42350
7.81544
7.30074
6.85961
5.99075
5.3489C
4.85422
4 ,456073
4.13984
3.64744
3.286717
3.01C94
2.79310
2.01674
2.29701
2.07997
1,92422
1.80732
1.71731
1.64608
1.58864
1.54162
1.50266
1.47004
1.44252
1.41913
1.39913
1.33197
1.36717
1.3%439
1.31811
1.29762
1.28658
1.28149
1.28031



Energy
(MeV)

2.0
4.0
&, 0
8.0
10.0
14.0
18.0
22,0
200
30.0
34.0
38,0
42.0
4660
S50 a0
67 .0
7.0
80.0
93 .0
100.0
120.0
140.0
160.0
180.0
200 .7
250.0
300,0
350,00
400.0
450 .0
53 .0
550.C
600.0
650,90
T00.0
750.0
8000
80,0
G0N0
950 .0
1000.0
1200.0
1470.0
167°0,.0
1309 .0
2000,.¢C

Proton Stopping Power Values for Elements

Ir
I=798.

48 .40581
34.,30234
26,84924
22.23076
19.17167
15.17248
12.68550
10.97318
9,.71583
8. 74972
7.G8205
T.356049
6.83507
6.39408
6.015562
He 26750
4,71250
4 ,28234
3.,93950
3.659550
3.22911
231331
2.67152
2480%0
2.32554
2.04258
1.85145
1.71529
1le61293
1.53386
1.47131
1.42090
1.37951
1.34541]
1.31699
1.29287
127248
1.25529
1.24718
1.22737
1.21632
1.13524
1.10805
115917
1.1555H7
1.15529

(MeV cm?/g)

Pt
I=807.

47 .,93573
34 ,076039
26.69N025
22156594
19.065%89
15.N9755H
12.62430
10.92172
9.67126
8. 71030
T7.94663
7.32385
6.80544%
6.36664
5.99003
524548
4 69309
4,26511
3.92376
3.644G93
3.21646
2.80199
2.66122
2.470G9
2.31669
2.03490
1.84455
1.728833
160695
152822
1.4A593
1.41574
1.37452
1.2405%8
1.31219
1.28827
126797
1.25766
1.23582
1.227307
1.21207
1.13115
l1.16406
1.15525
1.15164
1.15144

Au
1=816.

47 . 82642
34 ,023001
2666684
2214587
19.n6508
15%.0984a
12.62757
10.92608
F.67615
871544
7.951&5
7.32909
6.81065
6271759
H,.,985035
5.25034%
‘{* .6()772
4,26074
3.92816
2.64918
3.22030
297553
2.66458

2:.47408.

2431972
2.03767
1.84713
1.71043

1.60923 "

1.53043
1,46809
1.41786
1.37660
1.34263
1.21423
1.29079
1.26993
1.25264%
1.23781
1.22505
1.21406
1.13313
114676
1.15727
1.15369
1153401

7=T7-81.

Hg
I=827.

4727053
33,65271
26.39722
21.93172
18.88562
14.,956166
12.51593
1C0.83119
3.5932h6
B.64159
7.88510
T.26804
6.75429
6.31936
5.94603
5.20783
4.,66001
4,23590
3.89718
3.62052
3,18520
2.88305
2.6%4401
245505
2.30195
2.02216
1.83315
1.69756
1.59710
1.513894
1.45711
142732
1.35655
1.33268
1.304581
1.28078
1.2600%
1.24344
L.22875
1.216192
1.20620
1.17450
1.15766
114597
l @ 1’*%4{3
1.14539

8-13

Tl
1=833.

46, TI6E]
33,3429
26.16585
21 744%5
18, 72758
14.83947
12.41524
1IN, 745732
Q.51757
B.5H7387
7.82365
T.21166
6.70211
6.27072
5.972040
5.16812
Lo 624566
4.,20411
3.86800
3.59347
3.,17141
2.8A154
2.672444
2.43690
2.23496
2.00729
1.81971
1.68514
1.53538
1.59782
le 44647
1.329705
1.39662
1.32300
1.29526
1.27151
1. 25152
].2344%¢
1.2193¢

—1.20724

1176657
1eln6lh
11493
1.1407:
1.13731
1.1371¢



8-1h

Proton Stopping Power Values for Elements Z=82-86
(MeV cm?/g)

Bnergy Pb

(MeV) 1=840.
2.0 46.39413
4,0 33.17189
6.0 ?6.045R3
8.0 21.65114
10.0 18.65094
14,0 14.78236
13.0 12.356943
22,0 10.70655
26.0 948429
30.0 Ba.54446
34,0 7.79723
38.0 7.18764
42.0  6.68004
46,0  6.25029
50,0 5.68135
60,0 5.15175
70.0 4.61023
8CW0 4,19135
90,0 3, 85637
1060.0 3,58275
120.0 3,16205
140.0 2.85328
160.C 2.61683
18040 2.42989
200.0 2.27842
250,0 2.00162
300.0 1.81462
350.0 1.68046
400.0 1.58095
450,0 1.50365
50040 1.44250
550, 0 1.39323%
600.0 1.35293
650.0 1.31943
100.0 1.29158
750,0 1.26811
800.0 1.24820
850.0 1.23122
900.0 1.21667
950 ,0 1.20417
100040 1.19340
1200.N 1.16313
1400,0 1.14645
160C.0 1.13790
1800.0 1.13446
2000.0 1.13435

Bi
. T=848.

46,29276

33.15593

26.04881
21.65069

18.66302
14.79590
12.38284%
10.713844%
Q.,49656
B.55613
7.83833
7.19823
6.69017
6.25999
5.89067
5.16026
4,61809
4,19869
3.86340
3.58936
3.16802
2.85876
2662191
243466
2.28293
2.0N5686
1.81834%
1.68396
1.58421
1.50678
1.44554
1.39619
1.35584
1.32228
1.29433
1.27083
1.25095
1.23394
1.21938

1206837

1.,19608
1.16579
1.14911
1.14057
113714
1.13706

Po At
I=856. I=865.
45,32463 46.,54370
33.24281 33,47180
2613455 26.33415
21.73981 21.91470
18,73572 18.89143
14.,85800 14.98648
12.43718 12.54735
10.76791 10,86491
G.54047 Q.62749
8.59637 B.67556
784553 7.91R842
1.23297 7.30056
6.72277 6.78596
6.29075 6.35016
5.91983 5.97598
5.,18619 5.23581
4,64157 4.,68628
4,22024 4.,26113
3,88354 3.92150
3.60818 3, 64356
3.18477 3.21617
2.87398 2.90243
2.63595 2.66h214
244775 2.47213
2.29525 2.31817
2.01658 2.03682
1.82830 1.84673
1.69324 1.71036
1.59292 . 1.60830
1.51511 1.53046
1.45356 1.46833
1.40397 1.41826
1.36342 1.37733
1.32969 1.34345
1. 30166 1.31499
1.27805 1.29116
1.25802 1.27094
1.24094% 1.25370
1.22631 1.23894
1.21374 1222626
1.20291 121533
1.17249 1.18465
1.15575 1.16779
114719 1.15917
1.14378 1.15576
1.14372 1.15572

Rn.
1=876.

44 .,20885

31 .85600
25.09073
20.838956
18.01225
14.29412
11.97035
10.36692
9.18731
8.27968
755763
6.96843
6.47759
6.,06189
5.70494
4,99873
A
4. 06RT73
3.74477
3.47948
3.07150
277209
2054259
2.36129
2.21420
1.94557
1.76407
1.63386
1.53642
1.46204
1.40273
135494
1.31586
1.28352
1.25635
1.23367
1.21431
1.19786
1.18377

~L.lrlod

1.16124
1.13193
1.11591
1.10772
1.10443
1.17448



10000
12000
1400.0
16000
1800.0
2000.0

Proton Stopping Power Values for Four Plastics
(MeV cm?/g)

Tuecite

I=62.9 eV

160.03665
94.84854
68.83682
5476396
45.77099
34.84438
2839169
24010331
2103379
18.72150
16.91327
15.45823
1426068
13.25689
1240269
1073442

9.51471
B8.58247
784591
Te«24876
6.33871
S567723
el 7444
4.77930
4.,46063
3.88175
3649300
3.21500
3.00721
284674
271967
261701
2.53275
2e46268
240377
235378
231104
227425
224241
2621472
219053
2.11986
2076990
2+05062
203497
202638

Nylon
I=57.6 eV

166.09961
98.12151
7111168
56.52280
47.21148
35.91072
29024410
2481669
2164931
1926429
17.3998]
15.89992
1466576
1363149
1275152
1103336

Q9.,77757
'8-81800
B.06000
T.44558
6.50940
5.82909
5.31207
490581
4,57821
3.98319
3.58366
329797
3.08444
291954
278895
2+68345
259684
252481
2e 46424
2+41285
236889
233105
229829
226979
224490
217209
212775
2410055
2.08478
207526

Polyethelene

I=46.6 eV

181.11624
106.27518
16.79439
6N 92497
5¢.82202
38.5886A3
31.38773
26.61258
23.2°713
20.63283
18.62723
17.01479
15.68866
14.57782
13.63306
11.78938
1C.44273
9441435
B.60234
T.94435
6.94225
6.,21438
5.66143
5.,22706
4.87689
4.24105
3.81424
3.5091N
3.28174
3.10492
2.96543
2.85273
2.76019
2.68321
2.61847
2.56352
2.51648
2.47598
2 «440aN
2.41037
2.33367
2.20552
2.25773
2.22824%
2.21042
2.200235

TE(027H21
I=61.5 eV

159.57516
94449740
68.55762
S4.52949
45,56787
34.6824)
2825573
23698539
2092919
1862717
16.82713
1537877
1418680
13.18773
1233759
1067736

9.46362
8.53601
780313
Te20901
630360
5.64554
5.14536
4.75230
4443531
3.8595¢
3.47283
3.19632
2+98965
283004
270364
260154
251773
244803
2438942
2339790
2+29718
2+26058
222890
2420134
217728
2010695
2406416
2+03798
2.02237
2.01378

ON)
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