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ABSTRACT

FORTRAN subroutine RANGE calculates the differential energy
loss and the range of charged particles, electrons and pos‘it_‘ren‘s e'xeepted,. '
with kinetic energies between 1 MeV and 500 BeV in.any chemical element
. With the results of the element calculatmns,.the energy-loss and range can

‘be readily computed.for ‘chemical compounds and mixtures.
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I. INTRODUCTION

A probiem inseparable from any experimental particle physics is
that of determining the energy loss of a charged particle as it passes through
mé.tter. ‘We have constructed a computer program to easily give useful and
accurate solutions to this problem. The program is constructed basically
to evaluate the Bethe-Bloch equation for all charged p.artic‘les except elec-
trons and positrons. At low energies shell corrections are applied. At high
energies density-effect corrections are applied. Since the Bethe-Bloch
equation yields the differential energy loss of the particle in MeV/cm, we
can obtain the range of the particle by direct integration, using low-energy
proton experimental ranges to initiate the integration. The range of a
particle is given as a function of energy or momentum in terms of three .
‘units: centxmeters, gram- cent1meters‘2 and moles of electrons/centi-
meters‘.z. ‘This calculation .is made for any homogeneous target material
that is a chemical element. Using the results of element calculations, we
can readily compute the e.nergy'lbss and range in chemical compoun&s and
mixtures. o

‘ The results of representative calculations have been checked with"
experimental results and have been found to be in good agreement.

The casual user can save time by referring to Secs. III. A, III. C,
and III. E '

II. THEORY

In our ca_.ll‘culation we have considered only those processes by which
. a ché.rged particle loses energy to the atomic electrons of a target material.
Nuclear processes are excluded from consideration but must be taken into

- account by the user. For strongly mteractmg partlcles, an energy exists
beyond which the range-energy relation has no meaning, because calculated
ranges greatly exceed the mean free path for nuclear interactions. For
protons this point is about Tp = 41 BeV but for muons T’l = 11 BeV. For
weakly interacting particles there is also a range beyond which this calcu-
lation is invalid because pair production, bremsstrahlung, etc. become

important.
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The velocity of the 'charg‘ed particle is assuined"to be Ver’y large
compared to the velocity of the atomic electrons of the stoppmg material.
‘This condition allows the calculatlon to be made w1th the atomic electron - -
considered as stationary during the colhslon and the charged partlcle ' |
applymg an impulse to it as it passes. - At low particle energies this as-
sumption is violated. Also at low. energies electrons can be stripped from
the stolpping mate‘rial_. These two effects have defied precis'e‘theo.retical' .
calculations up to this time, so that we must rely on expe-rirriental data in
‘this low -energy region. , ' | | |

It has also been assumed that the mass of the charged part1cle is
much larger than that of the electron.. The theory is therefore valid for all
particles except electrons and positrons, for which the equatxons must be
modified. We have chosen not to consider electrons and pos1trons

The theory upon which this calculatlon is based has been worked
out by a number of people, 1 and it mamfests itself in an expressmn for

the differential energy loss known as the‘Bethe -Bloch formula:

dE _ 4m z2e4n - 1 .2'mv2 2 6 cl | .
S D= -p - 2 "Z( .(1)
_ mv - \I(1-p7), ‘ . A

The quantities below are associated with the incident particle:
z - charge | ‘ '
v - velocity
P - momentum
M - mass

T = E - kinetic energy.

The following quantities are associated with the target material:
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w~ atomic number
- atomic weight

- mean ionization potential

Z
A
I
n - number of electrons per cm
p - den_sity

C - shell corrections _

& < density-effect correction

x - distance traversed -in the target

The following physical constants are also used:

m - electron mass

e =~ electron charge

c - vel_ocity of light

N - Avagadro's number

ro - classical radius of the e.le.ctron '
'h - Planck s constant

The last two terms that appear in the brackets of Eq (1) are
correctlon terms whose effects are appreciable only over. limited energy
regions; The term & represents the density-effect correction and is nec- -
| essary because high-energy charged particles tend to polarrze the stoppmg

material. 2 Sternhe1mer formulates an expression for this effect as

6 = 4,606.Xm)+b+a[xi-x1’l)]g . - (@)
‘The terms XO’ X1’ a, g, and b are constants that are funct1ons of the
target material alone. - The first four of these are determined by the fitting
of Eq. (2) to experirnental results. 3 The term X is a kinematical factor
and is givenby ‘

' X = log'10 n. B

X > X19 thena = 0, and if X< XO, then 6 = 0. The term b, which in-

volves the plasma frequency 'vP, is determmed by
- I ‘
b = - [2 tn (-].'-IT/;) + 1] P

where
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The term C is the shell-correétiori term and is appreciable only
at low energies where the velocify of the incident partig:l:e’is not great -
compared to the velocities of the orbital electrons. Barkas4 found that
the best sémiempirfic_;al‘ﬁt to the dafa'was obtaiﬁed by a C that was a

function of I and N:

C(L,m) = (0.422377n "2 + 0.0304043n"% - 0.00038106n %)% 10'6. [
+ (3.8501911'2 - 0.166798911'4 + 0.00157955n’6)>§ 10'_9 13.- (5)
We have used this expression.
The quantxty called stopping power is defmed as
£ = - 1 dE _ 4'rrz2N rJZLrnCZZ n chz 'qz ;~p2 _ ) _E ' C6)
T e dx Aﬁz ' P! o 2 Z[’ ,

where the quantities of Eq. (1) have been expressed in a manner more'
suscept1b1e ‘to direct calculatlons A

~ Inorder to obtain the range of a partlcle in g/cmz, the following
integration must be performed’

| | T

R(T)iR(TO)+fT 87 har, ‘ RS

where the value for R(TO) must be obtained from experiment because
Eq. (1) does not hold for low energies. The most reliable'and abundant
expefirnentai data to deterrﬁine R(TO) are available for'protons.' We use
these data as compiled by Bar.kas4 and in a manner similar to-the one:
dev1sed by Bichsel. > We have .chosen T = 8 MeV for protons.

Since the fundamental calculation is made for protons and. because _

1_dE

2 dx
z

scale these results for particles other than 4protonsl. For a particle of .

is a umversal function of particle velocity. it is possible simply to .

mass M. and c_harge(z.l, the scaling factors are given by
2

R.=R_ ¢ T.=T (=1 - . ' 8
v M
1P |M, a .1' P M, | ' |
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To, calculate dE/dx in mixtures and compounds, . we follow the
approach of Thompson 6 As an'example let us cons1der a rnolecule of mass M of
two elements a and § w1th atomic weights A and A{5 and molecular weight

AL
M .
Generating the différential energy loss dE/dx for each of the constituent -

Suppose they each have, respect;vely, a and b atoms per molecule.

elements, we can construct

B, (), @) e nk
Sl (&g “ehy ATy T PpAy ' S
" for the molecular substance. The generalization of this method to more.

complex structures is obvious.

I1III. PROGRAM

A. Calling Program

‘This is a five- card program that is used to designate the iﬁput (IN)
and output (IO) tapes for the user's partlcular momtor system and to call ‘
' the subroutine RANGE.

Example: - COMMON IN, 10
IN=2

10=3
CALL RANGE
END

B. Subroutine R.ANGE

This subroutine is written in FORTRAN II language for the purpose
of solvmg Eq. (2) of Sec. I. A glossary of the mnemocnics is glven in
Appendix A and‘a'listing of the subroutine appears in Append1x B. A flow

chart is provided in Fig. 1 as a further guide.

C. Input of RANGE

There are four separate inputs to this subroutine. The contents

of the first three will not concern the casual user.
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Calculates A

Begin . .
RANGE from 1 to e
.| 8 MeV from low- .
. energy data '
Set T
constants .
1 Calculates “
shell
getaddstal:xdard correction
ata decks
1. Low-energy
dat_a H
2. Density-effect 5§=0 :
data NOTE: index ) H
St i
3. Element data of energy coenl::.:::mer s s
where error > 1% .0
Read user's
data
zMT; T; 2
(A} I p optional)
’ Calculate
g ) ~ density effect
Check A, I, p 5 ]
If user did not
supply them,
program supplies
N\them.
‘Mass:100 Write mass
is too low Calculate dE/dx
Integrate dE/dx
to find range.
Calculate range
in different
units.
Scale and
— output resulis
Calculate ’
ZETA, 4,42, p;
CDEDX and
XFN for E up to
FE
g}
MUB-4127 L4

Fig. 1. Subroutine RANGE flow diagram.
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LOW ENERGY DATA are provided to the user in the form of the
listing displayed in Appendix C. The contents of.the f;‘fst 39 cards are

‘based upon the results of experimentally determined ranges of protons in

various materials. The éxperimen.tal‘da,ta. were interpolated to determine
the range for various I values (rows) at 1-MeV-energy intervals between
1 and 8 MeV (columns). A given row represeni;s the ranges of protons for
a given ionization potential and a column represents the ranges of protons
for a given kinetic energy. The last four cards give the incfementing
value of energy and the initialization energy for the various energy inter-
vals that can be calculated. ‘ ‘

DENSITY EFFECT DATA are shown i1;1 Appendix D. The 23 'car,ds

have the format

Word 1 2 3 4 5
Quantity Z X0 X,  a g . '
ELEMENT DATA are displayed in the listing in Appendix.E. They

are on a set of 46 cards, each with the format '
Word 1 2 3 4. 5 6 71 . 8
Quaptity zZ _AZ I, P, Z+1 | Az+1 Iz+1 C Puyqs
The se data are the best known to the author and were obtained

from various sources.

USER'S INPUT is one card of data, part of which he must'specify

and part of which he specifies only if he wishes to override the internally

' stored data with that of his own.

Word 1 - 2 3 4 5 .. 6 7 8

Quantity = M T, T, z oA 1 o

Limits ' 3 . ‘ , _ o
Min.  Nome 100 1 S S 15  None ‘
Max. Nome None 5X10° 5x10° 92 °© ° 250 1100  Nonme

Units - MeV MeV MeV - -+ amu eV g/cm3

Card 1-10  11-20 21-30 31-40 41-50 . 51-60 61-70 71-80°

location - :
T e i deeeees Necessary------== =o=- --Optional---- -

All data are to be entered/as decimal (floating -point) numbers. | ",,'
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The'user may stack as many data cards in the above format
behind one another as he wishes. Each card will initiate a new pass

through subroutine RANGE. ' - N

D. Output of RANGE

_ The output for each pass is printed in tabular form on serially ) T
numbered pages, with the variable values that'were’used in the calculation ‘
appearing on the first page. This is of epecial interest for the user who
did not specify the optional data and .wishes'to know what values the program
(éee Appendix E) chose for him. Each page of butput has a heading that
identifies the columns of the generated table.

Three features of the output deserve mention. First, for particles
other than pretons, the proton results are scaled and interpolated so as to have

integral .- values of kinetic energy. Second, dE/dx and dP/d_x a?e n‘of:

output for any particle with comparable proton kinetic energy :
“of less than 8 MeV. This is because they are not calculated and the range is '
obtained in this region by a table look-up and interpolation. Third, if the R
calculation goes into an -energy region where the density effect becpmes

important (calls for a range correction of 1% or fﬁore) and the Stefnheimer
constants are not available for this target material, then a sfatement to

- this effect will be printed.

-E. Deck Setup and Running Instructions

Control Cards A

Calling Program
Control Cards

Subroutine RANGE

DATA Card -
'~ LOW-ENERGY DATA (43 cards)
DENSITY-EFFECT DATA (23 cards) - ' '

ELEMENT DATA (46 cards)

USER'S INPUT

No sense switches or key settings are demanded by this subroutine.
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1.0

in the other two optional quant1t1es.

22222F2222
3 33433333
44444?4444

.55555F5555
. 166566166666

|
1manpnn

99999/98999
12345|6 78810
nu G696

s,ssqsassasa

938. 2‘56

nunudnuoou
11213 14 lSlIS 1713 19 20
2222 122222
33 3%3333
44444&4444
5555§:5555
sssssh 666
11717b1177
v,shsssa
sssﬂsssss

B wBlET B2
643

IRERRIIRRERIN
|

F.

'1'0

00 00]60000
712223 24 2528 27 28 29 30
IRRRIISRRN
22222&2222
3_33ﬂ33333
4444&44444
55555%5555
ssssshpsbs
SSRLIRELL
s.aeshsana

|
9999391393899
71 22 23 24 25k6 77 28 29 20

-9-

Sample Run

Let us, as an example, consider protons incident on copper from

1 MeV to 105 MeV, We spec1fy the I = 322 eV but let the stored data fill

105.00.0
|
|
|

IRRRIIRRER]
|
22222122222

£9.0

o 00! 0 0000 000000

3132 33 34 3508 37 3839 49

11111n1111
2222pzazz

333 3h 33333 33p3333
44444h444444444u4444
55 55#55555555555555
sssssksssssssashssss
17711b771777771b1771
8838 a# sasaa‘ashsaas
999931395998 999%9999

3t 32333435‘38!1383540”“243“45“847 434950

4142 ““45[48‘1 4843950

UCRL-11647 Rev.

00000j00000
IRRRRIIARRE

{
44444144444
|
55555155555

77177”7777
BSSBBWBBBS

1 52 53 54 55§55 57 58 59

The output for this run is displayed in Appendix F.

51 525!5‘55'5351535980

|
22222022222

]
33333133333

i
GGBBHSBGSS

Qur data card looks like this:

322.0

0800 [00000
51 62 8 64 65]85 67 58 69 71
LRRRRIIRRRE
2 A2ﬂ22222

33 £b3333
4444‘&4444
55555&5555
6$&idSBSGB
77777%7777

303 0i88888

gsssswssss

9999939399
2 60 5% 65§86 67 68 69 70|

1IV. COMPARISON OF CALCULATION WITH EXPERIMENT

00000[00000
"77737475'7577757330
RN
22222nzzzz

33333”3333

44444M4444
55555&5555
Sssésmssss
17717n1117,
ssssamsssa

|
99999199999

n 7273 74 7576 77 78 79 80)

To test the accuracy of our calculation we compared our results with

experimental results.
of data were available,

at the energies specified in Table L.

shown in Fig. 2.

A representative case is.protons on copper.

A number
They are displayed together with our calculated range

A pictorial display of this calculation is
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Table I. Comparison of experimental with calculated values

for protons in copper {I = 322 eV). A

T Calculation = - Exptl.

(Mel\)/) RP 2 RP 2
(g/cm®) : (g/em”) Reference

9.938 | 0.21436 0.2186040.002 7
17.893 ~ 0.58788 . 0.5}94621(‘).605 7
73.0  6.83 6.9120.31 8
1 76.14 | 7.35 ' 7.48£0.34 8
79.1 7.86 8.01£0.36 8
84.0 8.73 8.84 0.40 B
86.9 9.26 | 9.4120.42 8
89.8 | 9.é1 o 9.94+0.45 _ 8
96.2 11.06 11.24%0.50 8
99.8 '- 11.66 11.9320.53 8
1021 12.27  12.52£0.56 ) 8
108.3 13.59 f 13.70%0.61 8
111.3 . 14.24 B 14.370.64 - | 8
113.7 | 14.78 . 14.87£0.66" 8
337.9 91.49 91.84%0.10 9
338.5 9202 1 91.77+0.11 9
339.7 . 93.07 ©92.69%0.11 | 9

658 | 259.1 |  257.6 %0.9 » 10b

wl
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T T IIIIIII T T I'IIIII] T Tl'lllil I ¥ l"ll1l’ 1 T l"ll}:

ol _
3|e

) ‘1|l||1|| 1 1111111] ) 11]1111' 11]1111[ b

| IO |00 1000 10,000 100,000
| T in MeV '

MUB-4126

Fig. 2. Graph of proton range in copper generated by program RANGE
" (I = 322 eV). :
Points plotted according to data of: Bloembergen and Van Heerden
(Ref 8) (®); Bichsel (Ref. 7) ([]); Mather and Segre (Ref. 9) (0);
and Zrelov and Stoletov (Ref. 106) (§). — Calculated from
RANGE (I = 322 eV). | -
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APPENDICES

A. Glossary of Terms Used in Program

A(1-3) - coefficients for Eq. (5).
AT - A ‘ o
B(1-3) - coefficients-for Eq. (5)
BE - beginning energy (Ti) '
BETA 2(1-800) - p2

2
c1 -8 N
™m
C2 -mineV
C3 -4mmr® N
. ) ‘
Ci-z
- 4w i':2 r’riéz
CDEDX(1-800) - ————
-
.8t
CON - R(TO)
CONST - b .
COR(1-800) - shelllc.orrectio.n

DEDX(1-800) - d—E

DEL (1-14)~increment of ener_gy

DENSE (1-800) - .g.
DPDX - dp

dx
E(1—800) - T

ED(1- 11) - 1mt1a11zat1on energles

ENERGY(1 800)- temporary storage for TE(1 800)
EPM - I '
ETASQ(4-800) - n°

FE - final energy (’Tf)'

H - h.

I- running index .

IG - 'energy‘-encreinént counter

IK - index for highest energy required
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IN - input-tape number

iO - output-tape number

IPAGE - page -count

IR - counter

JL - index I + 2

L - initial I

M - final I
‘NASTY - counter used for 1 to 8 MeV. ' :

NOTE - = 0 if Sternheimer's data available; if # 0 it equals the index of
. the T where the error exceeds 1% - . '
NZ - Z '
P(1-800) - P

PCONST(1-100, 1-3) - A, I, and p for each element
PROD1 - coefficients for I2 terms in shell correction
PROD2Z - coefficients for 13 terms in shell coi‘rectioh
Q1(1-8(_)0) - temporary storage for R'C(1—800)
Q2(1-800) - temporary storage for RGPCM(1-800)
Q3(1-800) - temporary storage for RCM(1-800)
Q4(1-800) - r’;\emporary storage for DED'X(1-800)

R(1-800) -] & daT!

. TO
.R3(1-39, 1-8) proton ranges for 15<1 <1100 eV
RANGE(1-800) o
RC(1-800) - range in moles of electrons/cm
RCM(1-800) - range in centimeters
RGPCM(1-800) - range in g.ra.ms/cmZ
RHO - p
RMAS - M '
ST(1-93, 1-4) - Sternheimer!'s constants: X X1, a, and m'
STX(1-800) - X
SUMi - iﬂtermediate sum for shell correction (I2 term)
SUM2 - interme'dia.te sum for shelli correction (I3 term)
TAB - subroutine to interpolate tabular quahtities

TE(1-8) - low-energy index
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TI - floating representation of index I '
TN - flodting representation of index N

X(1-39) - low-energy data index

2
XFN(1-800) - In (227 - p*

zZ - Z
Z1 - z

T
ZETA - M



[N aNe]

100
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101

102
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103

104
105
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102
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109
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8. LISTING OF SUBROUTINE RANGE

T d e v

SUBROUTINE RANGE

COMMON IN, 1O

DIMENSION A{3).B(2),BETA2(800),CDEDX{8Q0) »COR(iB00) »DEDX(800Y,
10EL{11),DENSE(800)},DPDX(8C0),E(800),ED{11),.ENBRGY{BCGO),ETASQ{800),
2P(800),PCONST{(100+3)6Q1(800),Q20(8C0),Q3(800).,Q4(800)sR{800),
3RC(800)rRCM(800)yRGPCM(800).R3(39'8)aST(93’4);STX(800)6TE(8)o
4X(39)XFN(800)

CONSTANTS

"C15(6.J02486%4.80286442410.1/(3.14159#9,10856)
€C2=510976.0
C3=4.023.14159%0.510676#6.02486%7.94027E-03
A (1)5-.00038106

12)34.0304043

{3)=3+.422377

#1)5+4.00157955

(2)=-.1667989

(3)s+3. 858019

E(l) 0.2

H=4.1354

IPAGE=1

NOTE=0

0O 100 I=z1,92

DO 100 J=1,4

ST{1,J)s+40.0

DO @E P> >

READ INPUT = STANDARD DATA DECKS

READ INPUT TAPE INsl({R3{1,J),J=148),1=1,39)
FORMAT(8F10.5)

READ LNPUT TAPE IN,2y (DEL(I),I=1,1}1)

READ INPUT TAPE IN#p24(ED(I)eI=1y11)

FORMAT{8F10.0)

READ INPUT TAPE IN3,14{(STlIJ)yJd=1y4)
FORMAT(12,8X,4F10.57¥

IFtI-92) 101, 102, 1C2

READ LNPUT TAPE IN, ‘
L4y Io (PCONST{IaJXed=1¢3)s Ky (PCONST{KsL)y L£5I,3)
FORMAT( 2(1 248X, 3F10.5})) Y]
IF{I-91) 102, 103, 103

READ INPUT - USER'S SELECTED DATA

READ LNPUT TAPE INs 5, 2L, RMASS, BE, FE, Zs AT, EPM, RHO
FORMAT.(8F10.5) :
NZ=1

IFCATY 104, 104, 105

AT=PCONST(NZ, 1)

IFCEPM) 106,106,107

EPM=PCONSTI(NZ,2)

IF{RHO) 108,108,109

RHO=PCONST(NZ,3)

IF(iRMASS-100.0) 110s110,I11



110
10

112
112
113

11

114
12

OO0

115

IBY.)

e W)

118

119
c

C CALCULATES RANGE FOR ENERGIES BETWEEN 1 AN

c
| 120

- 121
® 122

123
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WRITE OUTPUT TAPE 10, 10y ZI,RMASS,IPAGE

FORMAT.(42H1IMASS IS TEO LOW. CALCULATIONR ROR Zs4F 5.1s15H AND

1REST MASS=4F10.5y9H DELETED.,39X,5HPAGE I3)

IPAGE=IPAGE#]

G0 TO 103

IF(EPM-15.0) 113,1154112
IF(EPM-1100.0) 115,1154114

WRITE OUTPUT TAPE 1O+ 11, EPM,IPAGE

FORMAT(2THIMEAN EXCITATION POTENTIAL=4F5.2,41H VAUUE IS TOO LOW.

I CALCULATION DELETED.48X«5HPAGE 13)

IPAGE=IPAGE+1

GO To 103

WRITE OUTPUT TAPE IO, 12, EPM,IPAGE
FORMAT(27HIMEAN EXCITATION POTENTIAL=,F10.2%4LH
1. CALCULATION DELETED.y42Xy5HPAGE 13)
IPAGESIPAGE+] .

GO TO 103
CALCULATION OF COEFFICIENTS USED IN
R-E FORMULA FOR THE VARIDUS ENERGILES
IK=0
1Gs1

FEP=FE#938.256/RMASS

DO 119 I=1,800

ZETA=E(1) /938,256
BETA2LI)=(ZETA#{2.04Z2ETA))/{(1.042ZETA)#%2])
CIF(BETA2{I)~1.0) 11641204120
ETASQ(I)=BETA2{1)/¢1.0-BETA2(I))
CBEDX(1)=C3/BETA2(]I)
XFENUI)=LOGE(2.0%C2#ETASQ{1)/EPM)-BETA2(])
IF{E(L)-ED{LGE) 118,117,117

IG=1IG+1

IF(1G-12) 118,120,12C
E(I+1)=E(1)+DEL(IG)%£.CC00001

IK=IK+#1 ' '
IF(E(I)-FE+.1)119,11%,120

CONTINUE

VALYE LS TOG HIGH

PGM FINDS VALUE OF EXCITATION POTENTIAL.MEAN (EPM) ANOD

X{1)=15.0

X(2)=17.5

M=3

00 121 1=20,100,10
TIi=1

X{M)=T1I

M=M+#1

DO 122 1=120,340,20
TI=1 .

X{M)=TI

M=M+]

‘00 123 1=3€0,500,40
TI=1

X{(M)=TI

M=M+1

D0 124 1=550,1100,50
Ti=1
X(M)=T1

D 8 MIULION BLECTRON VOLAS
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M=sM+#1

DO 125 J=1, 8
RC(J)wTAB(EPM,X@R3nyJ)’I11u5’39,SICK)*.OOl
C4 = 1.0/2

CALCULATE SHELL CORRECTION FOR EACH ENERGY

DO 128 J=1y1K

PROD1=0.0

00 126 1=1,3

SUM1=A {1)+PROD1

PROD1=SUM1/ETASQ{(J)

PROD2=0.0

0O 127 1I=1,3

SuM2=8 (I1)+PROD2

PROD2=SUM2/EBTASQ( D)

COR{J)={ {EPM##2)8 (1, 0E-6)#{PROD1))+{(EPM»#3)»{1,0E~9)#(PROD2ZY)

PGM CALCULATES RANGE FOR ENERGIES GRBATER
THAN 8 MEV AND DENSITY EFFECT CORRECTLON

CONST=—¢({LOGF(EPM#22/ [ ({H*»2)sCleZ2RHO)/AT))) $L.)

DO 137 ID=I«lIK

STX(ID)=0.5#0.43429%L.0GF{ETASQ(ID))
IFCSTENZS13Y131,4129,131

IF{STX(IB)-0.34)130, 132’132

NOTE=LD

GO 1O 132

IRGSTX(ID)I-STENZ 1)) 132.1331133

DENSE(ID)}=0.0

GO 7O 136

IF(STX(ID)-ST{NZ 42X) 134,135,135

OENSE(ID)={. 5)*(4.606'STX(ID)*CONST+ST(NZ »3) #ISTINZ$2)=-STXLLID) haw
1STINZy,41))

GG TO 136

DENSE(ID)=(.5)#(4,60€2STX{LD)+CONST)
DEDX{LD)=CDEDX(ID)#C4e{2#XFN(ID)-COR(ID)-DENSBLLD}SZ)
CONTINUE

CALCULATE RANGE .- -

0O 141 1=23,1IKs2
R{L)=R(I-2)+L LELTI)-EL1-2))/6.)#{1./DEDX{ I~ Z)fb.JDEDX(l L)+
1 1.0/DEOX(L))
IF(ABSF¢EtL)-8.0)-0.001) 139,139, 138
IFCE(L)-8.0) 141,139,140
CON=RC(8)-RLI)
JL=1+2
RCEGI)sSREI)+CON
CONTINUE

QUTPUT RESULTS

WRITE QUTPUT TAPE I0, 13, IPAGE

FORMAT{1H1s119XsSHPAGE +13)

WRLITE OUTPUT TAPE 105 14

FORMAT (47X,38HRANGES AS A FUNCTION OF KINBFIC ENERGYASEX29HAND MBA
IN EXCLTATIGN PGTENTLAL//A//)

WRITE QUTPUT TAPE IGs 154 21, RMASS, Is AT, EPM, RHO
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FORMAT(1H ,28X,44HCALCULATED FOR A PARTICLE WHLCH HAS CHARGE=,
IEF4.1915H AND REST MASS=,F 8.3,4H MEV/,
2 1H 928X,54HINGIDENT ON STOPPING MATERIAL WHICH HAS ATOMLC N

" 3UMBERsS,F4.Ls16Hs ATOMIC WEIGHT=gF 8.441H,/29X,26HMBAN EXCITATLION P
4O0TENTLAL=yF T.2s14Hs AND DENSITY=yF T7.4423H GRAME/CUBIC- CENTIMETBR

16

142
143

k44

146
147

148

143
150

151

152

153

154

155

156

S/LN)

IUINESILINE+S

WRITE OUTPUT TAPE IO, 16

FORMAT(5X,6HENERGY s T1 X3 SHRANGE 9 14X ) 9 4HDBDX 5 F4X o SHDOP /DX 9 14X o
LI BHMOMENTUMATX s 3HMEV S X4 1 LHCENTIMETERS s 7X  YBHGRAMS/SQs CMe 92X s 2
23HMOLES ELECTRONS/SQe CMJ92X39HMEV CM2/G 3 E0OX 9 FOHMEV CM2/GC 14X S5HM
3EV/C/LY/) ) .
ILLNE=1S

D3 144 1=1,8

Al=l -

TEt1)SAL#RMASS/938.25¢
IF¢BE-TE(1)-.01)1425142,144

IFCTE(I)-FB) 143,14341177
PLLY=SQRYF(TECI)#e242 ., 0#RMASS*TE(I))
ENERGY:(L)=TE(1)
QY{ID)sSRC(I)®RMASS/(Z214%2%¥938,256)
Q2¢1)=Q1(I)=(AT/2)

G3(1)=Q2(1)/RHO

CONTINUE

DO 148 I=JdL«lK,2

JRANGS(1-JL+2)/2+8

ENERGY{JRANG)SE(]I )*RMASS/938.256
IF(BE-ENERGY(JRANG )) 146,146,148
IF{ENERGY(JRANG)-FE-<41)1474,147,149
QL(JIRANG)=RC({1)#RMASS/{Z1l#%24938,.256)

Q2{ JRANG)=QL ( JRANG J»{ AT /Z) .

Q3 (JRANG)Y=Q2( JRANG) /RHO

Q4{JRANG )= EBDXhL)*L*ZIl'ZIAT

CONTINUE

JP=JRANG

GO T0 150

JP=JRANG-1

AE=BE

1088=0

I8Es1 .

IRCAE-1.0)1152,152,1517
RCM{IBEYX=TAB(AE»ENERGY9Q3»1s145+10,SICK)
RGPCM(GIBE)=TAB{AELENERGY Q25191555104 SICKX
RCCLBE)=TAB(AE,ENERGY+1Qlpale145,10,SICK)
P{IBE)=SQRTR(AE##24£2 . 0#RMASS*AE)
IFLAE-TE(8)~0.01) 153,153,155

WRLITE OUTPUT TAPE 10417, AE,RCN(IBE):RGPCMOQBE)yRG(LBE)'P(IBB)
ILINESILINE+]

AB=AE+40.1

IBEsSIBE+])

GO T0O 151

DEDX (- LBE)=TABGAE, ENERGY(9)9Q4(9) s191¢598,91CK)
OPOX(IBE)=( (AE+*RMASS) /P(LBE) )»DEDX(IBE)

WRITE QUTPUT TAPE I0s194AEWRCM(IBE) yRGPCM(IBE) »RC(LBE) DEDX(LBB),
10PDX{ LBE)} P IBE)

ILINESILINE+L

IF(LDEBL154,156,154

IDEB=18E

G TO 154



57

158

© 159

160
161

162
163

16%
165

166
161
168

18

169
170
17
171
19
172

173
174

20

175

176
177
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JTRANSJRANGHIBE~2

L=1

LLs19

DO 162 KK=1BE.IK

IFCE(LL)~-FE-. 1)158.158;163
RCMEKK)YSTABUELLLE ) osENERGY (L) 9Q36L) $191 ¢54 P SICKY
RGPCMUKK )=TABLELLL ) ENERGY (L) 2Q21(L) o]l s145,U0P4SILK)
RCIKKI=TABIB(LL ) ENERGY{L)4QL1(LD, l,l.SpJP.SICN)
IFCECLLI-TE(8)Y=-c0L)16141614,159

IFLIDEBX¥161,160,161

1DEB=KK :

LPP=JP~-10EB+1

DEDX(KKY= TAB(E(LL),ENERGY&!DEB).Qk(lDEB)chlaégLPP.S!CK)
LL=LL42

IFLLL-TIK) 162,162,163

CONTINUE

J=19 : :

00 176 I=IBE.IK

CIRGE(JI)-BE) 175,164,164

IF(E(S)-FE-21)165,165,177

PEI) = SQRIF(E(J)##2+2,04RMASS»E(JS))

DPOX{L)S{LELII+RMASS) /PLL)IIDEDX(I)

NWD=1

IFCNOTE-I) 1664,16T,1€6

IFENOTRE-I-1) 169,1674169

IFGILINE-52) 168,168,173

WRITE OUTIPUT TAPE 10, 18

FORMAT{2X,10(13Hannnunnnonene)//23X,85HAT THIS ENERGY, THE ODENSITY
1 EFRECT BECOMES IMPORTANT, HOREVER STERNHBIMER®S CONSTANTS/i2T7TXTIH

2ARE NOT GIVEN, HENCE THE DATA WILL BE IN BRRGR BY MORE THAN I PER
3CENT //2X.I0(13H*¢-~¢u-~ooona))

ILINESILINE+6
NGTE=0
IF(I-1DEB)Y704171,171
‘WRIEKE OUTPUT TAPE IO;I7;E$J).RCH(I).RGPCMF!)oRCKL)'P(I)
FORMAT(2X3F9.246X93{1PELI2e4sTX) 519X 19X43%Xe0PF10J3)
GO T0 172
CONTLNUE
WRITE OUTPUT TAPE IO, 19, ESJFs RCM{I), RGPCMLL)Y,RCAI), DEDXCtL),
10PDX(L)oP(1)
FORMAT{2X 9F9 296X o5 PEL2.40TX}s3X,0PF10.3)
ILINESILINE+]
IFC{ILINE-56)175,1T4o1 74
NOTE=J
IPAGE=IPAGE<€]
WRITE OUTPUT TAPE IQ, 20, IPAGE
FORMAT{1H1,119%,5HPAGE 13}
WRITE OUTPUT TAPE I0,16
ILINES]
J=sJ+2 : ) ‘
IF{J-1LK) 1T6,1T64177
CONT.INUE
IPAGESIPAGE+1
1DEB=0
GO 70 103
END



[

« 77449
.81110
84553
«96783
r.0738
F. 1694
1.2575
l1.34C0
I.4180
F.4923
F.5636
r.6988
I.8259
1.9468
2.0625
241739
2.2816
203861
2.4878
2.5871
2.6841

2.7791°

2.8723

3.0538

3.2298
3.4008
3.5617
347711
3.9694
41823
4.35323
445397
447230
4.9035
5.0813
5.2561
S.46

5.62

S.78

0.4
500.0

2.0

10€€00.0 500000.0

2.7486
2.82178
2.9036
3.1804
3.4257
3.6491
3.8563
4.0508
4.2352
4.411k1
4.5799
4.8999
5.2010
5.4869
5.7605
640236
6.27178
645243
67640
69976
722258
T.4492
7.6681
8.0942

8.5065

8.9071
9429173
9.7724
10.235
10.687
1k.130
11.564
1F.990
12.410
12.823
13.230
13.6
13.9
14.25

0.5
10000.0

10.0

5.7500
5.8785
6.0035
6.4686
6.8872
742710
76280
7.9638
8.2821 -
8.5859
8.8773
9.4293
9.9480
10. 440
10.910
11.36F
¥1.797
12.218
12.628
13.026
13.415
13.795
14. 167
¥4.890
15.588
16,265
16.923
17.722
18.500
£9.258
19.998
20.723
21.434
22.133
22.819
23.495
24.35
24.99
25.65

1.0
50000.0C

50.0 -
3000000.0
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9.6951
9.8860
10.073
10.772
El.405
1X.985
12.525
13.032
13,513
13.971
I4.410
15.240
16.018
16.755
17.457
18.130
18.779
19.405
20.013
20.603
21.179
21.740
22.289
23.354
24.380
25.372
26.335
27.503
28.636
29.738
30.813
31.863
32.892
33.900
34.890
35.863
37.1
38.8
38.99

2.5

200.0

14.529
14.800
15.066
16.057
16.950
17.768
18.526
19.237
19.909
20.549
2l.16F
22.315
23.394
24.413
25.382
264309
27.200
28,060
28.892
29.700
30.486
31.252
31.999
33.447
34.838
36.181
37.481
39.055
40.579
42.057
43.497
44.901
46.273
47.617
48.934
50.227
51.4

52.3

53.2

5.0

1000.0

20.210
20.585
20.950
22.201
23.508
24.607
25.622
26.571
2T.465
28.3r¢%
294125
30.650
32.071
33.410
34.679
35.892
37.055
38.174
39.256
40.305
41.323
42.315
43.281
45.149
44.939

48.664

50.221
52.345
54.289
58.173
58.003
99..785
6EJ524
632,224
64.888
64.5F9
68.1

69.2

10.0

50.0

1600.0
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26.706
27P.212
27.700
29.488
31.068
32.495
33.808
35.03r
36.1719
37.267
38.303
40.247
42.052
4%, 747
45.351
46.879
48,342
49,747
5Y.104
52.415
53,688
54.925
56.129
58.451
60.673
62.808
64.869
6T.35F
6%. 744
72.058
T4.301
T6.483
78.607
80.68)
82.708
84.692
86.4

8T.8

88.9

100.0

10000.0

33.995
34,664
35.302
A7.611)
39.624
41.430
43.082
44.614
46.049
47.404
48.69F
51.099
53.328
55.415
5.7385
59.256
41.045
92.760
E4.413
46.009
67.555
69.056
10.515
73.324
T76.007
T8.580
81.057
84.038
86.905
89.672
92.351
94.951
927.479
99.944%
¥02.35
104+70
Q.0
09.9
I1¥e0

250:0

%0000.0
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D. DENSITY-EFFECT

DATA.

<415 3.
2421 3.
-005 2.
-.10 26
- o005 2.
186 4.
190 4
2.14 4e
" «10 3.

05 3.

«10 e
2.02 5

10 3.

«20 3.

.10 ’ 3.
2.12 Se

20 3.

20 3.
1.90 .5

+30 4e
. «30 4e

«40 3.

30 4.

213
%413
«53L .
«125
' «130
«258
«0938
«0906
«<0874
0255
«127
<109
«+1666
<0771
<404
«150
«0283
«0436
«355
«0652
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6.224
3.22
3.05

282

2463
3.72
3.18
3.56
3.51
3.586
4.36
3.39
3,136

3.57

2.88

- 2452

3.07
3.91
2.64
3.37




&

1.0G797

6.939
10.811
14.0047
18.9984
22.9898
2649815
30.91738
35.453
39.102
44.956
50.942
54.9380
'58.9332
63.54
69472
T449216
79.909
85.47
88.9C5
32.906
99, -
102.905
107.870
1r4.82
121.75
126.9044
132.905
138.91
140.907
147.
151.96
1584924
164.930

© 168.934

174.97
180.948
186.2
192.2
196.967
204.37
208.980
210.
223,
227.
231. -

1847
39.032

92.0

163.

254.

2984
322.

410.
4504

487.
490,

7204

760.
786

8264
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E. ELEMENT DATA

« 0586
«534
2.34

16.6
20453
22442
19432
11.85
9.747

4.0026

9.0122
F2.01115
I5.99%%
20.183
24.312
28.086
32.06%
29,948
40.08
47.90
51.996
55.847
58.71
65237
12.59
78.96
83..80
87.62
91.22
95.94

101.07

. 106.4

112.40
118.69
127.60
12k.30
137.34
14002
144.24
150.35
157425
142.50
167.26
173.04
178.49
183.85
190.2
195.09
200.59
207.19
210.
222,
226,
232.038
238.03

UCRL-11647 Rev.

42.0

18.0
105.0
130.016
156.4

2F0.0
200.
22s.

273.
312.

331.

493.68

420.
460.
468.0
500.

757.52

740.

T T117.

818.

908.

<126



ENERGY
MEV

1.00
2.00
3.00
4400
5.00
6.00
7.00
8.00
9.00

10. 00
12.00
14.00
16.00
18.00
20.00
22.00
24.00
26.00
28.00
30.00

. 32.00

34,00

36.00

38.00

40.00

42400

44,00

46,00

48.00

50.00

55.00

| 60.00

L 65.00

70.00
75.00
80.00
85.00
90.00
95.00
100..00
105.00

F. SAMPLE OUTPUT

RANGES AS A FUNCTION OF KINETIC ENERGY

AND MEAN EXCITATION POTEN

CALCULATED FOR A PARTICLE WHICH HAS CHARGE= 1.0 AND REST MASS=
INCIDENT ON STOPPING MATERIAL WHICH HAS ATOMIC NUMBER=29.0, ATOMIC WEIGHT= 63.5400,
MEAN EXCITATION POTENTIAL= 322.00, AND DENSITY= 8.9400 -GRAMS/CUBIC CENTIMETER

TIAL

. RANGE RANGE RANGE ~ DEDX
CENTIMETERS GRAMS/SQe CM. MOLES ELECTRONS/SQ. CM. MEV CM2/G
6,8341E-04 6.1097€-03 2.7885E-03
1.8311E-03 1.6370E-02 T.4T13E-03
3.3901€E-03 3.0308€E-02 1.3833€E-02
5.3417E-03 4. TT55€-02 © 2.1795€-02
7.6778€-03 6.8640E-02 3.1328E-02
1.0395E-02 9.2928E-02 4.2413E-02
1.3491€E-02 1.2061€-01 5.5047E-02
1.6961€E-02 ' 1.5163E~01 6.9204E-02
2.0629E-02 1.8442E-01 8.4172E-02 2.9258E 01
2.4605E-02 ' 2.1997E~01 1.0039E-01 2.7105€ 01
3.3451E-02 ' 2.9905e-01 1.3649€-01 2.3718E 01
4+3455€~02 3.8849€-01 1.7731E-01 2.1166E 01
5.4579€-02 4.8T7T93E-01 2.2270E-01 1.9166E 01
6.6791E-02 5.9711€-01 2.7252E-01 1.7551E 01
8.0064E-02 T.1577€e-01 3.2668€-01 1.6216E 01
9.4374E-02 8.437T1E-01 3.8507€E-01 1.5093E 01
1.0970€-01 9.8073E-01 4.4T61E-01 1.4134E 01
1.2602€-01 1.1267€ 00 5.1421E-01 1.3304E 01
1.4333E-01 1.2813€E 00 5.8481E-01 1.2578E 01
1.6159E-01 . l.4446E QO . 645934E-01 1.1937€ 01
1.8080E-01 1l.6164E 00 T.3773E-01 1.1367E 01
2.0095€-01 1.7965E 00 8.1993€-01 1.0856E 01
2.2202€-01 1.9848€E Q0 9.0588E-01 1.0395E 01
2.4399€E-01 2.1813E 00 9.9553€-01 9.9776E 00
2.6685E-01 2.3857E 00 1.0888E 00 9.5972E 00
2.9060E-01 2.5980E 00 1.1857€ 00 9.2490E 00
3.1523E-01 2.8181€ 00 1.2862E 00 8.9291E 00
3.4071E-01 3.0459E 00 1.3902€E 00 8.6341E 00
3.6T704E-01. 3.2814E 00 1. 4976E 00 B.3611E 00
3.9422€-01 3.5243E 00 1.6085€E 00 8.1077€ 00
4.6578E-01 : 4.1640E QO 1.9005€ 00 7.5469E 00
5.4239E-01 4.8490E 00 2.2131€E 00 7.0708€ 00
6.2393E-01 5.5779€ 00 2.5458E 00 6.6613E 00
T.1027€-01 6.3498€ 00 2.8981E 00 6.3050E 00
8.0130€-01 . T«1636E 00 - 3.2695€ 00 . 5.9921E 00
8.9691E-01 8.0184E 00 3.6596E 00 5.7151€E 00
9.9699€-01 8.9131E 00 4.0680E 00 5.4679E 00
1.1014E 00 9.8469E QO ’ 4.4942E 00 5.2459€ 00
1.2102E. 00 1.0819€ 01 4.9379E 00 5.0455E 00
1.3231€ 00 1.1829€ 01 5.3987€ 00 4.8635E 00
1.4401E 00 1.2875€ 01 5.8762E 00 4.6976E 00

938.256 MEV

DP/DX

MEV CM2/GC

2.1275E
1.8713E
1.4972E
1.2389€
1.0510E
9.0883E
T.9789¢
7.0918E
6.3682E
'5.T6T9E
5.2629E
4.8328E
4.462TE
4.1412E
3.8597¢
3.6113E
3.3909E
3.1940E
3.0172E
2.8577E
2.T131E
2.5816E
2.2999E
2.0707E
1.8812E
1.7222€
1.5870E
1.4709E
1.3702E
1.2822E
1.2046E
1.1358E
1.0744E

02
02
02

02
o1
01
01
01
01
01
)]
01
01
01
01
01
01
01
02

or

01
01
01
[+
0}

01
03}
01
)]
01
[23

MOMENTUM
MEV/C

43.330

61.295

75.090

86.730

96.993
106.278
114.824
122.785
130.267
137.350
150.540
162.687
174.012
184.665
194,757
204.370
213.570
222.408
230.925
239.156
247.128
254.867

2624394

269.725
276.876
283.862
290.693
297.381
303.935
310.364
325.934
340.868
355.244
369.128
382.575
395.627
408.324
420.697
432.774
444.580
456.135

-¥2-
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FOOTNOTES AND REFERENCES

*Preser;t address: Physics Department, Virginia Polytechnic Institute,
Blacksburg, Virginia,

1. Two excellent review articles that cite the original papers and explicate
the steps leading to Eq. (1) are: Passage of Radiation through Matter,
H. A. Bethe and J. Ashkin, Part II of Experimental Nuclear Physics,
E. Segre, Ed., (John Wiley and Sons Inc., New York, 1952) Vol. I.

E. . A. Uehling. Penetrations of Heévy Charged Particles in Matter,

~ Ann. Rev. Nucl. Sci. 4, 315-350 (1954). |

2. The den51ty effect is discussed in an article by R. M Sternheimer,

- Phys. Rev. ﬁ, 851 (1952). '

3. The density-effect constants that we use are given in an article by
R. M. Sternheimer, Phys. Rev. 103, 511 (1956) ‘

4. W. H. Barkas, The Range Energy Function, UCRL 10292 August
1962, | | |

5. H. Bidhsel, Linear‘Ac'celeratoAr Group, University of Southern
California Technical Report No. 2. (1961) and Technical Report No. 3.
(1961). | ‘ ' |

6. T. J Thompson, Effectwe Chemical Structure on Stopping Powers
for ngh Energy Protons, (Ph. D. The51s), UCRL-1910, Aug. 1952.

7. H. Bichsel, R. F. Mozley, and W. Aron, Range of 6 to 18-MeV
Protons in Be, Al, Cu, Ag and Au, Phys. Rev. 105, 1788 (1957).

8. N. Bloembergen and P. S. van Heerden, The Range and Straggling
of Protons between 35 and 120 MeV, Phys ‘Rev. '83 " 561 (1951)"

9. R. Mather and Eu Segr& Range Energy Relation for.340-MeV. Protons;
Phys. Rev. 84 191 (1951) ' '

10. The values for A and p were obtained from Handbook of Chemistry and .
Physics (Chem1ca1 Rubber Company, Dayton, Ohio, 44th Edition. 1963).

In some cases the density will vary because the element can have various

states. In this case the one most likely to be _encount.eréd in practice‘ was
used (i.e., the p for carbon was chosen as that of graphite rather than

diarhonds).
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The va.lue_s' for I were taken from the following references, which

'

are listed in order of my preference:
a. W. H. Barkas (private communication) and reference 4.
b. V. P. Zrelov and G. D. Stoletov, Range Energy Relation for 660-MeV
Protons, Soviet Physics--JETP 9. 461 (1959). "

c. Compilations that appear in references 5 and 3.

S’



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






