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. .  . 

The .range-energy r e l a t i ons  and the  ra te-of-energy. losses  f o r  .He 3 

p a r t i c l e s  ..fiave .been computed .for d i f f e r e n t .  e l e m n t s  throughout the  per iodic  

t ab l e .  .The kinetic-energy range covered . f o r . t h e . i n c i d e n t  p a r t i c l e s  . i s  from 

2.5 MeV t o  .lo0 'MeV. 

.The range-energy calcula t ion r e s u l t s  have a l s o  been included f o r  a 

few compounds. 
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3 
: .Where nuclear reactions wit.h He particles are involved, especially 

when excitation curves or activation analysis methods are of interest, we need 
. . 

to know range-energy relations of these particles. To fill this need for ex- 

tensive range-energy data for ~e~ in a large number of elements, theoretical 

calculations are necessary, since experimental values are not available. 

There were only a few published range-energy relations, when the acti- 

i 
vation analysis of oxygen in transuranium elements was started. These are 

compiled by W. whaling2 and S. S. Marhowitz and J. D o  Mahony; the latter 

authors calculated the range-energy relation for He3 in aluminum from proton 

ranges, with the use of the empirical transformation formu1a.R 3 (3~) = 
He 

It is possible to use the same formula for the calculation of reliable 

range-energy relations of ~e~ in other elements when range-energy relations of . 

sufficient accuracy for protons or.a's are available. In the absence of such 

data, the calculations are done from interpolated values.. The results are 

then uncertain by at least lo$, which is not 'satisfactory for accurate work. 
. .  - 

Recently, new range-energy relations have been published by C. 

Williamson and J. P. Boujot. 
4 



For elements with small atomic numbers our results are in good agree-: 

ment with Williamson and Boujot's published values. For the heavier elements 

their re si~lts tend to have higher rarige~ valueis hhan those - caXdula-t;'ett he& ;; this is 

especially - true in the .'lower energy region. .The - reasons for .this difference 

will be discussed, in Sec. - I11 .. 

In this study the theoretical calculations of the range-energy relations 

are carried out by use of the Bethe-Block formula, giving the theoretical Kinetic 

2 
energy loss per unit thickness expressed in cm or mg/cm . From these values, 
the .range can be computed.by numerical integration of the.inverse kinetic-energy 

loss function. 

The numerical work was done by the IBM 7090.of the -Lawrence.Radiation 

Laboratory. .The program has been preserved.for ,further.use. 

11. CALCULATIONS 

.A. Theoretical Aspects. 

The formula of Bethe-Block given by R. M. sternheimei5 for the energy 

loss of protons is 

where 

- dT - = kinetic-energy loss per unit length expressed i n  erg/cm; 
dx 

n = number of electrons per crn 3.  , 

v = velocity of incident particles ('em/sec); 

@ = v/c, where c = velocity of light; 

e = charge of the electron (esu); 



m .= mass, . . of .the:electron (g); 

I (z.) = mean .ionization .potential (e~:) ; 

6 = correction for.density effect, due,:to polarization; 

U = shell correction term  his takes into account the fact that 

. . .  . . . . 
dT ,as ... . some .atomic electrons do not contribute as .much .to - 

is given by the first logarithmic term of the formula. This 

happens for el ectrnns of the s h e l l  '(griaariby .the . K  shell) 

as.soon as the experimental condition v.< v exists, where 
.i 

v is %he velocity of an atomic electronin.the ith.shel1 of .i 

the atom); and 

. W = maximum energy transfer from.%he-incident particle to an . max 

atomic electron ("free" electikon). 

Fvllvwing Steinheimei-, J 

'max 
is given by the relation 

. . 

where p.and.E are the-mass and.tota1 energy.of t,he incident particle. 

2 P For E << (-) c the formula for Wmax can be reduced to 
2 m 

B. Calculations of the Eaergy..Loss. 

3 For the case of He having a kinetic energy between 3 and 100 MeV,.the 

correction for density.effect and even the shell corrections.may .be neglected. 

In this energy region the simplified relation (3) for Wmax can be taken into 



account. The. general formula for e n e r m . 1 0 ~ ~  then becomes 
. . 

dT 4 ~ n e  4 2 - - .- - 
di 2 m v I ( Z )  (1 - p2) 

' , (4) 

The coefficient of this formula can further be 'transformed by taking 

into account the fact that 

where 

L is Avogadro ' s .number, 
; .3 

p is density .expressed in..mg/cm 

2 is ' the atomic number .of the irradiated material,.and . . 

A is the atomic mass number .of .the irradiated material. 

In. Eq. (6) . the . energyloss is expressed in erg/fig-&m-2;:&the, factor 

2 
v which is dependent upon the kinetic energy, may be incorporated in the 

, . 

second fact.or;. .. .Finally, for .particles .of multiple .charge .z, .one obtains 

6 
.the.Bethe-Livingstone formula 

. . 
dT or . - -  = MeV 

= (6.24208)~ 10 dx '  mg/ cm2 

and 



where 

and 

z For evaluation of C(h), Z/A was calculated for the different elements for 

which.the ranges,have.to be computed. 

Table I gives the Z/A values and. the coefficients c (2) for the differ- 
z ent elements. Ther term E x listed in the . column, of C (A) means loX and will 

be used for further .tabulation. 

For c.omguting the factor D[E, I(z)] in thc cncrgy range bctween 3 and 
2 .. 3 

100 MeV, ire calculate the squares of the velocities, v2 and p , for He using 
:the special relatistic formula 

2 m c,. ? 

.3 The energy. cqrresponding to the rest mass of He is moc2 = 2909.231 

MeV; T is the kinetic energy.in MeV. 

There are considerable differences in the mean,ionization potential 

I(Z) involved in the calculations according .to the .older or more recent litera- 

ture, .as shown ,in  able',^. For .those elements for-which no I (z) is. found- in 

the .literature, a value is estimated by.interpolation or extrapolations.of 

.the nearest values. 

The energy loses per..unit thickness are .then found. by computing .the 

z product C (ii) . D[E, I(z)] . (~hese values are tabulated in Tables I11 to XIX 

- 2 
,in units ~ e ~ / m ~ - c m  as a function of kinetic energy.) 



'Table -I. Values of Z/A, A ( Z )  and.mean ion iza t ion  .po ten t i a l s  f o r  . d i f f e r e n t  
elements. .Figures:between brackets.are..interpolated ones. 

Element Z/A 
Z I ( Z )  i n  eV 

c a 
. . 

Older . .values .More . rec n t  
values 

% 

a 
See reference  7. 

b 
See references  8 and 9. 



C. Range-Energy Calculations Using the Computed Energy Losses. 

To compute 'the range-energy values, we have to integrate the inverse 

of the energy loss function of Bethe-Livingstone [Eq. (7) 1,. Using this re- 

lation, the range is given by 

where T is the lowest kinetic-energy value for which the Bethe-Livingstone 
1 

formula is considered valid, and R1 istheintegration constant which is in :? .: 

fact the range of the particle having the kinetic energy T (for .lower values, 
1 

a shell correction term has to be .introduced), and T is the kinetic energy for 
< 

which the range has to be computed. 

3 In these calculations, where He is involved, 3 MeV is chosen as t h e  

lower limit. The ranges are computed up to a kinetic-energy value of 100 MeV. 

To evaluate the integral of Eq. (lo), we calculate.!. the partial sums of the 

inversed -d~/dx values as 
,) 

where m is an integer and'is a value for the kinetic energy of lIe3 expressed 

3 
in MeV. In this case, the differences in for He are computed forinte- 

gral MeV values of the He energy. In summary, the resulting values are taken 

to be constant between each T-0.5 MeV and T+Od5 MeV. The resulting partial 

sum S of the inversed values comes from kinetic energies between 2.5 M ~ V  and 

m + 0.. 5 MeV. 

The integration constants of ~6~ for the energy range 0 to 2.5 MeV 

are evaluated from the experim&ntal values for .protons given by Aron et al. 
10 



Table I1 l i s t s  t he  in tegra t ion  constants f o r  t he  d i f f e r en t  elements. Where 

experimental data  a r e  not avai lable  they have been estimated by in terpola t ion 

and extrapolat ion.  Values so derived a r e  enclosed i n  brackets.  

t . . .  

. Table .I1 . . In tegrat ion constants . involved . i n  the  calcula t ions .  
-- - -- 

Elements : H Be C N 0 F A1 S i  Cu Ma Ag 

Elements : . . L a . .  W Ft Th . .U Am 

The .ranges computed from .Eq. (11) a r e  tabulated i n .  Tables , 1 1 1 - X I X : .  , 

.3 D. Range-hergy Calculations of He Computed From .Theoretical z i~d  Experirnerltal 

. . Proton -Range -Energy 'Re.lations . . 
.3 Mean values fo r  . the  He ranges a r e  calculated using:the . theore t ica l  

computed values o f  proton ranges5 and : the  experimental values found ..in the  

l i t e r a t u r e  .ll Those ranges a r e  aga in  computed up t o  , 3 O  MeV i n  Be, C,  A l ,  , and 

Cu us ing  :the .same empirical  f omu1a:;as .mentioned before (page . l )  . . Those 

values a r e  a l so  given a s  a supplement i n  Tables I V ,  V , . I X ,  and X I .  



I11 . . RESULTS 

For .the lighter elements .the .range-energy calculations are but .little 

affected by the choice .of,ionization potentials, since-there are .only .small 

differences. The .discrepancies are more .pronounced for .the heavier .elements. 

.The mean ionization potential figures for .the actinides differ .by .about 50% 

between .the .older and .newer values. This results ,in range differences up to 

34$. for  A n  .in .the .low energy wrt. 

The newer.values are higher .and resu1t.i.n higher ,range values. .These 

.newer values are considered to' be the best approximation of.the.ranges. They 

:are relatively close to. certain ranges calculated from proton ranges (~ables 

IV, .V, IX, and XI). 

The range values are estimated to be uncertain by about 2%. 

The ranges of ~e~ for the different elements are plotted as functions 

of :the energy ( ~ i ~ s .  .l to 17) and the different excitation potentials .available. 

Curves '(1) are computed with the older (smaller) values, curves (2) with the 

newer (higher). Some -graphs ,show a third curve, . computed from proton .ranges 

(where available) . 
.The possible reasons:why .our .highest.theoretical values for -the.ranges 

are . still lower than the most recently published values4 (essentially i n  the 

lower energy region) is that we neglected the shell correction factors. 

.However, the mean .ionization potentials used..in thds calculation are somewhat 

higher .than those.used..in the .most re'cent calculations; ,this tends-to make 

.our .data higher.  further,.^^ estimations.in the lower region are done by 
. 

addition of an integration constant which comes.from the experiment,.while 

4 
Williamson et al. .did.it by a refined smooth:'.extrapolation.to zero energy. 

- 

The ranges o f  ~ e ~ i n  mixtures of elements and in chemical compounds 

can be calculated by ,use .of Bragg 's empirical formula by.: the .addition of 

, '  ranges (sez reference 12): 

i 



\ 

Curves are established for quartz, teflon,.CaF and mylar using the larger 
2 

:range. :values . All these -products are.. used .in.. the activation .analysei of 

oxygen either .as calibrating :standards or. as 'material to measure .the. cross 

sections for some reactions. involved. Their values .are given ;in .Table.XX, 

.and .F&S 18 and : 19. 
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Fig. 1. Range -energy curve of H: 
(1) I ( Z )  = 15.6 eV. 
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Table 111. Range-energy re la t ions  of ~e~ and 
energy losses calculated for  H .  

1 
- _ P _ - p  

Element 1H 

n n e t i c  energy of I(Z) = 15.6 ev 

He' (Mev) - a/dx Range 
(~ev/mg-me') (%/a2)  



Range ( m g / c m t  ) 
M U - 2 9 7 6 5  

Fig. 2. Range-energy curves of Be: 
(1) I(Z) = 60.4 e~ Differences 
(2) I(Z) = 64 .O e~ are 
(3) Calculated from proton ranges. very small. 



Table IV. Range-energy relations and 
energy losses of ~ e 3  calculated for 4Be 

Element 4Be A(Z) =0.4899.~21 
- 

I(Z) = 60.4 ev I(Z) = 64.0 ev Bnpirical Kinetic energy . of ~ e 3  -d~/dx Range -a/& Rang$ calculated 
(Mev) (Me~/mg-cm-~) (mg/cm2) (Mev/mg-~m-~) ) Rangea 

(m8/rm2) 

40 0.120 184 0.119 186 

50 0.100 275 o .993.~ 02 278 

60 0.863 .E 02 383 0.855 386 

70 0.761 507 0.754 511 
80 0.682 646 0.676 652 

90 0.619 700 0.614 808 
loo 0.568 969 0.564 978 

a See reference 5. 



Ronge  ( m g / c m t  ) 

M U - 2 9 7 6 6  

Fig. 3. .  Range-energy curve of C: 
(1) I(Z) = 76.4 eV Differeces 
(2) I(Z) = 78.0 eV a.re 
(3) Calculated from proton ranges very small.  



UCRL- 10647 

Table V .  Range-energy relations and energy losses of lie3 calculated for 6C. 

Element 6C A(Z) = , 0 . 5 5 i 4 . ~  21 

Kin t i c  energy of I (Z )  = 76.4 eV I(Z) = 78.0 eV Empirical 
Heg ( M ~ v )  - dE/dx  rang^ - a/& *a"f% calculated 

(~ev /w-cm-~)  ( % / a  ) (~ev /w-cm-~)  (mg/cm ) (ma/cm Rang5 



0 20 40 60 80 I00 

Range ( mg /cmL ) 

Fig.  4. Range-energy curve of N: 
(1) I(Z) = 87.5 e~ ' Maximum difference i s  2% 
(2) I(Z) = 93.0 eV I 



Table VI. Range-energy relations and energy losses of He3 calculated for 
7N. 

Element 7N ~ ( 2 )  = 0.5516.E 21 

Kinetic energy 
of He3 . 
( M ~ v )  , 
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Range ( mg / c m ' )  

Fig. 5 .  Range-energy curve of 0 :  

I(') = 97'6 eV Maximum difference i s  2%. 
(2) I(Z) 105 eV 



Table VII. Range-energy relations and energy lbsses of He3 calculated for 0. 8 

UCRL- 10647 

Element 80 ~ ( 2 )  = 0.5519.E 21 

Kinetic energy I(Z) = 97.6 ev I(Z) = 105 ev 
. of He3 - d E d x  Range - dE dx Range 

(MeV) (MeV/d-~m-~) (w/m2)  (Mev/!&-~m'~) (w/cm2) 



Range ( m g / c m t )  

Fig. 6 .  Range-energy curve of F: 

I(') = lo8 ev -) Maxim& difference i s  3%. 
( 2 )  I (Z)  = 115 eV 



UCRL- 10647 

Table V I I I .  Range-energy relations and energy losses of ~e~ calculated for 
$ a  

Element f ~ ( 2 )  = 0.5229.E 21 

Kinetic nergy 
of He 1 
(M~v) 

I (2)  = 108 ev 
- a/& Range 

(~ev /m~-cm-~)  (mg/m2) - 

I(2) = 115 eV 
- a/& Range 

(~e~/mg-cm-~)  (mg/cm2) 

2.46 
0 .803 .~  03 3.08 
0.661 4.46 
0.566 6 .oo 
0.496 7.99 
0.444 10.1 

0.402 12.5 
0.368 14.5 
0.340 17.9 



'Ronge ( m g / c m C )  

MU-29770  

Fig. 7. Range-energy curves of A l :  . 

(1) I(Z) = 150 eV, 
(2) I(Z) = 166 eV, 
(3)  Calculated from proton ranges. 



Table I X .  Range-energy relations and energy losses of lie3 ~a l cu la t ed  for 191. 
* Element 1Y1 A ( Z )  = 0.5319.E 21 

Kinetic energy of 
pe3 (Mev) 

I(Z) = 166 ev Fmpirical 
- dE/& Range calculated 

(Mev~w-cm-~) (%/a2)  
Range 
(%/cm2) 

1.94 
0.715.13 03 e.64 
0.596 4.18 
0.514 5.99 
0.454 8.06 
0.408 10.4 

0 -371 13.0 
0.341 15.8 

0.315 18.6 
0.294 22.1 
0.276 25.6 
0.260 29.4 
0.246 33.3 

0.233 37.5 
0.222 41.9 
0.212 46.5 
0.203 51.3 
0.195 56.3 
0.187 61.6 



Fig. 8. Range-energy curves of Si :  
(1) I(Z) = 157 eV 
(2) I(Z) = 170 eV. 



Table. X .  Range-energy relations and energy losses bf ~ e '  calculated for 14Si. 

UCRL- 10647 

Elcmcnt 14Si 

Kinetic energy I(z) = 157 ev I(Z) = 170 eV 
of ~ e 3  - dE dx Range - dE dx Range 
(MeV) ( M e v / d - ~ - ~ )  (me/cm2) (Mev/&-~m-~) (m13/cm2) 



Range ( m g / c m ' )  

'Fig. 9. Range-energy curves of Cu: 
(1) I (Z)  = 279 .eV, 
(2) I (Z)  = 371 eV, 
(3) calcula ted from proton ranges. 



Table X I .  Range-energy r e l a t i o n s  and energy losses of He3 calculated for  2 g C u  

Kinetic energy of I ( Z )  = 279 eV I(Z) = 371 eV J h p i r i c a l  
He3 ( M ~ v )  - dE/dx Range - aE/dx Range calculated 

(Me~/rn~-cm-~) (rne;/cm2) ( ~ e v / q - c m - ~ )  (rng/cm2) Range 
(mg/.m2) 

2.5 2.64 2.64 



Range ( m g / c m 2 )  

Fig. 10. Range-energy curves of Mo: 
(1) I(Z) = 391 ev, 
(2) I(Z) = 520 eV. 
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Table XII. Range-energy re la t ions  and energy losses of I%e3 calculated f o r  4 p o .  

Element 4 p o  A(Z) = O.4832.E 21 

Kinetic energy I(Z) = 391 eV I(Z) = 520 eV 
of i-Ie3 - dE dx Range2 - d E d x  Range2 
( M ~ v )  (MeV/ig/cm-2) (ng/n, ) (MeV/ig-cm-2) ( d m  



Ronge ( m g / m c Z )  

Fig. 11. Range e n e r e  curves of Ag: 
(1) I (z) = 4-28 . e ~ ,  
(2) I (Z)  = 586 ev. 
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Table XIII. Range-energy relations and energy losses of Ife3 calculated .for .- 4ipg. 

Element 
4ipg A ( Z )  = 0.4809.E 21 

Kinetic energy 
of tIe3 
( M ~ v )  



Fig. 12. Range-energy curves of La: 
(1) I (Z)  = 530 eV, 
( 2 )  I (z) = 705 eV. 
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Table X I V .  Range-energy relations and energy losses of =e3 calculated for 
5 P '  

Element 
57== 

A ( Z )  = 0.4529.E 21 

Kinetic nergy 
of IIe 3 
( ~ e v  



Ronge ( m g  /c m ' ) 

M U - 2 9 7 7 6  

Fig. 13. Range-energy curves of W: 

= 935 eV. 
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Table XV. ~ange-energy relat ions and energy losies  for  ~ e '  calculated for  
74w' - - 

Element ~ ( z )  = 0.4443.E 21 
74w 

Klnetic nergy 
for  He3 

(MeV) 

I(Z) = 6 9  ev 
- d E d x  Range 

(MeV/&-an-') (mg/a2) 



Range ( m g  / c m L j  

Fig. 14. Range-energy curves of Pt :  
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Table XVI. Range-energy relations and energy losses for Fie3 calculated for 
7 P .  

Element 
7 P  

A(Z) = 0.4413.E 21 

Klnetic energy 
of fIe3 
(Mev) 

I(Z) = 725 eV 
-adx Range 

(MeV/&-cm-2) (mg/cm2) 

I(Z) = 1020 ev 
Range 

(mg/cm2) 



Range ( m g / c m z )  

Fig. 15. Range-energy curves of Th: 
(1) I ( Z )  = 837 eV, 
(2) I ( Z )  = 1070 eV. 

I 



UCRL- 10647 

Table m I .  Range-energy relations and energy losses of Iie3 calculated for wT". 

Kinetic energy 
of Iie3 

(MeV) 

= 837 ev 
Range 

(mg/cm2) 



Range ( m g / c m z )  

M U - 2 9 7 7 9  

Fig. 16. Range-energy curves of U: 
(1) I(Z) = 881 eV, 
(2) I(Z) = 1250 eV. 



Table XVIII. Range-energy relations and energy losses of ~ e '  calculated for 
9-2" 

Element 
92' 

A(Z) = 0.4266.E 21 

Kinetic for  He Yrm 
(M~v)  

I(Z) = 831 ev 
- m d x  Range 

(MeV/d-~m-~) (mg/cm2) 

I(Z) = 1250 eV 
-dEdx Range 

(MeV/i&-~m-~) (mg/ca2) 



Ronqe ( mg/crnl )  

Fig. 17. Range-energy curves of Am: 
(1) I (Z)  = 893 eV, 
(2) I ( Z )  = 1350 eV. 



Table XIX. Range-energy relations and energy losses for EIe3 calculated for 
9 P .  

M n o t i e  onorg l  I(Z) - 873 eV I(O) - 1350 cv 
for ~ e 3  - d ~ d x  Range2 Range2 
(MeV) ( M e V k - ~ o - ~ )  (mg/cni ) (m8/m 



Range . ( m g / c m a )  
. M U - 2 9 7 8 1  



Fig. 19. Range-energy curves of 
(3) SIO, and (4) Mylar. 



Table XX. Range-enera values of different compcunds. 

Kinetic energy of Range in Range in Range in Hange i n  
Iie3 ( M ~ v )  

CBF2 
Teflon Quartz mlar 



. T h i s  r e p o r t  was p r e p a r e d  a's ail a c c o u n t  'of Government. 
s p o n s o r e d  work.  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 he .Com-  
m i s s i o n ,  n o r  any  p e r s o n  a c t i n g  on beha l  f  o f ,  t h e  Commiss.io.n: 

A .  Makes any  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 3 s e d  o r  
imp] i e d ,  w i t h  r e s p e c t  t o  , the  a c c u r a c y ,  c o i n 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 n i 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 ,  appa -  . 

r a t u s ,  method,  o r  p r o q e s s  ' d i ; s c lo ' s ed  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  oCned r i g h t s ;  o r  

B. Assumes any  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  darilages r e s u l t i n g  f rom t h e  u s e  o f  any  i n f o r -  , 

mat i 'on ,  a p p a r a t u s ,  method,  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 .  

' A s  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  
Commission" i n c l u d e s  any  employee  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  employee  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  employee  o r  c o n t r a c t o r  o f  t h e  Commiss ion ,  o r  employee  
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  Commiss ion ,  o r  h i s  employment  w i t h  s u c h  c o n t r a c t o r .  




