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ABSTRACT
The range-energy relations and”the rate-of-energy losses for He5
particles have been computed for different elements throughout the periodic
table. .The kinetic-energy range covered for the incident particles is from

2.5 MeV to 100 MeV.

The range-energy calculation results have also been included for a

few compounds.
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RANGE-ENERGY RELATIONS OF He5

CALCULATED FOR SEVERAL ELEMENTS®

Andre C. Demildt
Lawrence Radiation Laboratory
University of California

Berkeley, California

February 11, 1963

I. INTRODUCTION

Whefe nuclear reactions with He5 particles are involved, especially
when excitation curves or activation analysis methods are of interest, we need
to know range-energy relations of theée'particles. To £ill this need for ex-
tensive range—energ& data for He5 in a large number of elements, theoretical
calculations are necessary,'since experimenta% values are not available.

There were only a few published range-energy relations, when the acti-
vation analysis of oxygen in transuranium elements was started,l These are

compiled by W.-Whaling2 and S. S. Markowitz and J. D, Mahony;5

the latter
authors calculated the range-energy relafion for He5 in aluminum from proton
ranges, with the use of the empirical transformation formula RHe5 (3E) =
3/4 Ry(E).

It is fossible to use the same formula for the calculation of reliable
range-energy relations of He5 in other elements when range-energy relations of
sufficient accuracy for protons or Q's are available. In the absence of such
data, the calcuiations are dbnevfrqm interpolated values. The results are
then uncertain by at least 10%, which is not satisfactory for accurate work.

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

Williamson and J. P. Boujot,u
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For elements with small atomic numbers our results are in good agree-
ment with Williamson and Boujot's published values. For the heavier elements
theif resiilts tend to have higher rarige values sthan those calculated herep tﬁis is
especially true in the . lower energy region. The reasons for this difference
will be discussed in Sec. IIT.

‘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
energy loss per unit thickness expressed in cm or‘mg/cme. From these values,
the range can be computed by numerical integration of the inverse k&netic-energy »
loss funetion.

The numerical work was done by the IBM 7090 of the Lawfence'Radiation

Laboratory. The program has been preserved for further use.

IT. CALCULATIONS

A. Theoretical Aspects.

The formula of Bethe-Block given by R. M. Sternheimef5-forvthe energy

loss of protons is

_ _ .
: 4 2mv. W
_gix?=_——2“ge [}n S -262-8-UJ, (1)
1(2)"(1-p%)

where
"'%% = kinetic-energy loss per unit length expressed .in erg/cm;
n = number of electrons per cmB;
v = velocity of incident particles CCm/sec);
B = v/c, where ¢ = velocity of light;

e = charge of the electron (esu);
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m = mass of the electron (g); ,

I(z) = mean ionization potential (eV);

o) = correction for density effect,>duefto polarizatioh;

U =  shell correction term (This takes.into account the fact that

some ‘atomic electrons do not contribute as much .to "%% as
is given by the first logarithmic term of the formula. This
happens for -electrons of the shell (primarily the K shell)
as soon as the experimental condition v < v, exlsts, where
A is the velocity of an atomic electron in the ith shell of
the atom); and

max = maximum energy transfer from. the. incident particle to an

atomic electron ("free" electron).
Following Steinheimer,5 Wmax is given by the relation

2 u2 eu

T ue® (wfem) + (wf2 1) + (B/uc®)

where p and E are the mass and total energy of the incident particle.

2
For E << (5%5—) @ the formula for W . can be reduced to

2

W = '—'——"—'—2 L . (5)
max (1 - 52) |

B. Calculations of the Energy Loss.
b

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) f-or-Wmax can be taken into
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account. The general formule for energy-loss. then becomes

o -u‘ | -
_ g_.’]_j = 4o 2 e En : 2mv = - 52] . . ()-l-)
X m v (z) (1 - 8%)

The coefficient of this formula can further be transformed by taking

into account the fact that

. Lp
where
L is Avogadro's number,
. P Y
e is density expressed 1n_mg/bm
Z is °© the atomic number of the irradiated material, and
A is the atomic mass number of the irradiated material.

In Eg. (6) the energy loss is expressed in erg/mg—cm?e;aﬁithe factor
-ve-whichvis dependent upon the kinetic energy, may be incorporated in the
second factor,. - Finally, for particles of multiple charge z, one obtains

the Bethe-Livingstone formula

1 4T hmet 2oL 7 1 2m v 2
1ar _ wmet Az, _E _ 2|\ (e
) p dx. m A ve ‘I(Z)'(l -8%)
- . 4
or _-%g, - __MEY§ = (6.24208)x 10° [%4549——55E ( %-)
mg/cm " ’
‘ (7)
- -
—lﬁ' in 2wV 5 -%52
v I(z) (1 - B89) _

ana 8 - o® o [p 3], @
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where

L 2
c(®) - (6.24208) x 107 LM ZL B _ (3 30385) x 202 2

I

and

-
D[E, 1(z)] = _1_2 I}n 2.mv , __52].
v 1(z) (1 -87).

For evaluation of C(%), 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(%) for the differ-
ent elements. Ther term E x listed in fhe column of C(%) méans le and will
be used for further tabulation.

For computing the factor D[E, .I(Z)] in the energy range between 3 -and

2 -
100 MeV, we calculate the squares of the velocities, v2 and B, for‘He5_using

-the special relatistic formula

2 0
1-B —% . : (9)
mc- + T
o]
. 3 2 -
The energy corresponding to the rest mass of He” ig moc = 2909.231
MeV; T i1s 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 Table I. 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
product C(%) - DIE, 1(2)]. (These values are tabulated in Tables III to XIX

in units MeV/mg-cm_2 as a function of kinetic energy.)
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‘Table I. Values of Z/A, A(Z) and mean ionization potentials for different
elements. -Figures between brackets are interpolated ones.
Element z./A C(%) - I(Z; e
Older -values More recent
values
_:lH 0.9921 0.1095 E 22 . -15@6 S [15.6]
,Be 0.4438 0.4899 E 21 60.4 6k
< 0.4995 0.5514 E 21 76 .4 78
A 0.4997 0.5516 ‘E 21 [87.5] [93]
g0 0.5000 0.5519 E 21 [97.6] - [105]
F 0.4737 0.5229 E 21 [198]v [115]
lsAl 0.4818 0.5319 E 21 150 : 166
11,53 0.Lko8k 0.5502'E 21 [157] [170]
29Cu ‘o.u56h . 0.5038 E 21 279 | 371
oMo 0.4h377 0.4832 E- 21 391 [520]
M7Ag 0.4357 0.4809 E 21 4o8 586
- 0.4103 L 0.4529E 21 [5%0] 705
¥ 0.ho25 0.4z B 21 697 193]
ZgP* 0.3%998 0.4413% E 21 [725] 1020
90Th .0.5879 0.4281 . E 21 831 1070
92U 0.3864 0.4266 E 21 881 1250
0.39k2 0.4351 E 21 89k [1350]

a
.See reference 7.

See references 8 and 9.
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C. Range-Energy Calculations Using the Computed Energy Losses.

To compute the range-energy values, we have to ihtegrate the inverse
of the energy loss function of Bethe-Livingstone [Eq. (7)]. Using this re-

lation, the range is given by

-,

. . .
d.}('
R = / 33— 4t + Ry, (10)

where Tl is the lowest kinetic-energy value for which the Bethe-Livingstone
formula is considered valid, and Rl is the integration constant which is in ' ...
fact the range of the particle having the kinetic energy Tl (for lower values,
a shell correction term has to be introduced), and T is the kinetic energy for
vwhich the range has to be computed.

In these calculations, where He5 is involved, 3 MeV is chosen_as the
lower limit. The ranges are computed up to a kinetic-energy value of 100 MeV.
To evaluate the integral of Eq. (10), we calculate: the partial sums of the

inversed -dT/dx values as

J//:T T=m m+ 0.5
. dx!' Z ax’
= — (T =8
L ar SU l:dT ( )] | , (1)
T=73 2.5
where m is an integer and is a value for the kinetic energy of He5 expressed
in MeV. In this case, the differences in %% for He5 are computed for inte-

. gral MeV values of the He energy. In summary, the resulting values are takgn
to be constant between each T-0.5 MeV and T+0.5 MeV. The resulting partial
sum S of the inversed values comes from kinetic energies between 2.5 MeV and
m + 0.5 MeV.

The integration constants of He5 for -the energy range 0 to 2.5 MeV

. 10
are evaluated from the experimental values for protons given by Aron et al.
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‘Table II lists the -integration constants for  -the.different elemerits. Where
experimental data are not available they have ‘been estimated by-interpeolation

-and extrapolation. Values so derived are -enclosed in brackets.

-Table 1I. -Integration constants>invoived_in the calculations.

Elements: H Be C N 0 ¥ Al Si Cu Mo Ag

.Rl(mg/cme) 0.55% 1.52 1.48 1.6k 1.72 [2.46] 1.94% [1.96] 2.64 [1.36][1.36]

Elements: La W Pt Th U Am

-Bl(mg/cm?) [3.63] [3.904] [k.65] [4.65] [4.65] [L.65]

The ranges computed from Eq. (11) are tabulated in Tables ITI-XIX.

3

D. ~Range-Energy Calculations of He”Computed From Theoretical and Experimental

Proton Range-Energy Relations. .

3

ranges are calculated using the theoretical

5

Mean values for the He
computed values of proten ranges” and.the experimental values found in the
-literature.ll Those ranges are again computed up to 30 MeV in Be, C, Al, and

Cu using -the same empirical formula;és mentioned before (page 1). Those

values are also given as a supplement in Tables IV, V, .IX, and XI.

®
'
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IIT. 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
349 for Am in the low energy part.

The newer values are higher and fesultiin 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 (Tables
IV, V, IX, and XI). |

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

The ranges of He5'for-the different elements are plotted as functions
of the energy (Figs. 1 to 17) and the different exgitation 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 valuesLL (essentially -in the
lower energy region) is that we neglected the shell correction factors. .
However, the mean ionization potentials used in this calculation are somewhat

higher than those used in the-most retent calculations; this tends to make
our data higher. ZFurther, our estimatipns in the lower region are done by
addition of an integration cdnstant which comes- from the experiment, while
Williamson et al.u‘did‘it by a refined smooth’ extrapclation to zerc energy.

The ‘ranges of HéBvin mixtures of elements and in chemical compounds

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

ranges (see reference 12)2
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—I1{—=-_1-+;3+r—5+.,..' (12) ;
£ ol Lo 3

Curves are established for quartz,_teflon,_Can and. mylar using the - larger
‘range.-values.  All these-producté are used .in the activation analyses of

oxygen either as calibrating standards or as material to measure‘the-crqss
sections for some reactions involved. Their values are given.in Table XX,

.and Figse«18 and.19.
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Fig. 1. Range-energy curve of H:
(1) 1(2) = 15.6 ev. '
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Table III. Range-energy relations of He” and
energy losses calculated for ILH'
Element ;H A(Z) = 0.1095.E 22
Kine;ic energy of I{(z) = 15.6 eV
e (i earon?) (o n)
2.5 - 0.554
3 0.282.E o4 0.731
L 0.224 1.13
5 0.187 1.62
6 0.161 2.20
T 0.1ke 2.86
8 0.127 3.61
9 0.115 L. hh
10 0.106 5.34
11 0.976.E 03 6.33
12 0.907 7.39
13 0.849 8.53
14 0.797 9.75
15 0.752 11.0
16 0.713 12.4
17 0.677 13.8
18 0.646 15.4
19 0.617 16.9
20 0.591 18.6
21 0.567 20.3
22 0.545 22.1
23 0.525 24.0
oh 0.506 25.9
25 0.489 27.9
26 0.473 30.0
27 0.458 32.2
28 0. bl BL. L
29 0.431 36.7
30 0.419’ 38.5
50 0.328 66.2
50 0.272 99.9
60 0.233 1ko
! 70 0.204 186
80 0.183 238
90 0.165 295
100 0.151 358
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30
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MU.29765
Fig. 2. Rahgé-energy curves of Be:
(1) 1(2) = 60.k ev Differences
(2) 1I(z2) = 64.0 ev are
(5) Calculated from proton ranges. very small.

./‘.
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Table IV. Range-energy relations and
energy losses of He? ealculated for hBe

UCRL-10641%

Element )Be A(z) = 0.4899.F 21
Kinetliic energy 1(z) = 60.4 ev 1(2) = 64.0 ev Fmpirical -
_of He calculated
60 ) a/m)  Oevkea) () B
g/cm®)
2.5 - 1.52 - 1.52
3 0.917.E 03 2.07 0.901.E 03 2.07
L 0.743 3.28 0.732 3.31
5 0.629 4. 75 0.620 ;.85
6 0.548 6.46 0.540 6.53 6.83
7 0.486 8.41 0.480 8.50
8 0.439 10.6 0.433 10.7
9 0.%00 13.0 0.395 13.1 13.5
10 0.368 15.6 0.364 15.8
11 0.342 18.4 0.338 18.6 )
12 0.319 21.L 0.315 21.7 22.2
13 0.299 2k .6 0.296 2k.8
1k 0.282 28.1 0.279 28.4
15 0.267 31.h 0.264 32.1 32.7
16 0.254 35.6 0.251 36.0
o 17 0.241 39.6 0.239 ho.1
18 0.231 13.9 0.228 WL 45.0
19 0.221 u8.7 0.218 hé.9
20 0.212 52.9 0.210 53.5
21 0.204 57.7 0.201 58.4 59.2
22 0.196 62.7 0.19% 63.5
23 0.189 67.9 0.187 68.7
24 0.183 73.3 0.181 Th.1 4.9
25 0.177 8.9 1 0.175 79.8
26 0.171 84.6 0.169 85.6
27 0.166 90.6 0.164 91.6 92.4
28 0.161 96.7 0.159 97.8
29 0.157 103 0.155 10k
30 0.152 109 0.151 111 111
Lo 0.120 184 0.119 186
50 0.100 275 0.993.E 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
100 0.568 969 0.56k 978

a
See reference 5.
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MU-29766
Fig. 3. Range-energy curve of C:
(1) 1I(2) = 76.k ev Differeces
(2) 1(2z) = 78.0 eV are
(5) Calculated from proton ranges very small.
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Table V. Range-energy relations and energy losses of Hc—:3 calculated for 6C.
Element C . A(Z) = 0.5514.E 21
K}i{zgti?Mgz;rgy of ’ I(z) = 76.4 ev I{(z) = 78.0 ev ch;ﬁﬁg:é
- 8, - 4B an,
Gevirgeen®)  (ag)end) o) G e
2.5 - 1.48 - 1.48
3 0.964.E 03 2.00 0.958.E 03 2.00
L 0.786 3,15 0.781 3.21
5 0.667 4.5k 0.664 .55
6 0.582 6.15 0.579 6.17 6.30
7 0.519 7.97 0.516 8.00
8 0.468 10.0 0.466 10.0
9 0.428 12.2 0.426 12.3 12.6
10 0.394 1h.7 0.393 1k.9
11 0.366 17.3 0.36h 17.4
12 0.342 20.1 0.340 20.2 20.6
13 0.321 23,1 0.320 23,3
1k 0.303 26.4 0.302 26.5
15 0.287 29.8 0.286 29.9 30.5
16 0.273 33.3 0.271 : 33.5
17 0.260 37.1 0.259 37.3
18 0.248 h.o . 0.247 .2 41.85
19 0.238 bs.1 0.237 45.3
20 0.228 ho.l 0.227 k9.7
21 0.219 53.9 0.219 54,1 54.9
22 0.211 ’ 58.6 0.211 58.8
23 0.204 63.3 0.203 63.6
24 0.197 68.4 0.196 68.7 69.5
25 - 0.191 73.5 0.190 4.0
26 0.185 78.8 0.18k4 79.2
27 0.179 84.3 0.179 8h.7 85.6
28 0.17h 90.0 0.173 90.4
29 0.169 95.8 0.169 96.2
30 0.164 102 0.16h 102 ' 103.2
4o 0.130 171 0.130 171
50 0.109 255 0.108 256
60 0.937.E 02 354 0.934.E 02 356
70 0.826 468 0.823 470
80 0.741 596 0.739 599 .
90 0.673 738 0.671 740 -

100 0.618 893 0.616 896
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30 =
| L4
p=alR

7 |

20 s~

10

0]

0] 20 40 60 80 100
Range (mg/cm®)
MU.29767

Fig. 4. Range-energy curve of N:

(1) 1(2) =87.5 eV }Maximum difference is 2%

(2) 1(z) = 93.0 eV
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Element 7N A(z) = 0.5516.E 21
Kinetic_energy 1(z) = 87.5 eV 1{(z) = 93.0 eV
of He? - dE/ax 2 Range,, - dE/dax o Range,
(MeV) (MeV/mg-cm™©)  (mg/cm”) (MeV/mg-cm™ ) (mg/cm”)
2.5 - 1.64 - 1.64
3 0.925.E 03 2.18 0.908.E 03 2.19
b 0.756 3.38 . 0.743 3.4
5 0.644 4.82 0.633 4.88
6 0.563 6.48 0.554 6.57
7 0.502 8.37 0.hok 8.48
8 0.454 10.5 0.447 10.6
9 0.415 12.8 0.409 12.9
10 0.383 15.3 0.377 15.5
11 0.356 18.0 0.351 18.2
12 0.332 20.9 0.328 21.2
13 0.312 2k.0 0.308 2kl
1k 0.295 27.3 0.291 27.7
15 0.279 30.8 0.276 31.2
16 0.265 34.5 0.262 3k.9
17 0.253 38.3 0.250 38.9
18 0.242 o,k 0.239 k2.9
19 0.232 46.6 0.229 k7.2
20 0.222 51.0 0.220 51.7
21 0.21h 55.6 0.211 56.3
22 0.206 60.4 0.204 61.1
23 0.199 65.3 0.197 66.1
2k 0.192 70.4 0.190 71.3
25 0.186 .7 0.184 6.7
26 0.180 81.2 0.178 82.2
27 0.175 86.8 0.173 87.9
28 0.170 92.6 0.168 93.7
29 0.165 98.6 0.163 99.8
30 0.161 105 0.159 106
Lo 0.127 175 0.126 177
50 0.106 261 0.105 264
60 0.917.E 02 363 0.908.E 02 367
70 0.809 479 0.801 485
80 0.726 610 0.719 617
90 0.660 5 0.654 763
100 0.606 913 0.600 922
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Fig. 5. Range-energy curve of O:

1) 1(2)
§2) 1(z)

97.6 eV
105 eV

} Maximum difference is 2%.

MU-29768
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Table VII. Range-energy relations and energy lésses of He3 calculated for 8O.
Element g0 A(Z) = 0.5519.E 21
Kinetic_energy I1(Z) = 97.6 eV I(z) = 105 eV
of He - dE/dx - Ra.nge2 - dE/dx - R&mge2
(MeV) (MeV /mg~cm ™) (ng/cm=) (MeV /mg-cm™) (mg/em=)
2.5 - 1.72. - 1.72
3 0.894.E 03 2,28 0.873.E 03 2.29.
4 0.733 3.52 0.717 3.56
5 0.625 5.00 0.613 5.07
6 0.548 6.71 0.537 6.82
7 0.489 8.65 0.480 8.79
8 0.4lp 10.8 0.434 11.0
9 0.ko5 13.2 0.398 13.4
10 0.373 15.7 0.367 16.0
11 0.347 18.5 0.341 18.8
12 0.325 21.5 0.319 259
13 0.305 24,7 0.300 25.0
1k 0.288 28.0 0.284 28.5
15 0.273 31.6 0.269 32,2
16 0.260 35,4 0.256 36.0
17 0.2h7 39.3 0.2k ko.o
18 0.237 L35 0.233 Y2
19 0.227 47.8 0.223 48.6
20 0.218 52.3 0.214 53.1
21 0.209 57.0 0.206 57.9
22 0.202 61.8 0.199 62.8
23 0.195 66.9 0.192 67.9
2k 0.188 72.1 0.186 73.2
25 0.182 7.5 0.180 78.7
26 0.177 83.0 0.17h 8h. k4
27 0.171 88.8 0.169 90.2
28 0.167 ok.7 0.164 96.2
29 0.162 101 0.160 102
30 0.158 107 0.155 109
ko 0.125 179 0.123 181
50 0.10L 267 0.103 270
60 0.901.E 02 370 0.890.E 02 375
70 0.795 489 0.786 Lo
80 0.7k 621 0.706 629
90 _0.649 769 0.6h2 778
100 0.597 929 0.590 9la
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Table VIII. Range-energy relations and energy losses of He3 calculated for 9F.
Element 9F A(Z) = 0.5229.E 21
Kinetic energy 1{(z) =108 ev I{(z) =115 eV
of He - dE/ax Range - dE/ax Range
(Mev) (MeV/mg-cm-z) (mg/cmz) (MeV/mg-cm_z) (mg/cmz)
2.5 - 2.46 - 2.46
3 0.820.E 03 3.07 0.803.E 03 3.08
L 0.67h L.hp 0.661 L.46
5 0.576 6.03 0.566 6.00
6 0.505 7.89 0.496 7.99
7 0.451 9.99 .44k 10.1
8 0.409 12.3 0.402 12.5
9 0.374 1k.9 0.368 14.5
10 0.345 17.7 0.340 17.9
11 0.321 20.7 0.317 20.9
12 0.301 23.9 0.296 23.7
13 0.283 27.3 0.279 27.7
b 0.267 31.0 0.263 31.1
15 0.253 34.8 0.250 35.3
16 . 0.2l 38.9 0.237 39.4
17 0.230 43,1 0.226 43,7
18 0.219 47.6 0.217 18.3
19 0.210 52.2 0.208 53.0
20 0.202 57.1 0.199 57.9
21 0.19k4 62.2 0.192 63.0
22 0.187 67.4 0.185 68.3
23 0.181 72.8 0.179 73.8
24 0.175 78.4 0.173 79.5
25 0.169 ’ 8.2 0.167 85.4
26 0.164 9.2 0.162 91.4
27 0.159 96.4 0.157 97.7
28 0.155 103 0.153 104
29 0.150 109 0.1k9 111
30 0.147 116 0.145 118
4o 0.116 193 0.115 196
50 0.972.E 02 288 0.962.E 02 291
60 0.839 399 0.831 403
70 0.7h1 526 0.73% 532
80 0.667 668 0.659 676
90 0.606 826 0.600 835

100 0.557 998 0.551 1009
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(2) 1(z) = 166 ev,
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-25- UCRL-10647

Table IX. Range-energy relations and energy losses of He5 calculated for 15Al'

Element 13;\1 A(Z) = 0.5319.E 21
Kinet;c energy of I(Z) = 150 eV I(zZ) = 166 ev Em?_iricild
calculate
e ) /o ?)  (meesd) (o) (o) Range _
(mg/em®)
2.5 - 1.94 - 1.9%
3 0.743.E 03 2,61 0.715.E 03 2.64
L 0.617 4,09 0.596 4,18
5 0.531 5.85 0.514 5.99
6 0.468 7.86 0. 45k 8.06 8.63
7 0.420 10.1 0.508 10.4
8 0.381 12.6 0.371 13.0
9 0.350 15.4 0.341 15.8 16.6
10 0.324 18.3 0.315 18.6
11 0.302 21.5 0.294 22,1
12 0.283 25.0 0.276 25.6 26.6
13 0.266 28.6 0.260 29.4
1k 0.252 32.5 0.246 33.3
15 0.239 36.5 0.233 37.5 38.8
16 0.228 40.8 0.222 1.9
17 0.217 45,3 0.212 4.5
18 0.208 50.0 0.203% 51.3 52.8
19 0.199 54.9 0.195 . 56,3
‘20 0.192 60.1 0.187 61.6
21 0.185 65.4 0.181 67.0 68.8
22 0.178 70.9 0.174 T2.7
23 0.172 76.6 0.168 78.5
24 0.166 82.5 0.162 8k.5 86.6
25 0.161 88.6 0.158 90.8
26 0.156 9k.9 0.153 97.2
27 0.152 101 0.149 104 106.7
28 0.148 108 0.1h4k 111
29 0.14% 115 0.141 118
30 0.140 122 0.137 125 127.5
ko 0.111 203 0.109 207
50 0.933.E 02 301 0.916.E 02 308
60 0.807 b7 0.792 ko5
70 0.7k 549 0.701 560
80 0.642 697 0.631 710
90 0.584 861 0.574 876

100 0.537 1039 0.528 1059




( MeV)

Energy

30

20

-26- UCRL-10647
AY %/ £
A
I L
=
| =
A1
- 2
> :
L
20 40 60 80 100
Range (mg/cm®)

Fig. 8. Range-energy curves of Si:
(1) I(z) = 157 ev
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Table X. Range-energy relations and energy losses of He3 calculated for lhsi.

UCRL-10647

Element )81 A(zZ) = 0.5502.E 21
Kinetic_energy 1(z) =157 eV I{(z) =170 eV
of He - dx _, Range2 - dE/| - Range
(MeV) (MeV/mg-cm™©)  (mg/cm®) (MeV/mg-cn™") (mg/en?)
2.6 - 1.96 - 1.96
3 0.755.E 03 2,62 0.7%2.E 03 2.69
4 0.629 4,08 0.611 k.15
5 0.541 5.80 0.528 5.91
6 0.478 717 0.466 7.93
7 0.429 9.98 0.9 10.1
8 0.390 2.k 0.381 12.7
9 0.358 15.1 0.350 15.k
10 0.331 18.0 0.324 18.4
11 0.309 21.1 0.302 21.6
12 0.289 24.= 0.284 25.0
13 0.272 25.1 0.267 28.7
1k 0.258 31.8 0.253 32.5
15 0.245 35.8 0.2k0 36.6
16 0.233 bo.0 0.229 40.8
17 0.222 Lh 0.218 45.3
18 0.213 49.0 0.209 50.0
19 0.204 53.8 0.201 55.4
20 0.196 58.8 0.193 60.0
21 0.189 64.0 0.186 65.2
22 0.182 69.4 0.179 70.7
23 0.176 .6 0.173 6.4
218 0.171 80.7 0.168 82.3
25 0.165 86.7 0.162 87.8
26 0.160 92.8 0.158 9k.6
27 0.155 99.1 0.153 101
28 0.151 . 106 0.149 107
29 0.147 112 0.1h45 11k
30 0.1h43 119 0.141 122
ko 0.114 198 0.112 201
50 0.957.E 02 294 0.943.E 02 299
60 0.828 kot 0.816 413
70 0.732 536 0.711 5kl
80 0.659 680 0.648 690
90 0.600 839 0.587 852
100 0.552 1013 0.538 1028
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(1) 1I(z) =279 ev,
(2) I(z) = 371 ev,
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calculated from proton ranges.
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Table XI. Range-energy relations and energy losses of I-Ie3 calculated for ,.Cu.

29
Element 290\1 A(Z) = 0.5037.E 21
Kinetic energy of 1(z) =279 ev I1(z) = 371 eV Empirical
He’ (MeV) - aB/dx Renge,, - dE/ax - Range2 cafl{;:ulated
(Mo /g 2) (mg/cn”) (MeV/mg-cn™®)  (mg/en®) Feneey,

2.5 - 2.64 - 2.64

3 0.54%0.E 03 3.57 0.465.E 03 3.71

4 0.462 5.57 0.406 6.02

5 0.405 7.89 0.360 8.64

6 0.362 10.5 0.324 11.6 1.3
7 0.327 13.4 0.295 14.8

8 0.300 16.6 0.272 18.3

9 0.277 20.1 0.252 22,2 25.1
10 0.258 23.9 0.235 26.3

11 0.2l 27.8 0.221 30.7

12 0.227 32,1 0.208 35.3 38.5
13 0.214 36.7 0.197 k0.3

14 0.203 b 0.187 45.5

15 0.194 46.5 0.178 51.0 54.3
16 0.185 51.8 0.171 56.8

17 0.177 57.3 0.163 62.7

18 0.170 63.1 0.157 68.9 2.5
19 0.163 69.1 0.151 5.

20 0.157 5.4 0.146 82.2

21 0.151 81.8 0.1k 89.2 93.0
22 0.146 88.6 0.136 96.4

23 0.1%1 95.5 0.132 104

2k 0.137 103 0.128 112 116

25 0.133 110 0.124 120

26 0.129 118 0.120 128

27 0.125 126 0.117 136 1k N
28 0.122 134 0.114 145

29 0.119 1k 0.111 154"

30 0.116 151 0.108 163 168

Lo 0.930.E 02 248 0.872.E 02 266

50 0.783 365 0.737 392
60 . 0.680 503 0.6k42 537

70 0.603 659 0.570 703

80 0.544 834 0.515 888

90 0.496 1027 0.470 1092

100 0.457 1237 0.434 1313
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Fig. 10. Range-energy curves of Mo:

(1) 1(2) = 391 eV,
(2) 1(2) = 520 eV.



-31-
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Table XITI. Range-energy relations and energy losses of He5 calculated for ]+2Mo.
Element ) Mo A(Z) = 0.4832.E 21
Kinetic_energy 1(z) = 391 eV I(z) =520 eV
of He - dE/ax Range - ax Range
(MeV) (MeV/mg/cm_e) (mg/cmz) (MeV/mg-cm—e) (mg/cmg)
2.5 - 1.36 - 1.36
-3 0.433.E 03 2.52 0.361.E 03 2,74
4 0.379 4.99 0.325 6.66
5 0.337 T7.79 0.294 8.90
6 0.30h 10.9 0.268 12.5
7 0.278 1k kb 0.247 16.4
8 0.255 18.1 0.229 20.5
9 0.237 22,2 0.213 25.1
10 0.222 26.6 0.200 30.0
11 0.208 31.2 0.188 35.1
12 0.196 36.2 0.178 4o.6
13 0.186 b1k 0.169 46,3
1k 0.177 46.9 0.161 52.4
15 0.169 52.7 0.154 58.7
16 0.161 58.8 0.148 65.4
17 0.154 65.1 0.142 71.8
18 0.148 T1.7 0.136 79.5
19 0.143 78.6 0.131 87.0
20 0.138 85.7 0.127 ok, 7
21 0.133 93.1 0.123 103
22 0.129 101 0.119 111
23 0.12h4 109 0.115 120
2k 0.121 117 0.112 128
25 0.117 125 0.108 138
26 0.11k4 134 0.105 1h7
27 0.111 143 0.103 156
28 0.108 152 0.100 166
29 0.105 161 0.975.E 02 176
30 0.102 171 0.952 187
o] 0.827.E 02 280 0.772 30k
50 0.699 413 0.655 Lls
60 0.609 566 0.571 609
70 0.541 Th1 0.509 795
80 0.489 936 0.460 1002
90 0.446 1150 0.k21 1229
100 0.2 1383 0.389 1476
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Table XITI. Renge-energy relations and energy losses of He5 calculated for u_(Ag.

Element ,+7Ag » A(z) = 0.4809.E 21
Kinetic_energy I(z) = k28 ev 1(z) =
Q) Oermnn?) () (e ™) (i)
2.5 - 1.36 - 1.36
3 0.408.E 03 2.58 0.330.E 03 2.87
4 0.361 5.20 0.301 6.05
5 0.322 8.13 0.275 9.53
6 0.291 11.h 0.252 13.3
7 0.266 15.0 0.233 17.5
8 0.246 18.9 0.216 21.9
9 0.228 23.1 0.202 26.7
10 0.214 27.7 0.190 31.8
11 0.201 32.5 0.179 37.2
12 0.190 37.6 0.170 43,0
13 0.180 k3.0 0.162 k9.0
14 0.171 h3.7 0.154 55.4
15 0.163 54.7 0.1k7 62.0
16 0.156 61.0 0.1 68.9
17 0.150 67.5 0.136 76.2
18 0.1hh b 0.131 83.8
19 0.138 81.h4 0.126 91.5
20 0.134 88.8 0.122 100
21 0.129 9.4 0.118 108
22 0.125 10k 0.11k 117
23 0.121 112 0.110 125
24 0.117 121 0.107 135
25 0.114 129 0.10k 1k
26 0.111 138 0.102 154
27 0.108 148 0.988.E 02 164
28 0.105 157 0.963 17
29 0.102 167 0.939 185
30 0.997.E 02 177 0.917 195
4o 0.806 289 0.746 317
50 0.682 Yol 0.633 463
60 0.594 582 0.553 633
70 0.528 L 761 0.493 82k
80 0.477 960 0.4h7 1038
90 0.436 1179 0.409 1272

100 0.403 1418 0.378 . 1527
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Table XIV. Range-energy relations and energy losses of He5 calculated for 571.6..
Element 57].& A(z) = 0.4529.E 21
Kinetic gnerey I(z) =530¢eV I(Z) = 705 eV
of He - dE/dx -2 Range,, - dE/ax -2 Renge,
(Mev) (MeV/mg-cm™) (mg/cu®) (MeV/mg-cm™ ) (mg/cm)
2.5 - 2,63 - 2.63
3 0.334.E 03 k.13 0.267.E 03 4.50
i 0.302 7.28 0.251 8.37
5 0.273 10.8 0.233 12.5
6 0.249 14,6 0.215 17.0
7 0.229 18.8 0.200 21.8
8 0.213 23.3 0.187 27.0
9 0.193 28.2 0.176 32.8
10 0.186 33,4 0.166 38.3
11 0.175 38.9 0.157 hh,5
12 0.165 4.8 0.149 51.1
13 0.158 51.0 0.1ke 58.0
14 0.150 57.5 0.136 65.2
15 0.14h 6L.3 0.130 2.7
16 0.137 1.4 0.125 80.6
17 0.132 78.9 0.120 88.2
18 0.127 86.6 0.116 97.2
19 0.122 9k.6 0.112 106
20 0.118 103 0.108 115
21 0.114 112 0.104 125
22 0.110 120 0.101 134
23 0.107 130 0.983.E 02 14k
2k 0.104 139 0.955 155
25 0.101 1kg 0.929 165
26 0.983.E 02 159 0.90h4 176
27 0.957 169 0.881 187
28 0.933 180 0.859 199
29 0.909 191 0.839 210
30 0.888 202 0.819 223
Lo 0.720. 328 0.668 354
50 0.611 L79 0.570 521
60 0.533 655 0.%99 709
70 0.475 85k 0.14k5 922
80 0.430 1075 0.hok 1158
90 0.393 1319 0.370 17
100 0.363 1583 0.342 1699
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Table XV. Range-energy relations and energy losses for He3 calculated for 7uw.

Element 7Lw A(Z) = O.4uk3.E 21
Kinetic energy I1(zZ) = 697 eV I(Z) =935 eV
for He - dE/ax Range - dE/ax Renge
(vev) (MeV /ng-cn™ (ng/cn®) (MeV /mg-cn™?) (mg/en®)
2.5 - 3.94 - 3,94
3 0.264.E 03 5.83 0.196.E 03 6.49
b 0.248 9.73 0.197 11.6
5 0.230 13.9 0.189 16.8
6 0.213 18.5 0.178 22,2
7 0.198 23.3 0.168 28.9
8 0.185 28.6 0.159 34,1
9 0.173 34,2 0.150 40.6
10 0.163 4o.1 0.1h43 7.4
1 0.155 u6.L 0.1%6 54.6
12 0.1h47 53.0 0.130 62.1
13 0.1%0 60.0 0.12k4 70.0
1k 0.134 67.4 0.119 78.2
15 0.128 75.0 0.11h 86.8
16 0.123 83.0 0.110 95.7
17 0.118 91.3" 0.106 105
18 0.11% 100 0.102 115
19 0.110 109 0.991.E 02 125
20 0.106 118 0.959 135
21 0.103 123 0.930 15
22 0.997.E 02 138 0.903 155
23 0.968 148 0.878 167
2k 0.94%0 158 0.854 179
25 0.91k4 169 0.831 191
26 0.89%0 180 0.811 203
27 0.867 191 0.791 216
28 0.846 203 0.772 228
29 0.825 215 0.754 2k
30 0.806 227 0.737 255
Lo 0.658 366 0.606 405
50 0.560 531 0.518 584
60 0.491 T22 0.455 791
70 0.438 938 0.408 1023
80 0.397 1179 0.370 1281
90 0.364 1kl 0.3h0 1563
100 0.336 1728 0.315 1869
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Table XVI. Range-energy relations and energy losses for He3 calculated for 78Pt.
Element 78Pt A(z) = o.hglz.E 21
Kinetic_energy I(z) =725 eV I(z) = 1020 eV
of He’ - dE/dx Range - dB/ax Range
(Mev) (UeV/ng-ca™®)  (mg/en®) (teV /ng-cn™%) (me/en”)
2.5 - 4.65 - 4.65
3 0.253.E 03 6.63 0.185 7.51
s 0.240 10.7 0.181 13.1
5 0.223 15.0 0.175 18.8
6 0.207 19.7 0.167 24,6
7 0.192 ok, 7 0.159 30.7
8 0.180 30.0 0.150 37.2
9 0.169 35.8 0.143 4.0
10 0.160 .9 0.136 51.2
n 0.151 48,3 0.130 58.8
12 0.14h 55.2 0.124 66.7
13 0.137 62.3 -0.119 4.9
1 - 0.13%1 69.8 0.11k 83.5
15 0.125 77.6 0.109 92.5
16 0.120 85.7 0.105 102
17 0.116 9.2 0.102 111
18 0.112 103 0.984.E 02 121
19 0.108 112 0.952 132
20 0.104 122 0.923 1he
21 0.101 131 0.895 153
20 0.978.E 02 1 0.870 165
23 0.94%9 152 0.846 177
2k 0.922 162 0.823 188
25 0.897 173 0.801 201
26 0.874 185 0.782 213
27 0.851 196 0.763 226
28 0.830 208 0.745 2ho
29 0.810 220 0.728 253
30 0.792 233 0.712 267
4o 0.647 37h 0.587 423
50 0.551 542 0.503 608
60 0.483 736 0.2 820
’ 70 0.431 956 0.396 1060
80 0.391 1200 0.360 1325
90 0.358 1467 0.331 1615
100 0.331 1758 0.306 1930
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Table XVII. Range-energy relations and energy losses of He3 calculated for 90’1'h.
Element 90Th A{Z) = 0.4281.E 2
Kinetic,energy I(2) =837 eV I(z) = 1070 eV
of He” - dE/dx 2 Range2 - dE/ax - Range,,
(Mev) (Mev /mg-cm™=) (mg/en®) (MeV /mg-cm™) (mg/em™)
2.5 - 4.65 - 4.65
3 0.214.E 03 6.99 0.159.E 03 7.80
4 0.209 11.7 0.167 13.9
5 0.197 16.7 0.16%4 20.0
6 0.18% 21.9 0.157 26.2
7 0.173 27.5 0.1k9 32.8
8 0.163 33.5 0.1k 39.6
9 0.153 39.8 0.135 46.9
10 0.145 46.5 0.129 Ehih
11 0.138 53.6 0.123 62.4
12 0.13L 61.0 0.117 70.7
13 0.125 68.9 0.113 79.4
1k 0.120 77.0 0.108 88.6
15 0.115 85.5 0.10k4 97.9
16 0.111 oh. L 0.100 108
17 0.107 10k 0.968.E 02 118
18 0.103 113 0.936 128
19 0.994.E 02 123 0.907 139
20 0.962 133 0.879 150
21 0.932 14y 0.853 162
22 0.90k4 155 0.829 17k
23 0.879 166 0.806 186
2l 0.854 177 0.785 199
25 0.831 189 0.765 212
26 0.810 201 0.746 225
27 0.790 21k 0.728 238
28 0.770 227 0.711 252
29 0.753 2ho 0.695 266
30 0.735 253 0.680 281
ko 0.603 405 0.561 iy
50 0.515 585 0.k81 637
60 0.452 793 0.423 859
0 0.4ok 1027 0.380 1109
80 0.365 1287 0.345 1386
90 0.336 1573 0.317 1689
100 0.311 1882 0.29% 2016
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Fig. 16. Range-energy curves of U:
(1) 1(z) = 881 ev,
(2) 1(z) = 1250 eV.
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Table XVIII. Range-energy relations and energy losses of He5 calculated for U

92
Elenent o0 ' A(Z) = 0.h4266.E 22 *
Kinetic gnergy I(z) =881 ev I(z) = 1250 ev
for He - dB/dx 2 Remge2 - dE/ax 5 Range2
(MeV) (MeV /mg-cm ™) (mg/cm®) (MeV/mg-cm™<) (mg/cm<)
2.5 - k.65 - 4.65
3 0.202.E 03 7.13 0.124.E 03 8.69
b 0.199 12.1 0.1 16.3
5 0.189 17.3 0.1h42 23,4
6 0.178 22,7 0.139 30.5
7 0.167 28.5 0.134 37.8
8 0.158 34,7 0.128 b5 4
9 0.149 .2 0.123 53.4
10 0.1%1 48,1 0.118 61.7
1 0.134 55.k4 0.113 70.4
12 0.128 63.0 0.108 79.4
13 0.122 71.0 0.104 88.8
1k 0.117 79.4 0.100 98.6
15 0.112 . . 88.1 0.976.E 02 109
16 0.108 97.2 0.934 119
17 0.104 107 0.903 130
18 0.100 116 0.875 1l
19 0.972.E 02 127 0.848 153
20 0.941 137 0.823 165
21 0.912 148 0.800 177
22 0.885 159 0.778 190
23 0.860 170 0.758 203
2k 0.837 182 0.738 216
25 0.814 194 0.720 230
26 0.794 207 0.703 2Ll
27 0.774 219 0.686 259
28 0.755 232 0.671 273
29 0.738 246 0.656 288
30 0.721 260 0.6h42 30k
Lo 0.592 b1k 0.532 476
50 0.506 597 0.458 679
60 0.4k 808 0. 4ok 912
70 0.397 1047 0.363 ik
80 0.361 1311 0.330 1463
90 0.331 1601 0.30k4 - 1779

100 0.307 1915 0.282 2121
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Table XIX. Range-energy relations and energy losses for He3 calculated for 9§\m.
Element 95Am A(Z) = 0.4351.E 21
Kinetic energy I(z) = 893 eV I{(z) = 1350 eV
for Hel - dBfax _, Renge, - dE/dx 2 Ra.nge2
(Mev) (MeV/ng-cn™2) (mg/cn®) (Mev/ng-cn™") (ng/cn®)
© 2.5 - 4.65 - 4.65
3 0.203.E 03 T.12 0.109.E 03 9.25
4 0.201 12.1 0.130 17.7
5 0.191 17.2 0.135 25.2
6 0.180 22.6 0.133 33.2
7 0.169 28,3 - 0.129 k0.3
8 0.160 34 0.12h 48,2
9 0.151 40.8 0.120 56.5
10 0.143 k7.6 0.115 64.9
11 0.136 54.8 0.110 73.8
12 0.130 62.3 0.106 83.1
13 0.124 T70.2 0.102 93.2
1k 0.119 78.5 0.985.E 02 103
15 0.11h 87.1 0.951 113
16 0.110 9.0 0.920 1ok
17 0.106 105 0.891 135
18 0.102 115 0.863 146
19 0.987.E 02 125 0.837 158
20 0.956 135 0.813 170
21 0.926 146 0.791 182
22 0.899 157 0.770 195
23 0.87h4 168 0.750 208
2k 0.850 180 0.73L 222
25 0.827 192 0.713 236
26 . 0.806 20k 0.696 250
27 0.786 216 0.681 265
28 0.767 229 0.665 279
29 0.749 242 0.651 295
30 0.733 256 0.637 310
Lo 0.601 Lo8 : 0.530 483
50 0.51h 588 ' 0.456 688
60 0.451 796 0.403 921
70 0.4ok 1031 0.362 1183
80 0.367 1291 0.330 1473
90 0.337 1576 ‘0.204 1789

100 0.312 1885 0.282 2130
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Table XX. Range-energy values of different compcunds.

Kinetic energy of Range in Range in Range in Range in

Hed (MeV) CeF, Teflon Quartz Mylar
2.5 2,48 2.12 1.82 1.45
3 3,14 2.72 2,46 1.94
b 4. 70 k.05 3.81 3.07
5 6.9 5.59 5.43 k.37

.6 8.55 - 7.he 7.30 5.91
7 10.98 9.43 9.35 7.65
8 13.6 11.6 11.7 9.58
9 16.5 1h.2 4.3 11.75
10 19.7 16.9 17.0 k.t
11 23,1 20.8 20.0 16.6
12 26,7 22.9 23.2 19.3-
13 30.4 26,2 26.6 22,2
1k 345 29.8 30.2 25.3
15 ’ 38.6 33.4 3h.1 28.5
16 43.0 37.4 38.1 32.0
17 L7.6 k1.5 ho.3 35.6
18 52.5 45.8 L6.7 39.3
19 57.5 50.3 51.5 43.2

20 62.8 55.2 56.1 7.4

21 68.4 60.0 61.1 51.6

22 4.0 65.2 66.3 56.1 -

23 80.0 70.3 1.6 60.7

24 86.1 5.7 " 7.2 65.5

25 92.5 81.4 82.7 70.5

26 99.0 87.2 88.9 75.5

27 106 93.3 95.0 80.8
28 112 99.7 . 100.9 86.3
29 119 105.6 ' 107 91.7

30 127 112.4 115 97.5




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.
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