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. . 
. . ABSTRACT . . 

FORTRAN subroutine RANGE calculates ' the differential energy 

! loss  and the range of charged par t ic les , '  e lectrons and pos'itrons . . excepted, 

with kinetic ene.rgies between 1 MeV and 500 BeV in.any chemical element. 

With the resul ts  of the element calculations, the e n e r g y l o s s  and r a n g e c a n  

be readily' computed. for  "chemical compounds and .mixtures.  
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'. I. INTRODUCTION 

. . A piobiem inseparable f r o m  any experimental particle physics i s  

that of determining the energy  los s  of a charged particle a s  i t  pas ses  through 

, . mat ter .  'We have constructed a computer program to easily give useful and 

accura te  solutions to this problem. The program i s  constructed basically 

to  evaluate the Bethe -Bloch equation for  a l l  charged partic'les except e lec - 
trons and ,positrons. At .lo,w energies  shel l  correct ions a r e  applied. At high 

ene.rgies -density-effect correct ions a r e  applied. Since the Bethe-Bloch 

equation yields the differential energy los s  of the par t ic le  in ~ e ~ / c m ,  we 

. . 
can obtain the r+nge of'the par t ic le  by d i r e c t  integration, using low -energy 

proton experimental ranges to  initiate the integration. The range of a 
' 

particle is given a s  a function of energy o r  momentum in t e r m s  of three , 
Z .units:  cent imeters ,  gram-cent imeter  s . , and moles  of electrons/ce.nti- 

2.  m e t e r s .  . .This  ca l cu1a t ion . i~  made for  any homogeneous target  mater ia l  

that i s  a chemical element. Using the resu l t s  of e lement  calculations, we 

can readily compute the e n e r g y l b s s  and range in chemical compounds and 

mixtures  . 
The resu l t s  of representative calculation's have been checked with 

expe'rimental resu l t s  and have- been found to be in  good agreement .  

The c a s k 1  use r  can save t ime by referr ing to  Secs.  111. A, 111. C,  

and In. E. 

. . 

In our calculation we have considered only those processes  by which 

. a charged part ic le  loses  energy to the atomic electrons of a target .mater ia1.  

Nuclear processes  a r e  excluded f rom consideration but must  be taken into 
. , 

., account 'by the user .  F o r  strongly interacting: .par t ic les ,  an energy exis t s  

beyond which the range -e'nergy relation has  no meaning, because calculated 

ranges great ly  exceed the 'mean. f r e e  path for  nuclear interactioris. F o r  

protons this point i s  about T = 1 BeV but for  muons T = 11BeV.  F o r  
P t' 

w,eakly interacting part ic les  there  i s  a l so  a range beyond'which this calcu-  

lation is invalid because pair  production, bremsstrahlung, etc. become 

important.  



The velocity of the charge.d part icle  i s  assumed"to be ver,y la rge  
U . 

compared to the velocity of the atdmic electrons of'the stopping material .  
. . 

, . 
'This condition allows.thk calculation to be made with the atomic electron . . 

congidered a s  stationary during the collision and the charged particle 
' 

, 

applying an impulse to  i t  a s  i t  passes.  .. At low particle energies  this a s -  . 

sumption i s  violated. Also a t  low energies  electrons can be stripped f r o m  

the stopping material .  These two effects havedefied precisktheo.retica1. ' 

calculations up to this t ime,  s o  that we mus t  rely.  on experimental data i n  

this low'-energy region. . . . . 

It has  a lso  been assumed that the m a s s  of the charged particle i s  
. 

much l a rge r  than that of the e lec t ron .  The theory i s  therefore valid for  a l l  

part icles  except electrons and positrons, for  which the  equations must  be 

modified. We have chosen not to consider electrons and .positrons. 

The theory upon which this calculation, i s  based h a s  been worked 

out by a number  of people, and it manifests;  itself in a n  expression for  

the diffeiential energy loss  known a s  the ~kthe-  loch formula: 

The quantities below a r e  associated.with the incident particle:  

z - charge 

v - velocity 

P - momentum 

T =: E - kinetic energy. 

The following quai t i t ie  s a r e  associated with the t a rge t  material ':  I 
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Z u- atomic number 

A - atomic weight - 
I - mean ionization potential 

. n - number of electrons per .cm 
3 

. -' 

, q - density 

C - shell corrections ' 

6 - density-effect correction 
. . 

x '- distance traversed .in the'target 

The following physical constants a r e  Blso used: . . ' 

. . 
.rn - e'lectrok mass  

e - electron charge 

c - velocity of light 

N - ~ v a ~ a d r o ' s  number . . 

r .  - classical radius of the e1e.ctron 
0 

h - plancks s constant. 

The las t  two te rms  that appear i n t h e  brackets of EP. (I) a r e  

correction te rms  whose effects a r e  appreciable only over. limited'energy 
. . 

regionsi The t e rm 6 represents the density-effect. correction and i s  nec- 

essa ry  because high-energy charged particles tend to polarize the stopping 

material.  Sternheimer formulates an  expression for this  effect as 
' ' 

6 = 4.606:X (q) + b + a [xi - x(q)lg , ( 2 )  

T h e  te rms  Xo, XI, a ,  g, and b a r e  -constants that a r e  functions of the ' , 

target material alone. , The f i rs t  four of these. are. determined by the . fitting . 
' 

of Eq. (2)  to experimental results.  The t e rm  X i s  a kinematical factor 

and i s  given by  . . 

, . X = l o g I O  q. , . 
. . 

0 

If X > XI, t h e n a  = 0, and if X < Xo, then 6 = 0. The t e rm b,  which in- 

volve s the plasma frequency 'v . i s  determined by 
P' 

. a 
where 



. , . . 
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The t e r m  C i s  the shel l -correct ion t e r m  and i s  appreciable only 

a t  low energ ies  where the velocity of the incident particle i s  not g rea t  . ' 

4 
compared  to the velocities of t h e o r b i t a l  e lectrons.  Barkas  found that  

the bes t  semiempir ica l  .fit to the data was  obtained by a C. that  was .a ' .  

function of I and q :  
-b12 a = ( I J ? )  = ( 0 . 4 2 2 3 7 7 ~ - ~  + 0.03040431-4 - 0 ' . 0 ' 0 ~ 3 8 1 0 6 ~ - ~ ~ ~  10 . 

. . 
+ (3.850191-2 - 0.1667989q-~ + 0 . 0 0 1 5 7 9 5 5 q - ~ ) ~  1 0 . ~  I ~ :  '(5) 

We have used th is  expres  si.on. 

The quantity called stopping power i s  defined a s  

where  the quantities of Eq. (1) have been expressed  in  a manner  m o r e  

susceptible . to  d i rec t  calculations. 
. . 

1n o r d e r  to  obtain the range of a in  g /cm2J  the following . . ! 
integration must  be performed ' I 

I 

where  the value for  R(T  ) must  be  obtained f r o m  experiment  because , 
. . 

0 
Eq.  (1) does not hold for  low eneig ies .  The most  r e l i a b l e a n d  abundant 

expe;imental data to  determine R(TO) a r e .  available f o r p r o t o n s .  We use  

these data a s  compiled by ~ a r k a s l  and in  a manner  s imi l a r  to the .  one. 
5 

devised by Bichsel.  We have chosen  T o  = 8 MeV f o r  protons.  , 

since the fundamental calculation i s  m$de fo r  protons andbecause  . 
. 

1 dE --  
2 dx i s  a universal  function of par t ic le  velocity, i t  i s  possible simply to  

- z 

sca le  these r e su l t s  fo r  par t ic les  other than protons.  F o r  a part ic le  of 

m a s s  Mi and charge z i J  'the scaling fac tors  a r e  given by , I-. 
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To, calculate d ~ / d x  in mixtures a i d  compounds,. we follow the 
6 

approach of Thompson. As an'example let  us c0nside.r.a molecule of. m a s s  M of ' i 

two elements a and p with atomic weights Aa  and^ and molecular weight 
P 

AM. Suppose .they each have, respect ive ly ,  a and b atoms per  molecule. 

Generating the differential energy loss  d ~ / d x  for  each of the constituent 

elements ,  we can construct 

for the molecular substance. The generalization of this method to more  
. * 

complex structure s i s  obvious. 

111. PROGRAM 

A. Calling P r o g r a m  

This i s  .a five-card program that is used to  designate the input (IN) 

and output (10) tapes for the use r ' ?  p a r t i c h a r  +onitor. system and to cal l  

the subroutine RANGE. 
. . 

Example : COMMON IN, I 0  

CALL RANGE 

E N D  . . 

. . 
B. Subroutine RANGE 

This subroutine i s  written in FORTRAN.11 language for  the purpose , 

! 
. . 

of solving Eq. ' (2)  of Sec. 1'. A glossary of the mnemonics i s  given in 

Appendix A and'a . l is t ing of the sibroutine appears  in Appendix B. A flow i 

i char t  is provided in Fig. 1 a s  a further guide. 
I 

C. Input of RASVGE - 
There a r e  .four separate  inputs to this subroutine. The contents 

of the f i r s t  three will not concern the casual user .  
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,Begin 

Set 4 
constants 

data decks 
1. Low-energy 

2.  Density -effect 

3 .  Element data 

Check A,  I, p 
If u s e r  did nor 
supply them, 
program supplics 

. 1 Calculates I 
RANGE from 1 to 

W t 3 ,  
energy data 

Calculates 
shel l  

density effect P 
Calculate d ~ / d x  

I:15 CalculaLe range 
in different 
units. 

Fig. 1. subroutine RANGE flow diagram. 
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LOW ENERGY DATA a r e  provided to  the u s e r  in  the f o r m  of the 

listing displayed in  Appendix C. The contents of-the fi 'rst 39 .cards  a r e  

.based upon the resu l t s  of experimentally determined ranges.  of protons in 

var ious mater ia l s .  The experimen.ta1 data were  interpolated to  determine 

the range for  var ious I values ( rows)  a t  1-MeV-energy intervals  between 

1 and 8 MeV (columns).  A given row rep resen t s  the =anges of protons for  

a given ionization potential and a column rep resen t s  the ranges of protons 

f o r  a given kinetic energy. The l a s t  four c a r d s  give the incrementing . 

value of energy and the initialization energy for  the var ious energy:inter- 

vals  t.hat can  be calculated. . . 

I 
DENSITY E F F E C T  DATA a're shown in  Appendix D. The 23 c a r d s  

have- the format  

Word 1 2 3 4 5 
. . 

Quantity Z Xo a . g .  

ELEMENT DATA a r e  displayed in ,the listing , i n  Appendix. E. They 

a r e  on se t  of 46 oards ,  each with the format  

1 2 4 .  5 6 8 Viord 3 7 
3 

Quantity Z A~ Iz Zt'i , A Z t i  I Z t i  Pz+1. P z 
. , 

These data a r e  the be s t  known to  the author and were  obtained 
6 

f r o m  various sources .  

USER'S INPUT i s  one c a r d  of data,  p a r t  of which'he must  specify 
j 

and p a r t  of which'he specifies only if he wishes to  over r ide  the internally . .  I 

s tored  data with that of his  own. 

Word 1 . 2 ,  3 .4 .. 5 ' .  . . . 6  7 8 

M Z A .  Quantity z Ti  Tf I P 
.., . 

Limits  t . . 

1 1 1 1 15 Min. None 100 None 

Max. None  one ' 5 x 1 0 ~  5 x 1 0 ~  92 250 1100 None 

Units - MeV MeV ' MeV - . . a m u  eV 3 
g/cm 

c a r d  1-10 16-20 21-30 31-40 41-50 . 51 -60 6'1 -70 .71--80 
location 

... . .  . I .  : ' . '  I 

. .  . 
- - - - - . - - - -  ---NecessarY- - - - - - - - -  - - - - - -  Optional -'- - - -+ 

All data a r e ' t o  be entereditas decimal (floating-point) numbers .  
A : 
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TheCuser  may stack a s  many data ca rds  in .the above- format 

behind one another a s  he wishes..  Each c a r d  will initiate a new pass ' ' 

through subroutine RANGE : 

D. Output of RANGE 
'., 

.The output for each pass  1s printed in tabular form on serial ly . I 

numbe r e d  page s , with the variable value s that we r e  'used in the calculation 

appearing on the f i r s t  page. This i s  of special interes.t for  the use r  who . 

did not specify the optional data and wishes. to kzow what values the p rogram 

( see  Appendix E ) - c h o s e  for him. Each page of output has a heading that 

identifies the columns of the generated table. 

Three features o f  the output deserve mention.' F i r s t ,  for  part icles  

other  than protons, the proton resul ts  a r e  scaled and interpolated s o  a s  t o  have 

in tegra l  . values of kinetic energy. second, d ~ / d x  and d ~ / d x  a r e  not 

output f o r  any particle with comparable proton kinetic energy i T :  

of l e s s  than 8 MeV. This i s  because they a r e  not calculated and the r a n g e  i s  

.obtained in this region by a table look-up and interpolation. Third, if the ;,.-. ,.-, . -.:,-: "- 

calculation goes into a n  ,energy region where .the density effect become's 
. . 

important (calls for  a range correct ion of 17'0, o r  m o r e )  and t he  Sternheimer 

c0nstant.s a r e  not available for  this target  mater ia l ,  then a statement to 

this effect will be printed. 

E .  Deck Setup and Running Instructions . . .  . .  . .. .. 

Control Cards 

Calling P r o g r a m  

Control Cards  

Sub routi.ne RANGE 

DATA Card  

LOW -ENERGY DATA (43 ca rds )  

DENSITY-EFFECT DATA (23 c a r d s )  ' 

ELE.MENT DATA. (46 ca,rds) 

USER'S INPUT 

No sense switches o r  key settings a r e  demanded by this subroutine. 
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E'. Sample Run 

Let us ,  a s  an example, consider protons incident on copper f rom 

1 MeV to  105 MeV. We specify the I = 32.2 eV but let  the s tored data fi l l  

in  the other . . two optional quantities. Our data c a r d  looks like this : 

The output for  this  run i s  displayed in  Appendix F. 

IV. COMPARISON OF CALCULATION WITH EXPERIMENT 

To t e s t  the accuracy of our  calculation we compared our resul ts  with 

experimental resul ts .  A representative case  i s  .protons on copper. A number 

of data were  available. They a r e  displayed together with ou r  callculated range 

a t  the energies  specified in  Table I. A pictorial  display of this  calculation i s  

shown in  Fig. 2. 
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Tab1.e I. Comparison of experimental wi th  calculated values 

for protons in copper (I = 322 eV). 

Calculation 

Rp 2 
(g/cm ) 

Exptl. 

Reference 

7 



T in MeV 

Fig. 2. Graph of protoi 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 )  (0); Mather and Segr'e (Ref. 9)  (O).; 

and Zrelov and Stoletov (Ref.. 106)  (m). Calculated f r o m  

RANGE (I = 322 eV). 
, 
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APPENDICES 

. A. Glossary of ~ e r m s  Used in P r o g r a m  
. . 

A(l -3 )  - coefficients for Eq. .(5). 

B ( l - 3 )  - coefficients.for . Eq. . (5,) 

BE - beginning energy. (Ti) 1 '. 

2 .  . . .  
BETA 2(1-800) - P 

. , 

CON - R(TO) .' 

. . 
COR(1800 ) - shell  correct ion 

DEL (1- 11)-increment of energy 

d P  DPDX - dx 
E(l-800) - T . . . . . . 

. . 

. . .  ED(1- 11) - initialization. energies' . . . .  . . 

ENERGY (1- 800) - temporary s torage for  TE(1'-800) 

EPM - I J - . . . .. 

r .  

F E  - final energy (T )' , 

f 

. . , '  . 

I - running index . . 

IG - energyv-encrement counter 

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

I 0  - output-tape number 

IPAGE - page .count . - 
IR - counter 

J L  - index I + 2 
'., 

L - init ial  I 

M - final I 

NASTY - counter used f o r  1 t o  8 MeV. 
. . 

NOTE - = 0 if S te rnhe imer l  s data  available;  if # 0 i t  equals the index o f  

the T where the e r r o r  exceeds .170 . . 
. . 

NZ - Z 

PCONST(1- 100, 1-3) - A, I, and p for  each  element 
2 

PROD1 - coefficients for  I t e r m s  in she l l  cor rec t ion  
3 

PROD2 - coefficients for  I t e r m s  in shel l  correct ion 

Q i  (1- 800) - t empora ry  s torage  for  RC (1- 800) 

Q2(1-800) - t empora ry  s torage  for  RGPCM(1-800) 

Q3 (1.- 800) - t empora ry  s torage  fo r  R C M ( ~ -  80'0) 

Q4(1-800) - t empora ry  s torage  for  DEDX(1-800) 
I- 

i' . 
R(1-800) -  E d T 1  

To 
R3(1- 39,1-8)  proton ranges f o r  15 4 I 4 1100 eV 

RANGE (1- 800) 

RC(1-800) - range in ,moles of e lec t rons /cm 
2 

RC.M(1-800) - range in cent imeters  . . 

RGPCM(1-800) - range in g , rams/cm 
2 

RHO - p . . 

RMAS - M 

ST(1-93, 1-4) - ~ t e r n h e i m e r l  s constants:  Xo, X i ,  a ,  and m 1  

STX(1-800) - X 
. .- .. .. . 2 
SUM1 - intermediate  sum for  she l l  cor rec t ion  (I t e r m )  

3 
SUM2 - intermediate  s u m  for  she l l  cor rec t ion  (I t e r m )  

TAB - subroutine t o  interpolate tabular  quantities 

TE(1-8)  - low-energy index 



TI - f loating represen ta t ion  of index I 

T N  - floating r ep re sen t a t i on  of index N 

X(1- 39) - low.-energy. da t a  index 

z - z  

UCRL- 11647 Rev. 
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8 -  L I S T I N G  OF SUBROUTINE RANGE 

SUBROUTINE RANGE 
COMMON IN ,  LO 
DIMENSION At: 3)+B83),BETA2(800)  rCDEDX(8QO) rLOR(iBOO).DBDX[80O);t 

1 D E L ~ l l ) r O E N S E ~ 8 0 0 ~ ~ D P O X ~ 8 0 0 ) ~ E ~ 8 O O ~ ~ E D ~ N ~ R 6 ~ ~ ~ O O ~ ~ ~ ~ A S Q ~ 8 O O ~ ~  
2P( 8 0 0 )  ,PCONST( lOOc3I .0Q1(800)  ,Q21800) ,!Q3[800) ~Q4, i8OO)+sR4800)  c 
3 R C ( 8 0 0 1 ~ R C M P 8 0 0 ) ~ R G P C M ~ 8 0 0 ) ~ R 3 ( 3 9 t 8 ~ ~ S T ~ 9 3 r ~ 4 ~  ~ 3 l ' X ( 8 0 0 )  +T'E(8)isq 
4 X ( 3 9 ) c X F N ( 8 0 0 )  

CONSTANTS 

READ LNPUT - STANDARD DATA DECKS 

READ 1-NPUT TAPE I N ~ l ~ O t R 3 ( 1 1 J ) r J = 1 , 8 ) t I ~ l ~ a 9 )  
FORMAT( 8F 1 0 - 5 )  
READ LNPUT TAPE I N 9 2 9  ( D E L ( 1  ) r I . = l r l l )  
READ LNPUT TAPE IN,,2,(ED( I ) e I = l r  11) 
FORMAP( 8 F l O - 0 )  
R6AD LNPUT TAPE, INw3, I, ( S T ( 1 ,  J l  , J = l & )  
FORMAT( I2 r8X,4F l0 .51  
I F [ j I - 9 2 1  101,  1 0 2 c  1 0 2  
READ LNPUT TAPE I N 9  

14 , ,  Iq (PCONST(I ,J) ,oJ=l I3)  . K r  (PCONST(K9LX, L 3 E p 3 )  
FORMAT( 2 ( I  2 ~ 8 x 1  3 F 1 0 - 5 L )  
I F (  1-91]; 1029 1 0 3 c  1 0 3  

READ INPUT - USER'S SELECTED D&T# 

READ LNPUT TAPE IN9  5.r ZL9 RMASS, BE, FEq Z;p 'AT, EBMi RHO 
EORHAT.( 8F 10.5 
NZ=Z 
I F (  AT): 104, 104, 1 0 5  
AT=PCONST ( N t *  1 I' 
I F (  EPM 1 0 6 ~ ~ 1 0 6 ~ ~ 1 0 7  
EPMsPCONST( NZ ~ 2 )  
I F I R H O )  L08,108q.109 
RHOsPCONSTCNZ -3 1 
IFORMASS-100.0) l l ' 0 r l  lOwEk1 
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1.10 WR LTE OUTPUT TARE 101 10,. Z I  IRHA'SSI I PAGE 
10 FORMAT.(42HlMASS I S  860 LOW- CALCUhAPiIOM ROR I5 .F ,5* P*:1'5H 'AND 

IREST #ASS=p:F 1 0 i 5  9'9H OELEXED. ?39X,5HPAGE 1.3); 
IPAGEyIPAGE41 
GO TO 1 0 3  

1Ld IF(:EPM-15.01 1 1 3 ~ 1 1 5 , ~ 1 1 2  
111 I F (  EPM-1100-0) 1 1 5 r E 1 5 , l E I  
119 WRITE OUTPUT TAPE 1 0 3  11,. EPM,IPAGE 

l a  FORMAT(27HlMEAN EXClTATION POTENTIAL=rF5.2,*1H UAVUE I S  TOO LOW* 
E CALCULATION OE.LET;ED-48X+5HPAGE I 3 1  

IPAGE= IPAG6+1 
GO TO 1 0 3  

164  WRLT.E OUPPUR TAPE 101 12, EPMIIPAGE 
1'2 FORMAT(27HlWEAN EXCITATION POTENTIAL=rF10.2G4rH VIUUE IS FUQ H I G H ' ,  

1 CALCULATION DELETED* r42Xp.5HPAGE 1 3 )  
IPAGE=IPAGEi i l  

: GO TO 103  
C: 
C CALCUL.AT ION OF COEFFICIENTS U9ED I N  
C R-E FORPICLA FOR THE VARIOUS ENERG'.LBS 
c. 

11.5 IK=O 
I G 5 1  
FEP=FB*938.258hRMtkSS , 

DQ 119 151,800 
ZETA=E( 1) /938.256 
B E t A 2 ( ! I ) = ( & E T A t t 2 i O Y Z E T A ) ) / ( ( l * O + Z E T A ) * * 2 X  
IF (BEGA2(  I ) - l .O )  118,120,,120 

116 ETASQt I )=BETA2( 1)h4:190-BEPA2 ( 1) 1 
CDtiDX4 I) =C3LBETA2 ( 1). 
XFNUI ),=LOGE( 2*0*C2*ETASQ(.I  ) /EPMI-BETA2( I )  
I F ( € (  I.)-ED( L G I )  11'8.117r.tl7 

:1-17 I G = I G * l  
I 611G-12 )  118r120,12C 

11'8 E( I+l)C=E( I ) + D E L (  IQ )O l rC0000Ol  
I K = I K 6 1  
I F ( E ~ I ) - ~ E + ~ 1 ~ . 1 1 9 ~ 1 1 9 ~ 1 2 0  

119  CONTINUE 
C PGM FINDS VALUE OF EXCITATION POTENJ4A;;L+MEAN tEPH). &NO 
C CALCULATES RANGE FOR ENERGIES BE.TWEEN 1 AND '8 MIULFCON ELEB.TRON VOLT9 
0 

120  X( 11.=15.0 
X(21=17.5 * 
n =  3 
DO 1 2 1  I=20,100?.10 
T l s I  
X ( M ) = T I  

12; l  M=M+:1 
DO 1 2 2  1=120,340120 
T I = I  
X ( M ) = T I  

12'2 # = M t l  
..DO 123  I = 31e0, 500.40 
T I = I  
X ( M ) = F I  

1 2  M = M * 1  
DO 1 2 4  1.=550, 1100p50  
T I t I  

.X(M)=T..I , 
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CAkCULATE SHELL CORRECTION FOR EACH ENERGY 

PGM' CALCUkAT ES RANGE FOR ENERGI ES GRB,&TER 
THA'N 8 M E V  AND D E N S I T Y  EFFECT CORRECTI.ON 

CALCUUATE RANGE 

DO 141 1=3r IK ,2  I 

R {  I ) = R (  F-2)+( BE6 I L - B 1 1 - 2 ) ) A b - ~ * ~ l ~ / D E D X ( 1 - 2 ~ + ~ - J D E D X ~ l ~ X ~ +  
1 1 - O / D E O X ( L ) )  

I E ( A B S F ( ' E t  I ) -8 rOJ-O.001)  1 3 9 1 1 3 9 9 1 3 8  
I F ( E ( L ) - 8 - 0 )  1 4 1 1 1 3 9 , 1 4 0  
CON=RC ( 8  )-I?( I) 
JLs L+2 
R C C I ) = R (  I )+CON 
CONT I N U E  

OUTPUT RESULTS 

WRLTE OUTPUT TAPE 10. 13, IPAGE 
FORMAT(lH1,119X,5HPAGE ,131 
WRLTE OUTPUT TAPE 101 1 4  
FORMAT(47X138HRANGE9 AS A FUNCTION OF K I N R I P C  E6(ERGYASEX29H&NO MBA 

I N  EXCI.TAT; I O N  P O T E N T L A L / / A / / )  
WRLTE OUTPUT TAPE IQ. L5, 21. RWASSr Z i  AR. hPRr RHO 
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FORMAT(1H r28Xe44HCAtCULk l iED FOR A PARTICLE WHKH HdS CHARGBtr 
T F 4 . l r l 5 H  AND REST MkSS=,F 8.394H MEV/, 
2 1H 9 2 8 X d i 4 H I N G I D E N T  ON STOPPING HA f lER IaL  H H L t H  HAS AITOMLC N 
3UHBERq9 64. I c 1 6 H t  ATOMIC WE LGHT=sF 8 - 4 9  ~ H , J ~ ~ X J ~ ~ H M B A N  6XCIFkXLON P 
40XENTLALx.F 7.2,14H, AND DENSITV=rF  7.4923H GRAMB/OUBIC CENPLMBXBR 
5/A/!L 

I U  I N € =  I L  I NE+5 
WRLTE OUtPUA TAPE 10, 1 6  
F O R M A T ( 5 X ~ 6 H E N E R G Y ~ I 1 X ~ 3 ~ 5 H R A N G E ~ 1 4 X ) ~ 4 H D 8 O ~ ~ ~ 4 X ~ 5 H D P / D X ~ l 4 X ~  

1 8 H M O # E N T U M E 7 X ~ 3 H H E V c S X r l l H C 8 N T I M E T E R S t 7 X I H G R M S / S Q  CMor2Xp  2 
23HMOLES ELEOTRONS/SQ. C W J ~ ~ X I ~ H M E V  CMZ/GIEOX~POHMEM CM~AGCI~~X ,SHM 
3EVXC// 1 

I t  L N E i l 5  
DO 1 4 4  1 ~ 1 . 8  
AL=L 
TE t  I l=AL*RHASS/938.,256 
IFfBE-TE(I1-o01)142,142,144 
IFOIEY 11,-FBI 1439143 ,177  
P(  LX=SQRTF( TE(  I 1 * * 2 + 2  oO*RMASS*TE ( I) 1 
ENERGY( L l = T E (  I )  
Q 1 1 I  )qRC(  I )*RHA3SA(Z 1**2*938.256)  
Q 2 1 L I = Q l (  I ) * ( A X / Z )  
Q3( L )=Q2(  I )/RHO 
CONTINUE 
DQ 1 4 8  I = J b c I K , 2  
JRANG=( I - J L + 2 ) A 2 + 8  
E M E R G Y ( J R A N G ) q E ( I X * R B A S S / 9 3 8 e 2 5 6  
I F (  BE-ENERGY( JRANG 1) 1 4 6 ~ 1 4 6 1 1 4 8  
I F 1  ENERGY (JRANGJ-EE-• 1 1 1 4 7 , 1 4 7  1 4 9  
Ql(JRAMG)=RC(I)*RHASS/(ZL..2*938o256) 
Q 2 t S R & N G ) = Q l ( J R A N G t * ( A T / Z )  
Q3(JR&NG)=Q2(9RANG)ARHO 
Q 4 1 J R k M G ) = D B D X C L l * t * Z I * * 2 / A T  
CONK INUE 
JP=JRhMG 
GO TO 1 5 0  
Jl?s JRANG- 1 
AEyBE 
I 0 6 8 = 0  
1 BE= 1 
IFbAE-1 -0 )152 ,152+157  
RCM(IBE)=TAB(AE~ENERGY,Q3,lcl~5~1O,SICK) 
R G P C M ( ~ I B E ) = T A B ( A E ~ E N E R G Y , Q 2 r  l , l s 5 ,109  S I C K l  
RC( LBE)=TAB( AEvENERGY s Q 1 c l ~  1 9 5 e l O 9 S I C K )  
P(LBE):=SQRTE(AE**2+2.O*RMASS*AE) 
I F ( A E T E ( 8 ) - 0 - 0 1 )  1 5 3 c 1 5 3 9 1 5 5  
WRLTE OUTPUT TAPE 10s  17,AE,RCN( I B E )  ,RGPCMt(i#BE) PRO(-LBE) t P (  I B B )  
I L  LNEq I L  LN6+1 
ABsAE*'O. 1 
IBE=,IBE+:L 
GO TO 1 5 1  
DEDX( LBE)=PABCAE, ENERGY(,9)itQ41.9B 9 1 9  1 9 5 9 8 9 9 4 C g r  
DPOX( I .BE)=[  (sAE+RMASS) / P (  LBE) ) *OEOX( IBE)  
WRLTE OUTPUT TAPE 10,19,AEcRCld ( I B E )  ,RGPCMt(dBElcRG( LBE) rOEOX(;LBB)., 

lDPDX(  LEE)  ,POIBE) 
I L I N E i I L  INE+' l  
I F (  LOtiBb154,156*154 
I D 6 B = I  BE 
GO TO 1 5 4  
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J X R A N T J R A N G ~ ~  BE-2 
L3 1 
LL=,19 
DO 1 6 2  tCK=IBErXK 
IF(:E(kL):-F%-13158,L58i163 
RCfl(;iKKi)=iTABIiE(L.L;) rENERGY(.L.l pQ3.( i l )  1 JPirSICJG); 
RGPCMi(!KK')=T-AB(IE(.LL):,ENERGY ( L )  kQ2(1:1.1 i l t : 5pOP;SI tK)  
RC(KK)=TAB(6CQL)r iBNERGY.4 .L  ) . ' Q l ( L . ) , l . l , 5 ~ J P . . B ' I . O M I :  
IFCE(LLI-TE(i8t--Ok).161~161~159 
I F ( t I D f i B % L 6 f  t.160. l d l  
IDEB=KfK 
LPPqJR-EDEB+l  
DEOX(K#):=TA8 ( .Et .LL L,ENERGYIiIDEB) e.941 I D E B I  r 'E51  iS*LPPm'S.f CHI; 
LC=LL+;Z 
IF ( . LL -XK)  1628 E629163  
CONTINUE 
J:= 1 9 
DO 176 Z=. iBEclK 

' IF;(.E.(3)-BE) k75.1649 E84 
I E ( E I J ) - F E - ~ 1 ) 1 6 5 . L 6 r 5 ~ 1 7 7  
P(1) :  5 SQRTEdE(J)+*~2+2eO*RUASS*EE9))  
DPOXt L)st(EOJ)+R#ASSJ/P~Ll3*DEOXt 1)  
NU Ot 1 
I F t N O T E - I )  166,16T,lC6 
IF(:NOPE-1-11, 169r. l :67r:  169 '  
I FO ILLNE-52 )  1889  E68 r  1 7 3  
WR.XTE OUTPUP TAPE LOJ t 8  
FORMAT ( 2X, 1 0  ( .13H**? r r  *******eJ1/23Xt85HAT ~ ~ 1 . 9  BNERGY, T'HE DBNS-LTY 

1 EERECT BECOMES IMPORTANTo HOWEVER STERNHBQMERSS CONSThNFSP27X,;7EH 
2ARB NOT GIVEN, HENC.8 THE D I B A  WILL  BE I N  RRRQR BY MORE THAN L RER 
3CENT-/ l /2Xr 1 0 1  13H***** ******.**,I 

I L I N E = I L L N E + 6  
NOTE=O 
I F (  I- I .DE81 E70*:F71t .171 

WRIKE  OUTPUT TAPE I .0 , lT~Et -J )  .RCAItI)rRGPCMl!dl;,RCfl(: L ) r P ( I )  
FORMAT I 2X1F9. 29~6Xp3{11~PEkZ-4~7X)919X,19X9~3X~X~oPE'1023) .  
GO TO 1 7 2  

CON1 I.NUE 
WRITE OUTPUT TAPE I O o  19, Eb J F  . R C M l  1.1 9 RGT?CIII(;.L);r RC4 I 1 ,  DEDXl \L)  * 

l D P D X ( I . ) ~ P (  I )  
FORMAT,( 2X ,F9-2+6X,54 P P . E B 2 - 4 ~ 7 X E ~ 3 X t O P F . 1 0 . ~ 3 ~ 1  
I L  I N E = I L  I N E + l  
I F t  I LLNE-56 )  1 7 5 c E P b f l  
MOTE=J: ' 

I PAGEq IPAGEY l  
WRLTE OUTPUX TAPE f;Qp 2'0, IPAGE 
FORMAT.( l . H l r  l l9X,5HP&GE pL3.1 
WRI.FE OUTPUT T4RE Ii01B6. 
I L I N E 5 1  
J= J+2  
IF,(.J-LKI: 1 7 6 t  T Z 6 $ 1 7 7  
CONTINUE 
IPAGE=CPAGE+l 
I DE!B=O 
GO TO 1 0 3  
END 
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E. ELEMENT D A T A  ------------- . . 



F. SAMPLE OUTPUT 
RANGES A S  A F U N C T I O N  OF K I N E T I C  ENERGY 

A N 0  MEAN E X C I T A T I O N  P O T E N T I A L  

ENERGY 
ME V 

CAL.CULATE0 FOR A P A R T I C L E  WHICH H A S  CHARGE= 1.0 A N 0  REST MASS= 9 3 8 . 2 5 6  MEV 
I N C I D E N T  ON S T O P P I N G  M A T E R I A L  WHICH H A S  A T O M I C  NUMBER=29.0. A T O M I C  WEIGHT= 63 .5400 .  
MEAN E X C I T A T I O N  P O T E N T I A L =  322.00. AND D E N S L F Y =  8 . 9 4 0 0 ~ G R A M S / C U B I C  C E N T I M E T E R  

RBNGE RANGE RANGE ' OEOX OP/DX 
CENTIMETERS GRAMS/SQ. CM. MOLES ELECTRONS/SQ. CM. MEV C M 2 / G  MEV CMZ/GC 

MOMENTUM 
MEV/C 
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8 .  N. Bloembergen and P. S. van Heerden,  The Range and straggling 

of Protons between 35 and 120 MeV, Phys. Rev. 83, 561 (1951). - 
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I 'J 

In some c a s e s  the density will vary  because . the:element 'can have various 

I states .  In this  case  the one most  likely to be encountered in pract ice was  

I ' 
used (i. e .  , the p, for  carbon was chosen a s  that of graphite,  r a the r  than. . . 
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The values for  I were  taken f r o m  the following references ,  which 

a r e  1.ist.ed in o r d e r  of my-preference :  

a. W. H. Barkas  (pr ivate  communication) and reference 4. 

b. V. P. Zre lov  and G. D. Stoletov, Range Energy  Relation for  660-MeV 

Protons ,  Soviet Physics  --JETP 9, 441 (1959). + - 1 

c .  Compilations that appear  in re ferences  5 and 3. 



T h i s  r e p o r t  was p r e p a r e d  a s  a n  a c c o u n t  o f  Government  
s p o n s o r e d  w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commiss ion  

A. Makes a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d , ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes a n y  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages  r e s u l t i n g  f r o m  t h e  u s e  o f  a n y  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

As u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  on  b e h a l f  o f  t h e  
Commiss ion"  i n c l u d e s  any  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  C o m m i s s i o n ,  o r  e m p l o y e e  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any  i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment  o r  c o n t r a c t  
w i t h  t h e  C o m m i s s i o n ,  o r  h i s  employment  w i t h  s u c h  c o n t r a c t o r .  




