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' THEORETICAL RANGE-ENERGY VALUES

The construction of heavy particle accelerators giving energiés

- in the hundred million-volt region hes made imperative the extension of

'range and rate of energy loss calculations to energies not préviously'

uéed. ihis hes been done for aluminum end air by J. H. Smith(l), The

‘work hergvprésepted extends these results to other stopping medis.

The velues computed have been the rate of energy loss and renge .
correspondipg to loss of energy by ionizetion only. Effects such 88
nuclesr interesctions, meson production, and bremstrahlung, which will

pley an increessingly important role at higher energies, have been neg-

lected, The energy loss corrsection due to the polarizetionieffects of

a dense media hr»ve also .been omitted(z).

On this basis, the rate of energy loss ie given by(s)

4,2 | : |
-8 iﬁ_e_LNz logg ZUY° _ loge (1 -P?) _ p2 . (1)
dx nve I
in which
e = electronic charge,
m = electronic mess,
ze = charge of heavy particle,
NZ = number Of electrons per unit volume of stopping meteriel,
P = v/c; where ¢ is the velocity of light
I = the mean excitation potentlal.

"This fonnula holds when v>>uj where “k is the velocity of the orbitel

electrons in the K shell of the atoms of the stopping medium.

The:  quantity, I, is given by

& logel = hz; fn,1 108ehn,1 (2)

where o1 are the oscillator strengths eppearing in spectra, and Ay 1

the qqrbespgnding excitation energiés, The fn,l ‘s are subject to the



;»:f\, .

where the 2 indicete sums over those A for which log, 2mve >/ .

condition

£ . = 2, | - 28
%n,l . {2a)

The definition ,of I by equation (£} is not generally useful, the

eveluation being too difficult for systems of maﬂy electrons. On thé

‘besis of the Fermi-Thores model of the etom with several electrons,

F. Bloch(4} hes shown thet I = kZ, where k is a constent to be evelueted

empiricslly. Keesurements by R. R, wilson(5) have indicated a value of

k= 11.5 ev. , This is the value used in these celculations, although

recent measurements heve indicated this value may be considerebly in
error,
In ceses where the condition ¥v>> uy is not'satisfied, correction

terms sre needed in equation {1). For elements in the stomic number

-ranga'f;om carbon to sluminum, thege corrections are given by Livingston

—-2nd Bethe(s). For the elements of higher stomic number, the correction

wes mede in the following ménner:

Quentities 2* end IY were defined by the relations

A

+ 2 -N’\' loge .AA »
A=k 1M

whers N, , N, énd N, are the number of dispersion electrons in the X, L, .

and ¥\ shells respectively and %y, Ay, end A sre the corresponding

‘excitations potentials. The velues of the ¥'s used are those given by

,Honlﬁs) and- Livingston and Bethe(l). . ‘Then the equation takes the form:

48 . ameta® | ;s log, guv? L YN, log, 2mve , (E*+ L N,) (logg(l -B2) +p2
dxv mve I* - A Ay A . -

h}
/

A A,\

ES

The renge, R, of the particles was then obtained by numsrical inte-

~gration.



| (E) = ax E .+ R{(Ep)
- R(E) = ~"(d§> dE + R(Ep)

£
. : E.
N _ ' . . _
It was necessery to determine R{Ey) from experimentel dete(®:7) since ot
YL‘fv ?ery low energies\the theory cemot be setisfeactorily coffectéd¢‘ Thls
vélueP R(Eq), ﬁasvdetermined from the renge of-the particle in air at ﬁhe
, saﬁe_energy and the experimentally measured ratio of the'stopping power in
Ceir end in the medium in question.
Stopping Medium Stopping Power at Initisl Point

Hydrogen ., 4.71 cm HZ = 1 em air
o Helium " 5,91 cm He = 1 em air
) Lithium 1.84 mg em™2 = lvcm air
- - . T Beryiliﬁ@ 1.16 mg,ém‘g.; 1 em air
} .y'bA _ - ‘Boron | . 1.16 mg em~2 = 1 cm air
» R Carbon - ‘1,13 mg'cm"% = l:cm air
i | xitrogen 1.001 cm Ng =1 cm air.

' Air_ | ”

Oxyéén : .917 ém-Og =1 cm _éi'r~

Argoh l.Olo.cm A= 1'ci air

. Aluminum- 1.48 mng c‘mj'_z A1 31 _c'm'a.ir

J*._UCopper | 2,02 mg_cm‘z.sﬁ =1 ém air
Silver 1.84 mg cm=2 Ag = 1 cam eir
Lesd - 3,54'mg m=2 Pb = 1 cm air
,.in making the computation, iﬁ we s .found convénient gb intfcduce 8 ,"

e | variable, u = ;gg , into eq. (1), ﬁherg.Mﬁequélsvthe rost mess of the  >
fb*} '_ - perticle. A table of the verious fﬁncﬁiégs uhicﬁ récurréd in thé“qe;cula—;

~tions is 2ppended.

-



those for protons by the relations:

The renge and energy loss values for deuterons were obtained from

<§§>, = (4B et the same weloeity.

4% /yeuterons dx /jyrotons

R E) = M Rppotonf¥p g ) :
@euteron( Mp B Nd - -

".The fange and energy loss of slpha particles were computed directly at low

energies and obtsined from the\protqn values at high enérgies by the

“relstions:

az . o[ | -
dX fajpha  \3% fypoton 2% the ssme velocity.

/

Rg (E) - Ry (Bg) = Fp Mg M o
- o) ()

-
8o M T

i

(2)

(3)

(4}
{8}

(6)
(7))

Smith, J. H.; Phys. Rev. 71:32 (1947).
Fermi, E.; Phys. Rev. 57:485 {1940}

_ Halpern, ©. end Haell, H.: Phys. Rev. 73:477 (1948)

Krsmers, H. A,: Physica 13:401 (1947) ,

Livingston, k. S. and Bethe, H.: Rev, Mod. Phys. 9:263 (1937)

Bloch, F.: Zeits. £, Pays. 81:383 (1933)

Wilson, R. R.: Phys, Rev. 60:749 (1941) S

Honl, H.: Zeits, f. Phys. 84:1 (1933) }

Mano, G.: Ann. de Phys. 1:407 (1934) . ¥ ;
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TABLE I. ?{13 lfglat1vxst1c squation for the energy loss of a neazvy
Charged particle going through metter-and due to excitetion and
fonizetion {corrections due to non-contributirg shells, the Fermi
effect, Bremstrahluag, stc., ere not included) fs given by

-

_dar _ awe2iy 2 :
i = _2_(]?1-5“) [_3‘1080 2T+ loge (u2+2u)-“2+3“]

l

ue T/albz, where M 18 the rest mass of a proton, nd aM is the
rest mags of the particle in question. T ts the relativiatic kinetic
. enerTgy. (For the table belew 4= l). : .

E in Mev : ul 4 2u loge (ue f'au)—@% loge 2m§2 + loge(u¥2u)
o e e B O i o =5
0.0 ' , o _ .
1 0.00212839 ‘- 6,1523843 7.6845609
2 o:'go:;asooo _ - 5,4608265 8.3761185
3 0.0083648% © = 5,0569439 8. 7800013
4 0.00847297 - 4.,7708382 9,0661070
5 0.01057438 - 4,5492642 9,2876810
6 0,01266913 - 4,3685061 9,4684391
7 0.01475723 . - 4,2159123 9,6210329
8 0.01683871 - 4,0839314 9,7530138
9 0.01891360 _ T - 3,9676929 9,8692523
10 0.02098193 - %.8638703 9,9730749
11 0.02304372 - 3.7700914 "10.0668538
12 C.02509901 _ - .6846069 10.152338%
13 0.027147€2 - - 3,6060833 10.2308619
14 G.02919C18 - 3.533488¢ 10,73034566
15 0.C3122611 - 3,4660027 10.3709425 :
16 0.03325565 ~ < 3,4029653 10.4339799
17 ] C.03527682 - 3.3438351 10.4931101
18 , 0.03729564 - %,2881656 1C.5487796
19 | © €.03930615 - 3,2355810 10, 6013642
20 0.04131036 - 3.1857645 10.6511807
25 0.03123796 - 2.9699154 10.8670298
30 0.06101215 - 2,7947394 11.0422058
35 0.C7063607 - 2,6475956 11.1893496
40 0.08011279 - 2,5209284 11.3160168
45 0.0894452y - 2.4098721 11.4270731
50 0. C986365 - 2,3111034 11.5258418
55 0.1¢76893 - £,2222538 11.6146914
60 . C.1166030 - 2.1415707 11.6953745.
65 v 0.1253903 - 2.0677364 11.7692088
70 0.1340440 ~ 1.9997089 11.8372353
75 0.1425699 - 1,9366773 11.9002679
80 1 0.1509704 - 1.8779803 11,9589649
85 0.1592482 - 1.8230€09 12,0138643
90 " 0.1674054 - 1,77153.5 12,0654117
95 0.1754445 - 1.7229639 12,1139793
100 0.1833677 - 1,6770629 12.1598823
185 - 0.2213216 - 1.4793C30 12,3576422
150 ‘. 2566896 - 1.3199357 12,517009¢
175 C.2897017 - 1.18653%0 12.6504102
200 0.3205624 - 1,0717519 12.7651933
225 0.3494548 ~ 0.9708911 1%.8660541
250 0.3965426 - 0.8807920 12,9561832
275 : 0.4019731 - C,799233¢ 13,0377114
300 0.4258768 - 0.7245645% 13.1123807 -
325 0.4483793 , - 0.6556005 13.181344%7
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Page Two

LY

- 2 - 2 loge 2mc2 4+ loge(u+2u)
E in bev u + 2u loge (u2$2u)--L*24 ue + 2u
(1 + USE (14'“;2 (m—)-z
350 . 0.4695824- & 0.5914031 13,2455421
375 0.4895862 -~ 0.5312497§ 13.3056977
400 0.5084793 - 0.4745588 13.3623864
425 0.5263426 - $.4208749 13,4160708
450 0.5432495 - 0.3696183 13.4671269
475 0.5592670 -~ 0.3210793 13.5158659
500 0.5744564 - (0.27439%4 13,5625458
550 0.6025710 - 0.1863816 153,6505636
600 0.6279887 - 0.1043906 13,7325546
650 0.6510438 - 0.0274132 13.8095320
700 0.6720268 0, 0453165 13.8822617
750 0.6911606 0.1143904 13.9513356
800 0. 7086731 0.1802752 14,017220%
850 0.7247372 . 0,2433457 14,0802909
900 0. 7395083 0.3039063 14.1408515
950 0.7531216 0.36220%3 14.1991545
1000 - 0.7656950 0.4184658 14,2554104
1500 0.8519401 Q.835795e8 14,7349040
2000 0.8960442 1.2776356 15.11456C8
2500 0.9255420 1.5946031 15,4315483
3000 0,9432485 1.8674006 . 15. 7043456
3500 0. 9553153 £.1070978 15.9440430
4000 0.9639061 2.3209639 16.1579081
4500 0.9702381 £,5140747 16,3510199
50C0 0.975C390. 2.6901265 16.5270717
550C 0. 9787655 2.8518960 16.6888412
606G 6.9817158 3,0015465 156.8384917
. 6500 0.,9840913 3.1407613 16.9777065
7600 0, 986¢323 3.2709064 17.1078546
7500 €. 9876385 3.3930947 17.230C399
8000 C.9889828 3.5082414 17.3451866
8500 0.99¢1192 3,6171167 17,4540619
-8000 C. 9910884 3,7205675 17,5573127
9500 C.9919217 3,8185474 17.6554926
16,000 C.9926434 3.9121312 17.749C764
2mc® = 1.021666(x 106 ev.
Mocz for protons $ 938.1747 x 10° ev.
 loge 2mye? = 13.8569452
I to be enteredi n ev.
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Table I. Ranges of Protons in Hydrogen end Helium
(in om) snd Energy Loeses {(Mev/cm) for

s g‘:c and 760 mm. of Hg.
A Hydrogen (1 = 17.5eu) Hel ium (I= +49 e‘-’)
E in Mev Energy Loss () Renge Energy Loss (& Renge
0 0 0 0 0. .
1 5.88476 x 1072 1.0025 x 10tem 4.75985 x 10~2 1.3030 x 10%em
2 3,36971 £.80637
3 2,41487 6. 9061 2,00607 8.4160
4 1.90174 : 1.61918
5 1.57824 1.7410 x 102 1,35183 2,0778 x 10°
6 1.35435 2,4270 1.16537 2,8769
7 1.18957 3,2169 1.02733 3, 7930
8 1.06288 4.1076 ©8,20701 x 1070 4.8229
9 9.62240 x 10~3 5.0979 8.36660 5.9645
10 8.80238 6.1855 7.66136 7.2156
11 8.12051 7.08158 5
12 7.54400 8. 6480 6.59015 1.0038 x 10
13. 7.04979 6.16793 _
14 6.62113 1.1485 x 10° 5.80097 1.3281
15 6.24557 : 5.47889
. 16 5.91365 1.4687 5.19375 1.6931
g 17 5, 61804 4,939%4 -
- 18 5.35301 1.8246 4.71110 2,0980
19 5,11395 4,50487
20 4.89716 2.2157 ¢.31764 2,5419
25 4,05773 , 3,59050
30 3, 48225 4.6776 3,08987 5.3241
35 3,06161 2,72299
40 2.74078 . 7.9416 2,44195 8.9943
45 2,48706 x 10~° 2,21941 x 1073 4
50 2.28132 1.1961 x 10* 2,03861 1.3498 x'10%
55 2.11097 1,88867 -
60 1.96757. 1.6697 1.76226 1. 5791
65 1.84498 1.65406 '
70 1,73905 2.2115 1.56046 2.4736
75 -1,64654 ' o 1.47862 ,
- 80 1,566505 | “2.8188 1.40644 3,1597
. 85 1.49262 o ©1.34229 :
90 1.42789 13,4886 1.28488 3.9046 -
95 | 1.36965 . " 1.23320 R
100 '} . 1.31697 |. 4.2186 ..} 1.18648 ©4,7164
RS B SRR e o
- 126 | 1.1145%3 o 0081 e T T e
, 150 |7 09,7692l x 10™4. | 9.0290. - 7 |l 8,83659 x 10~% ‘| .9.6737 ’
s 176, |- 8,77559 oo e R ke e e
« 200 | .8.02397. | 1.4%86 x 16° © || “7.29717 0 o |- 1.5955 % 10° .
<_\\ 226 | 7.43533 e Al eaB0R9 L T T e
' - 250 . 6.96260 - | 2,106 - 6.32684 - | 2,8356
T 875 | 6.57481 i oo ft. e.97988 )0 T T
- 6.85189 . 28704 - I B.,68919 . sane

800




Page Two

. A

Hydrogen Helium
\E in. Mev Energy Loss(§f) Renge Energy loss ({5) Renge
. 325 5.97754 - . 5.44364
350 5.74314 3, 7065 5, 23335 4,0893
- 395 5.54040 , 5.05144
. 400 5,36349 4,6086 . 4.89271 5.0787
425 5.20796 4,75315 ‘
450 5, 02865 5.5697 4.62963 . 6.1303
475 4,94771 x 107% | . 5 4.51967 x 1074
500" 4,83799 | 6.5814 x 10 4.42128" 7,2363 x 10°
560 4,65020 ' 4,25293
600 4,49589 - 8, 7302 4,11470 9,5859
650  4.36739 3.99967 -
700 4.25914 - | 1.1022 x 10° 3.90293 1,2085 x 106
750 4,16719 - 3.82084
800 4.08836 1.3418 | 3, 75057 1,4701
850 . 4,02034 , 3,69004 © _
900 3,96131 1.5904 3,63760 1.7410 -
. 950 3,90981 - 3.59196
1000 | 3,86469 1.8461 3,65206 2.0194
| 1500 . 3.61964 _ 3.33866
2000 | = 3.54362 4,5895 Al 3.27707 4,990
2500 3,52729 3.26866
3000 3.53620 7.4212 3.28242  8.0499
3500 .| 3.55670 : 3.30613 ‘
. 4000 " | 3.58263 1,0232 x 107 || '3.33429 ° 1.1074 % 107
e 4500 3.61094 . . . 3.36423
S 8000 - | 3,64006 - 1.3001 3.39457 | 1.4046
- 5500 . 3. 68530 R IR 3,42457 _ ’
~ 6000 | 3.69769 1.5719 T 3.45387 1.6967
-6500 3.78551 . : : 3,48228
7000 | 3.75246 - '1,8403 | 3,50871 1,9839
7500 | 3.77849 ) 3,53614 _4 _ ’
8000 . 3,80360 x 10 2,1050 x 10 3.56167 x 10 2.2666: x.10
8500 - 3,82779 . || 3.58604
9000 3.85111 . 2.3663 | 3.60960 2.5456
9500 3,87358 ' '3,63227 , -
© 100000 3,89525 | 2.6244 3.66412  2.8209

e
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Teble I Ranges of Protonms in Lithium end Beryllium

Yin Mg/cn®) and Energy Iz.osAse(e (1n Mev/mg/éﬁ)

}500

)
5 1o _Lfthipm (I=34.5 ev) | | Beryllium (I = 46 ev)
Mov Hnergy Loss (—gg) Range Energy Loss (- gif) Range
0 " 0.0000 - ' : :
1 2,58707 x 10~1 2,8738 , 2.46973 x 107+ g:gggg
2 1.51183 . | 8422 © || 1.45866 8. 4276 i
3 1.09382 g | 1-60295 x 10 1.06050 1.65443 x 10
4 8.66545 x 107 | 2,638844 8.42671 x 1072 2,71890
5 . 7.22183 3.90797 7.03775 4,02471
6 6.21736 5.40540 6.06860 5.56018
7 5.47503 7.12294 5,35088 - 7.31884
8 4.90241 9,05655 4,79629 9,29626
9 4.,44626 1.12012 x 10% || 4.35391 1.14873 x 10°
10 4,07372 1.36535 3.99217 1.38884
1 3.76331. :1,61096 3.69045 1.64959
12 3.50041 1.88670 3,43468 1.93067
13 3.27435 2,18285 3.21490 2.23179 "
14 3.07860 2.49751 3.02387 2.55269
15 2,90660 2,83183 2,.85618 2,89312
Y 16 2.75440 ~ 3.18540 2.70771 3.25285
17 2,61871 3.55788 2.57528 3.63168
18 2.49694 3.94910 2.45636 4,02940
19 2.38700 | 4.35880 2.34896 4.44583
20 2,28721 5| 4.78701 2.25143 4.88079
25 1.90004 5 || 1-87264 5
30 1.63380 1.00445 x 10 1.61178 1.02152 x 10 .
35 1.43889 _ 1.42058 '
40 1.28969 1.69902 1.27409 1.72503 -
45 1.17162 x 1072 5 || 1-15808 x 10-2 N
50 1.07576 2.55219 x 10 1.06382 2.56817 x 10°
55 9.96287 x 107° ‘ 9.856637 x 10° o -
60 9.29321 3,55561 9,19723 .3, 60244
65 8.72019 8,63296 B
70 8.22467 4.70211 8.14461 4,.76052
75 7.79157 : 7.71801 ,
80 7.40969 5,98531 7.34156 6.05595
85 7.07034 7.00694
80 6.76674 7.39944 6.70749 . 7.48288
95 ' 6.49347 6.43788 _
. 100 6.24618 8.93925 6.19383 9,03599
25 5.29376 . 5.25348 -
‘ 'iso 4,64686 " 1.83635 x 10% | 4.§éi§2 1.85324 x 10%
N 4.17853 4. < :
Y 300 3. 82395 3,05134 3.80050 3.05609
228 3.54605 3.52554 -
250 3.32275 4,44008 . 3.30454 '4.47303
275 3,13950 3.12314 L
2.98657 6.03164 2.97173 6.07293



. E in Lithium (I = 34.5 ev) Beryllium (I = 46 ev)
i Mev » ~ ‘
5 _ Energy Loss -%%) _ Renge Energy M§9’(4§ ‘Range
325 - 2.85714 R 2.84357
/350 . 2.,74630 7.78077 2, 73581 7.83041
375 2.65042 - o.63886 ' :
400 ° 2.56675 9.66654 2,55601 9, 72443
425 2.49320 ‘ 2.48317 SR
450 2.42807 - 1.16714 x 10° 2.41870 1.17374 x 10°
475 2,37013 x 1073 ' 2.36131 x 1079 o
500 2.31826 1.37804 x 10° 2.30995 v 1.38542 x 10°
550 2.22951 2.22209 , _
600 2.15662 1.82624° ©2,14995 1.83512
650 2.09596 2,08993 -
700. 2, 04490 2.30310 2,03943 2.31336
750 2.00157 A 1.99659 *
800 1.96446 2.80251 1.9599% " 2.81402
850 1.93249 ' 1.92835
900 - 1.90476 3,31983 1.90099 3,33245
950 1.88062 = 1.87719 :
1000 1.85950 | 3.85146 1.85638 3.86504
1500 1. 74605 . : 1.74518 S
2000 1.71259 9,53948 " - 1.71322 9,55613
2500 1.70722 : 1. 70900, o
3800 1.71361 1.53906 x 10° 1.71635 1.54013 x 10°
3500 1.72531 . 1.72887 :
4000 1.73941 £,11859 1.74371 2.11847
4500 1.75451 . 1.75947 -
5000 1.76986 '2.,68852 1.77542 2.68683
5500 1.78645 : 1,79119 _
6000 1.79998 3,24846 1.50659 3, 24515
6500 1,81444 - 1.82151
- 7000 1.82840 | 3.79996 1.83592 3,79418
7500 - 1.84187 x 1070 .| ; 1.84980 x 1073 » 6
- 8000 - 1.85484 4,34252 x 108 1.86316 4.33482 x 10
8600 1.86732 - 1.87601
9000 1,87934 4,87808 1.88837 4.86790
9500 1.89091 RS 1.90028 _
1,90207 5.40695 1.91175 5.39416
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Teble IX. Ranges of Protons in Boron and Cerbon
(in Mg/em®) end Energy Losses (in Mav/mg/cmz)

-

AN

P ;

- 5.98040

W, : :
: - Boron (I = 57.5 av) Carbon (I = 69 ev)
n - «
Mev Energy Loss (-4§) Renge Energy Loss (-95)| 'Renge
0 Y 0 § . )
I 2.42467 x 1071 | 2,890 " 2.41758 x 107 | 2,760
2 1.44542 | 8.4660 1.49676 8.1130
3 1.05529 1.66485 x 10 1.09761 1.59838 x 10 -
4 8.40700 x 107 | 2.73305 8.75831 x 1072 | 2,62925
5 7.0339% 4,04064 7.33961 3.88859
6 6.07363 5.57660 6.34518 5.35789
7 5.36113 7.33162 5.60616 7.03867
8 4,80635 9,30499 5.,03354 8.92378
9 4.36942 1.14905 x 10% || 4.57573 1.10106 x 10% -
10 4,00899 1.38826 4.20066 1.32935
1 3.70811 x 1072 1.64782 3.88732 -
12 3,45285 1.92749 3.62130 1.84374
13 3, 23335 2.22697 3,39243 ‘
14 3.04245 | 2.54597 3.19326 2,43321 -
15 2.87479 2.88425 3.01826
16 2,72627 3.24160 2,86317 3,09577
17 2.59374 3.61779 2.72471 s
g 18 2.47468 4,01262 2.60039 3.82973
f 19 2.36710 4.42591 2.48783 o
. 20 2,26939 4,.85748 2.38565 4,63358
25 1.88953 - ' Sl 1.98812 -
A 30 1.62761 1.01441 x 10° || 1.71372 9.65798
35 1.43545 . , | r1.51222 - :
40 1.28811 x 10°% 1.71063 x 10 | 1.35762 x 1072 | 1.62667 x 10°
45 1.17135 : 1.23504 : '
. 50 1,07642 2.56400 1.13533 2,43603
55 9,97656 x 10-3. . 1..05256 -
60 9,31220 3.56604 9.82726 x 10~3 | 3,38580
65 ' 8.74326 ‘ "l 9.22%C0
70 8,25089 4,70951 8.71124 4,46908
75 . 7.82082 . 8,25809
80 7.44035 5,98793 7.85829 5.67979
85 7,10259 7.50276 :
90 6.80024 . 7.39665 7.,18446 - 7.01242
95 6.52797 6.89777 ,
100 6,28146 8.92731 . 6,63817 8.46197
125 5,33120 4| s.83703 X .
- 150 4.68484 1.82853 x 10 4,95568 1 1.73119 x.10
175 4.21641 SN e 4,46169
200 3,86146 3.01278 4,08726 2, 85450
R 226 3,58311 ' 3, 79356 .
SN 250 3,35934 4,40695 3,55741 4.16715
' 275 3.17563 3.35463 "
300 3.,02229 3.20164 5, 65534



i s

Carbon -

1.96023

E in __Boron (I = 57.5 ev) (I = 69 ev)
: ) MGY ' Energy Loss (3§ Renge Energy Loss(*ﬁ—f} - Range .
L A : ES
3256 | 2,89247 . 3,06459 :
350 2, 78129 7.70817 2,94721 7.28607
" 375 2,68510 ' 2,85566 _
: © 400 2,60117 - 9,56958 2,75705 9,03835 .
425 2.52738 N - 2,67915 - :
450° 2.,46208 x 1073 1.15473 x 10° || 2.61020 x 1073 .| 1.09040 x 10°
475 2.40394 , . 2,54883 : *
500 2.35192 1,36267 2,49391 1.28652
- 550 £.26294 : : - 2.39999 .
; 600 | £.18989 - 1,80424. 2.322%0 1.70288
650 2.12914 ° . 2,25880
700 2, 07803 2.27387 2. 20489 2,14536
750 2.03470 : : _ 2.15920
800 1.99763 - . 2.76500 - 2,12012 2,60832
. 85C - 1.96571 , 2.08649
800 1.93808 3,27353 2,05739 3,08746
950 1.91405 oy 2,03209 o
1000 1.89306 3,79687 2,01001 - 3.57945
1500 - 1.781369 1.89296
2000 1 1.74998 9,37126 1.86071 8.82617
, 2500 1.74663 fo 1.85803 '
Lo ' 3000 1.75493 1.50904 x 108 1.86757 1.42023 x 106
3506 - 1,76841 ‘ 1.88251
° - 4000 | 1.78417 2,07442 1.89981 1,95134
4500 1.80080 : * ©1,91798
5000 1.81758 2.62974 1.93626 - 2.47874
* 5500 1.83414 _ 1.95427
6000 . 1.85028 . 3,17499 1.97432 2.98436
. 6500 - 1.86591 : 1.98878 :
7000 1.88099 x 1079 3,71096 x 108 2.00513 x 10-3 | .3.48711 x 10°
76500 1.895650 L 2,02087 o ‘
8000 1,90947 4,23856 2,03601 3.98199
8500 1 1.92290 _ . 2,05041
a 9000 &l 1,93877 4,75864 2.06455 4.46971
9500 1.94825° o '2,07802
10000 5,27195 2.,09099 4.95096
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t

Toble Y.lRenges of Protons in Nitrogen end Oxyzen

(in em) and Energy lLosses (in Mev/cm)
for £°C awd 760 m. of Hg,
15° . ;

)

E in “Nitrogen  {I = 80.5 ev) Oxygen (I =92 ev)
vev Energy Loss (4E) Range Energy Loss (‘%—,‘F:) Renge
0 o . 0 -1 0
1 2.81679 x 1071 - | 2,220 3,08769 x 10 1.990
2. 1.70599 7.4883 1.88442 :
3 1.25422 1.3877 x 10 1,39013 1.25434 x 10
4 - 1.00377 2.2841 1.11442 2,06241
5 8.42394 x 1078 | 13,3775 9,36501 x 1072 | 3,04653
6 2.29050 4,6577 8.11301 4.19685
7 | 6.44692 6.1192 7.17990 5.51021
.8 5.79250 ?7.7584 6.45524 6.98123
9 5.26878 . 9.5707 5.87478 8. 60730
10 4,83937 1.15531 x 102 || 5.39848 1.03847 x 10°
ihadad . _ |
11| 4.48087 1.37025 5.00002 1.23112
C18. 4.17540 1.60162 4.66135 1.43840
« 13 3,91288 1.84917 4.36967 1.66012
14 3.68432 2.11268 4,11561 1.89604
- 15 3.48340 . 2.39194 3.89218 2.14601
o~ 16 3.30828 - 2.68676 3.69403 2.40982
.17 | 3.14674 2.99697 3.51701 2.68733
Ty 18 .| 3.00320 3,32232 3,35784 2.97843
oA 19 . | 2.87391 3.66287 3.21389 3.28295
) .20 2.75641 4.01819 3.08302 3.60069
o - 256 .| 2.29893 ‘ 2,57320 -
‘ 30 | 1.98284 8.35328 2.22063 7.48263
o .35 1.75056 - Il 1.96136
g 40 1.57223 x 102 1.40722 % 10° || 1.76220 x 102 | 1.25780 x 10°
, 45 1.43076 1.60414
*T . 80 | 1.31565 2,10586 1.47547 1.88092
. - 65 -1,22005 - , - 1.36858 -
. - 80 1.13936 2,92525 1,27833 2.61139
L 65 1.07022 : - 1.20098
X 70 - | 1.01036 3.8591 - 1.13399 3,44384
B .75 9.57973 x 193 1.07537
i 80 |.9.11738 : 4, 90309 1.02361 .- 4.37358
e . 85 8,70613 9.77534 x 1070 |
S 90 8.33789 6.05152 9.36328 . 5.39637
o 95 8.00616 8.99176
' . 100 ?.70574 7.30039 8.65525 6.50835
125 6.54676 : 7.35665
150 .5.75759 1.49208 x 10% || 6.47202 1.32898 x 10%
= 175 5.18522 o : 5.83020 .
,: 7 200 4,75126 2.45506 5,34348 - 2.18543
L 225 |. 4.41080 4.96152
¢ 250 - 4,13700 3.58761 4.65432 3.19226
T 275 - 3.91216 4,40202 '
300 3. 72444 4,86483 4.19136 4.32736
4



N

L -2e e N
g 1 ‘Nitrogen (I = 80,5 ev) . Oxygen (I = 92 ev)
| yev . Energy loss (-%—f) Range Ene rgy Loss('ﬂ% . Renge
. 326 3.56551 B '4,01299 ° o
350 | 3.42937 6.26646 . 3.86019 - 6,57270
375 3.31159 3, 72800 -
~ 400 3.20881 7.77573 3.61265 6.95639"
425 3.11845 : _ 3.50910 :
450 . 3,03849 x 1073 9,37860 x 10% | ''3.42149 %103 | e&.38053 x 10%
475 2.9673L - ~ " . 3,34160 _ o
500 2.90363 1.10632 x 10° || 3.27013. 9.87644
550 . 2,79471 o 3.14791 _ -
600 2,70533 . 1.46387 3,04763 -1"1.30508 x 10°
. 850 2.63102 2.96427 -
700 2.56855 1.84375° 2.89420 1,64225
750 2.51561 ‘ 2.83485 - .
800 2.47035 2.24112 2,78411 - 1.99487
850 . 2.43142 - 2.74048 .
900 2.39774 2.65229 2,70276 £.35970
1950 2.36848 2.66999
1000 2,34294 - 3.07441 2.64141 2.73416
1500 2.20809 _ 2.49096 - 7
2000 2.17159 7.57273 2.45093 . | 6.72149
0 2500 2.16934 : o || 2.44927 B 6
Do 3000 2.18120 1.21778 x 10 2.46339 -1.08000 x 107 |
Y} 3500 2,19927 o 2.48441 o :
‘ 4000 2.22001 1.67243 2.50837 1.48244
. 14500 2.24171 . 2,53335 ' o
. 5000 2.26350 2.11853 2,65840 1,87720
- 5500, 2.28493 2,58300 . o
- 6000 | 2.30578 2,.55621 2.60691 2,26434
6500 | 2.32593 2, 63001 L
7000 2.34534 . 2.98618 2.65226 2.64462
7500 2.36403 x 10™ e . 2,67366 x 107V .| _ . 6
‘8000 .| 2.38198 | 3.40922 x 10° || 2.69421 5.01867 x 10
8500 | 2.39924 _ s - 2.71325 b
9000 | 2.,21584 3.82604 2,73296 - 5, 38722
: 19500 - 2.43180 2.75123 %
4 10000 2.44718 4,23728 2.76882 3'75071,
"
L)
o :
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. Renge of Protons in Air

The ¢urves for the range &f protohs‘iﬁ air which follow
have been drawn from data found in Parkinson,'ﬂerb, Beliany,‘
. .and Hudsont (O< E<1.5 Mev), L1v1ngston a.nd Bethe® (1.5 < E < 15 lv’ev),
: and Smith® (15 <E <10 000 Mev) a.nd glve the range due to energy

loss by colllslon pgffects only.

;Parkinson,iD B.; Herb, R. G.3; Bellany, J. C.,'dudson,‘b. M,
The Range of Protons in Alumlnum and in Air; Phys, Rev. 52:75
(1947).

- 2 Livingston, ¥. S. and Bethe, He: Nucloar Physics: Part C, Nuclear
Dynamics, Experimental; Rev., Mod. Phys. 9:209 (1937).

ey

3‘ Smith, J. H.: Theoretical Range-Ener y Velues for Protons in
Alumihum and Airs Phys, Reve 71132 (1947),
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Table Y1, Ranges of Protons in Argon-{in cm.)

and Energy Losses (in Mev cm™1)
at 15°C awd 760 mm of (“3,

37

CE 1n Argon (I = 207 ev} E in Argon (I = 207 ev)
:- AoV Inergy loss Renge , Nev. Energy loss Renge .
— P .
0 . 0 325 4,09194
1 2,58308 x 107% 350 3. 93914 5,49921
2 1.67398 7.2727 cu. 375 3.80691
3 1.26611 1.41780 x 10 400 3.69152 6.81210
4 | 1.03003 2.30311 425 3,59008 ,
5 8.74316 x 1072 | 3.36041 450 3,50032 8. 20440
6 ?7.63107 4.58858 475 3.42044
7 6.79302 5.97995 500 3. 34900 9.66584
8- 6.13654 7.53138 -
9 5.60701 9.23804 - 2 550 3.22689
10 5.16996 1.10973 x 10 600 3,12680 1.27625 x 10°
o 650 3.04371
11 - | 4.80252 1.31057 700 2,97401 1.60463
12 | 4.48887 1.52610 760 2.91501
13 4.21772 1.75604 £00 2.86471 1.94758 -
14 3,98075 2.00022 850 2.82155 : '
15 3.,77173 2.26081 900 2.78434° 2.30186
16 3. 58586 2,53048 950 £.75211 _
s 17 | 3,41940 2,81609 1000 2.72409 2.66514
TR 18 3.26938. 3,11526 .
Lo 19 3,13343 3,42778 1500 2.57989 : -
. 20 3,00960 3.75350 2000 2.54627 6.51561
' 2500 2.55068
o8 0.52495 3000 2.57041 1.04323 x 10°
30 2.18757 7,70948 3500 2.59652
35 1 1,93822 5 4000 Z.62532 1.42830
40 1.74590 1,28656 x 10" 4500 2.65471
45 1.59276 5000 2.68385 1.80500
50 1.46775 1.91413 5500 2.71227
55 1.36366 6000 £.73976 2.1737%
. 80 - 1.27559 2.64722 6500 2.76621
' &5 1.19996 7000 2,79162 2.53527
70 . 1.13435 . 3.48038 7500 2.81600
75 -1.0766% 8000 . 2.83939 2.890%2
80 ©1,02602 4,40884 8500 2.86183
a5 9.80748 x 103 9000 £.88339 3., 23987
90 9,40157 5.,42830 9500 2. 90411 )
o 95 - 9.03549 10000 2,92403 3,58423
-7 100 | B.70360 . 6.53490 :
RIS ¥:1 7.41992 4
. 150 © 6,54270 1.32585 x 10
Lo yps | 5.90479
200 | . 5.42004 2.17148
— 225. | 5.03939 '
L 250 4,73280 3.16276
275 | 4.48081
300 4.27028 4,27790
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Range of Protons in Aluminum

-The curveé-for the rénge of protons in aluminum

which follGW have been draWn from the data glven by

J. H, Smith (Theoretical Range-ﬂner5X7Va1ues for Pro-:

tons in Aluminum’ and Airs Phys, Rev., 71:32 (1947)).
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Table VI . Ranges of Protons in Copper and Silver

(in mg em=2) and Energy Losses (in Mev/mg cm~%)

!
25

-

{I = 333,5 ev)

(I = 540.5 ev)

3 <o

E in Copper Silver
i Nev Energy Loss Renge Energy Loss Renge
1 4.50
2 14.308
3 28.40
4 , 46,66 44,2295 x 1073 62.60
5 46,08 x 1073 - 68,48
6 40,46 91.70 ° 33,7182 114,96
-8 32,81 146.95 27.5711 180,94
10 27.80 213,45 23,4934 259.82
12 24.24 290,71 20.5746 351,04
14 21,57 378.36 " 18.3836 454,07
16 19.48 476.08 16.6613 568,51
18 17.80 583,61 15,2683 694,05
20 16.42 700.71 14.1161 830.40
22 15.26 827.17 13.1457 977.33-.
24 14.27 962.81 12.3161 1134,61
26 13,42 1107.44 11,5981 1302.04
28 12.67 1260, 91 10.9699 1479.44 -
30 12,02 1423.1 10.4153 1666.62
35 10.67 1865.6 9.27491 1 2176.39 .
40 9.629 2359, 7 8.38928 2744,09°
M 45 18.798 2903.7 '7.,68009 3367.76
- 50 8.119 3495.9 © 7.09841 4045.60
55 - 7.552 4135.0 6.61207 4776.0
60 - 7.072 4819.7 6.19901 5557.5
65 6.659 5548. 8 5,84353 6388.7
70 6.300" 6321.2 5.53418 - ) 7268.4 o
75 5.985 x 1.7 7135.9 5.26238 x 117" 8.1953 x 10° -
80 .. 5.706 7991.8 5.02157 9.1683 L
85 5.458 886e8.1 4.80667 10.1864.
90 5.235 9823.8 < 4.61365 11.2484
95 5.034 10978.0 4,43929 12,3535
100 4,852 11810.0 4.28096 13.5007
110 4.533 1.3944 x 10% 4,00422 15.918
120 4,268 1.6220 3.77030 18.494
130 4,034 . 1.8633 3.56989 21.221,
- 140 3.835 T 2.1177 \ 3.39622 24,094
. 150 3.661 2.3847 3.24426 27,108
160 3.507 2,6639 3,11017 30.257
170 3.371 2.9548 2.99096 33,537
C 180 3.249 3.2571 2.88428 |+ 36.942 |
© - 4190 3.139 3.5703 2,78828 . 40,470 -
200 - 3.040 3.8941 2,70142 | 44114 -
® 225 2.829 4.7477 2.51668 53,7137 . L
~ 250 | 2.659 5.6601 2.36765 | 63.963 . .
275 | 2.519 6.6268 2.24501° - 74,815 ;.
300 2.402 7,6437 . 2.14245 . | 86.220. . )




__ Copper {1 = 333.5 v} Silver - (I = 540.5 ev)
Energy Loss Renge Tnergy Loss | Renge
2.303 ' 8.7070 2.05551 98.139
2.218 9.8135 - ]l 1.98099 ' 110.533
2.145 © 10,980 | 1,91649 i 123.368
2.081 12,144 1.86020 136,613
2.025 13,362 1.81071 ©150.238
1.976 14,613 1.76693 © 164.218
1.980 15.893 1.72798 , 178.528 -
1.891 « 107V 17,202 » . 1.69317  1u7 193,146 x .(°
1.823 19.897 i 1.83371 223,226
1.768 22.684 1.58505 254,311
1.721 : 25,551 1.54474 ' 286,277
1.683 28.490 ; 1.51100 y - | 319.014
1.650 » 31.491 I 1.48283 352.429
1.623 . 34,547 . 1.45833 : 386,441
1.599 - 37,653 b 1.43765 420,978
1.578 40.801 _ 1.41989 455,979
\ 1.561 43,987 ‘ - 1.40458 1 491.389
1.0 1.545 47,207 ©1.39135 527.160,
1.1 1.520 53,734 ] 1.36993 599.62
1.2 1.501 | 60,355 ' | 1.35377 1 673,07
1.3 ©1.487 - ' 67,050 1.34161 S 747,29 .
1.4 1.476 . 73.801 1.33250 | 822.09
1.5° 1.468 . 80.597 1.32579 . 897.34
1.6 1.462 87.425 1.32098 972.91
1.7 1.457 94.278 1.31769 : 1048, 71
1.8 1.454 : 101.15 ' 1.31562 1124.67
1.9 - 1.452 108,03 1.31455 -1 1200.71
2.0 1.452 114,92 . 1.31429 1276.79
2.25 1.453 132.14 2 1.31634 ‘ 1466.90
2,50 1.456 ’ 149.33 1.32106 1656.50
2,75 1,462 . |- 166,46 ‘ 1.32748 1845.30
3,00 1.470 . | 183,52 . 1.33496° 2033.11
© 3.25 1.478 ' 200.48 1.34311 . 2219.82
3.50 1.486 =« 207" - 2.1735 x~10§ 1,357 » 1077 2,40537 x 10
3.75 1.495 ‘ 2.3413 x i 1.36044 . 2.58973
4,00 1.504 - | 2.5080 1.36930 2.77290
4,25 1.513 2.6737" 1.37818 | 2,95488
4,50 1.522 2.8385 | 1.38700 .| 3,13570
- 4.75 1.531 3.0022 _ 1.39572 | 3.31588
5. 00 - 1.540 3.1651 ‘ 1,40432 3,49395
5.5 - 1.557 3.4879 1,42109 3.84787
6.0 1.6574 ~ 3.8073 - © 1.43721 4,19772
6.5 - 1.590 4,1234 S 1.45267 4,54375
7.0 1.605 ' 4,4364 , 1.46747 - 4,88619
7.5 1.620 ' 4.7464 1.48163 $5.22626
8,0 . 1.634 . 5.0538 _ 1.49520 5.56118
8.5 1.648 | '6.3585 : 1.50819 ' 5,89413
9.0 - 1.661 | 5.6608 1.52066 6.£2428
'S 9.5 1.673 ' 5.9607 1.53262 . | 6.55179
~~ 10.0 1.685 6.2585 = 1.54412 6.87681
3 v
|



 SEMI-LOBARITRMIC -

- . . EUGENL DHETYGEN CO, “
4 o 2 CYCLES x 10 O'W18'O~NS PER 'NCH '

HaADE h UL s +

ENERGY (MEV) CURVE T

S

s

1 !
g

bt e bl A

v mmdeamd

ki fend

s o SN
B N i

B

S SR RIS SO0
o

proret pomes bl by

JRVGPRY RPN TN S

e

20

ot et

s At e

PR E- 0
. 1%4 B i s o -
X {
aakalalin T
- L e d
.o o

: e
gt o el

N - - ¥ o b :
. Y - . - PR RS S ST _r.:w. e - R SR I S SR
¥ H v s
= D O S

B N

o

....r...w.t.h..._w:.

QPRSI VN ) WS OUTIRG SR | JR P S S S V.
’ i te t L

bo

[P S F N .

Mo,._

=T AT T YNy, 3P

L
B D At I

R G
. H :

(S

T
- - ) i
P T TSTS IRy PP
Bt E T I S I P A I T
R SRRSO
H i r v

- - F S

Bl s RISV '...J‘L.‘T.Y.x.wlttnl. R SR Ny S

e

B Tt R T I S

PR ..,..‘.T b g ...an! -
0, . HEE I

remp it i bk e oy fndnd

: L
B LR TR T
: SRERS NIPSA!
e —ies + — + b H .
. SUSVRIS ST WDOUN SO i NN fop mpm
-+i.r;!:l.lf»...1 SATRST “CRPPRY IE 115 U SOPRFUR U S SIORIDS SO

s d e R T S

g ek s

[P R
(AR NASE he

R St L‘.q.»“.v. g R

S0 AN S SN MU G 1N U A

; : ' : . : :

SN U N S SN S S g S ! T R R .,m!.L....:.;,L: . D Ot
1 . . . i Do . H

T._r fod N R : R e Lt arr b o e s o g b T e e

e e Y o etmp e gped s ..3,1....; e berigd O A TP [T R g

et 4 et Av.mlh .T.'L.Jci ..'v...wwnv.hty e P ..Jw.“..lix.r‘l..,_l.v.,v_ [, liw‘ i : N . T,...“q.l L.“
o e A S S R S d e e by e gh e . . [N

rITL_lfl N TN
N Y .

44 v:.\.uri.!m . ...— -

oy s

—_ e .-J.(Jxr.
: el bk i et s

.,..OIn‘ . - - .
ENERGCY (MEV) cuRVE I . .



320

300

230

4210

-1 200

{310
14

13

4

ZZ i

T " ~T o " T T T ou
. 3. a b ﬁ PR > ' - b + ~ . . N B .
T B ot : .k . . N - -
L - b a aadiy 16 Feia Bl 3O NV Tt -3
: M B i St Ao Lo rmd_ +v FREE R N 1% S *
S . ! , M M N e 1 S T SR B
- - - . y .

LH

i
3
-
b
!

!
|
T
;
g
M
t

OVIDRS PR
'
’
-
.
e
'
- e
-
*
’
.

B0 D L.
¥
v
v
[
>
—te e meded s s g d e
. AN + . :
- 5
*

RN P

[

12

1

.
.

ha PUIL S

Ty .
.

o ;h.: AN , T
.u. -1 -} S . .r S I n /&ll
- P » PO Y .- - N , T
L . - N w ~ 3 . .4
PO SOV R JIEICS JUUSY SN Y . B
. 1S P e H : R F . .
: ' . ! . ; L :
1 i s + .blm 1 i .

. .M.' . " . q. - w * ! s 4 t w
adad aune TSRS anees Sl St sam " N oS0y BEanS t ralaien
L AL OO DY P PO P Lot - 1 . i
. H N . + - . 1 o - M 3 a :

; IS P T S - n v I * :
IR b : d
T~ PRSOVIDOR CIUbp L -w S SENE PUES) ENS S L._qL”lo!& +- S TP U
R : i N S N b 1

- N ' ' 4 . H N ' b
+ ua m ot ' . * . .,. i b i

. . o . . L |
N 1 e
N S SR TRt NONRLITTES TECTTTUNTS 20 3: POUI FOUOC NN st OO OO o
S 1 . oﬁT [IR==2 DR R vq ) 1 . . -

v . 1.//4.1 - : } ' . \ .. Ty .

; ..cT 5 -t IS et f.l:llwvv; — .

1 N /n M N . .YP. N 3 N " - .
N - v . . i

a A > o 2

a AR

Ty LYY

‘0
i
i:;
.{

L
r —

Wi

3

b
.j/

f

3

v s : a .. -

..... : . R v\.w ) /J SOV AR T % .

.L IR RIE 4 orl!y. NS SCE DR K 50, N

MR 1 4 .+ iels 3 i .

e 4 B 44 SEN .. 1 ) 3.0

1s.o + t - m { i 4 - 4 I« , - 1 -

———t { R SR S i s 1.* /_'_ e —— «.1;..
et Y S O N e 1 s N R G
¥ 950 B I - e R
M “ m. i 11 mw.. R 2 / i ‘.—. .
A ] ;. A P IV SRS AP A . .
ot ; S - . 1// I )

Iz T T o " e PRPEY I PONS RAQuCaswye PrRay bag = T Tl
ndL 53 U000 TONN TSuie 0 TS0 FAPS1 1ot ES Siattconel BAESL I S AR R LG !
T A S I P T R s e B NN I X -~ fe1TllLed
i o P T . L e pey LY PR e o IR D a4 —r P
MR EER ST SEUE SO0 XU RO <t ENESE SR SR it ot O N 5t HScH RN SN
U = S PO R TS 61 100G st -t 0E St Pe ¢ gt P ads Bt s R NP =
4U;.4.!Y.C+Q. T i 3T s ey T ey Prve: TN
. : RS SRS SR 3% JBs N sl sipes SSS
. % BEEs 83 be NESS BRI FEPK ittt h .
s S ts ot e - po1 b - r."Lv.A . i eda Lo e N
i -
oo LI BN RN SHNNS SAUNE EEREDUONS K5 0 R RN SRR SR U
3 S LIS RN & e ey o SUUSSERLTE KL S AU . ¥
-1 sie M- N~ Ny M- (g o b 1. Bede ST LI N
30 SR N - 4 A b 3 EE SRS RSN FECIE REINT Xk SAET LRI SP¥ 1 SoP%: Siost pEERI S
9es fi L o DRSS FReSs QR OvE nis Al SO catdanm st b
LS Saan Bl badh andts NG [5 SRS #3 . S 35NN +38 B! (s SxRa st
o Q o o Q o) 0
- &~ v 2] < " AL 8 o

1
130 {2,

» .

7 ‘¥ '8 N NI GALNING ) HONI H3d 0Z X 02

L J L4
OD N392L131Q0 INAIONI HidYd HdVYHD NIDZIRIQ OZT-OVC 'ON ’



48

et E

i g

[ N

e 7 & 81000

S

300 4

e

40 50 € 7 8 %100

78 810

6

200

8o

"D,
D6ei-65€ "ON

VSO N GGYK

AN

SD & ¥ 8§ TORIgILTEny

00 YISSI ¥ 134403

IN MEV

ENERGY



e - - A ) r M ~ - 3 E . S -
. . i ool v . ’ - ’ i * ’ S vv .. L. . . . <o N : z ‘
. : ol * . < - . - - - . ,. . . } ‘o . . )
A . S . I 3AYNAD (Aaw) Ao™ana o L 5
B N - i ’ - . _ T ‘ - . * - N i o e - . #
mni T T IEEIRR AR e T T T . TR ot
y T ) ) - ; REEAE NS cAERD i L
: 280 HTF SRER : 2 k y A
it t. - B 3 N . - s 1 & M . e ; IEBE N . T
I . % Lk . . N t . . E o - ’ S rlovoe
, 9 1 3 = Thti- e R M ERSE HED! : 3 g » 5 3 P
- i 1 REN . : ! AERLINEHIN j B ANK! FT™ X T RE .

w ‘tuz. nu& nzu..m;.n SheY nuauruﬁ

F .;:i Rl ? 9 R Seded) N PO
TN LI zyb 4 TadV e o7 DIWHAINYDOD - .inai . P .
R 20 .@ﬁ : S .mm«s\m. T wldvg. xutzﬂzuanr!ﬂ»gn,rovm,,ﬂ fan Y e T
. W - Tow en ke Teder e sk A ey T & ... .




beb 43

¥t

+

fliigd

LEERERN

e

pon

F

y 1

teid

1
P

iy

i 99
E 2 SRR
"y
i N
T+ 01T
LR R

M

4

H

)3
T
h)
b

pasn g

Tt

1 E

I &

(1Y

/e
N

AD

b g d

R o

*

Apeod

h

;
oAb

i

i RDIR:
laks

s
T

)
)
£
-+
2
+

FFiun

%3

RS SN 1

S

iny

dinis .

T
o
IR RY

-
g1
¥

rdead by

L

P

FEEY ’1'1_1]].(_

o

SAGRRDE N

}

b |

ddoded

A

ERN

F1-H]

i fee

31+
A2 04
L

T
AN

B,

4
FERS

o d

2t

T

«
-

+
1 )
i ;o
1 A
e
33 .
1] L -
thif] ol
t .
SORE . ¥ 20 S
< it Y
ror tE ey . .
Y ™ ” .rl_\ 4 %
- 7L -
- [y Fiobliad Llesiddy [N S
! e Tk ot rhisd - i
2 - g : R8N Bt e Lf
¥ 7 1§ -t L
ERE2 A 1 i I N
- =13 - “Hle b TR -
- " JRANDAS a
s [T * uy ra y
. (= 1 1 -+
(R0 SNTHMN AL %3
boac VAR E? Freht o Rarwe
t T 3 — -
+ 3 10 AERRE S Y mmu - 11 : e et T
A ! - anul arE H : i : +HF b
1 - i ¥ 1x e Ht i g ittt A W K (s
W w W W
[} -4 -3 A0
o] . O o) (o]



- 4]
.

[ RS E-E

0

I B

€ 7 8 91000

td 4
! i

:.‘_
b

M

i

AL

]
T
i

om o N ® ©

-

9UZ1-65E ON

WS 0O NI IRYR

‘B0l 2 X ¢ oy reioy

AN

O3 H3ISSZ ¥ 13A4NIN

IN MEV

ENERGY



Teble WII .

' Ranges of Protons in Lead
(in mg/em®) And Energy Losses (in Mev/mg cm=%)

\,;~ ﬁein Lead (I ® 943 ev) E in Lead (I = 943 ov)
s _ : .
Energy Loss Range lev | Energy loss Renge
_ 1 61.8101 x 1073 7.90 425 1.51623 180.79
2 46, 9860 25,05 450 1.48046 197.48
2 gg.ssss 49.8 475 1.44865 214,55
: zs.zggg lgi.gz 500 1.42022 231.98
12 fé.gggz gig-gg Zgg | o 1.3mm o - 267.83 - 1
) . 1.33205 .
12 16.0765 457,72 650 1.29925 ggg.gg
14 14.4437 589,20 700 1.27185 381,76
ig ig.é;gg ;2g.g§ ggg 1.24878 421.44
) . .22921 461.81
20 11,2147 1065.2 850 1.21254 . 502,77
22 10.4714 1249.9 900 1.19827
24 9.83323 1447.1 950 1.18602 :::::g
22 §°§;§fg iggg.i 1000 | 1.17647 628. 56
30 8.36134 2111.5 i'é x 10 i'ifggt b1 oo
35 7.47177 2745.3 1.3 1.13657 ; ggé;gg
40 6.77739 3449.0 1.4 1.12975 977,00
35 | 57602 5086.0 s 1112105 oeg
( ¥ 55 5:37791 5954.9 1.7 1 1:11948 iéi:fée
60 2.3232: gg;:-g i.e 1.11839 1333.4
:srg 4.52251 9011.4 2'8 ' iﬁgg S
) . . . 1512,2
75 4,30559 10145.0 2,25 1,12163 1736.5
o £.11327 7 a3 11.333 x 10° 2 Sg"’ i'iigfg ;523'3
- 12.576 R . :
~§§ 2133%33 13.870 3:00 =) 1.14089 2399.0 ~
95 | - 3.64685 ig'zig': o {328 1.14878 . ™' | 2617.3 » 1.
100 | 3.5,969 16812 - .- 3. 50 1.15696 £2834. 2
0 | - B.E8708 19.550 3.75 1.16528 3049.5
iﬁS*VT': 2,22225-. e 4.go 1.17362 3263.3
1o | %eosse 29,460 es0 | 11904 3686.5
120* , g;gszgg gg-;gg 4.75 1.19825 3895.7
.;’ . % o B " :.O., - * *
R *%7ow ©.8,47803 40,872 g gg 1.20823 4103.6
.+ 170 | 2.47808 he 981 . 1,22172 4515,5
5o | o 2039148 . 6,0 1,23658 4922,2
Cyap ol ca.81548 49,233 *
3__138 © 2. 24280 53,624 6.5 1.25078 5324.3
S R00 |, %, 24880 * 7.0 1,26435 5721.8
o zes | ziogad '$3°i;g , 7.5 1,27734 6115,3
©gs0 | -1.9709% 526 8.0 1.28975 6504.8
e - 187696, 104,21 8.8 1,30163 6890. 7
- omoom . 1.he7Ee 104, 9.0 1,31302 72731
Y imps | 1.71625 - ii?'éz 9.5 1.32395 7652.4
- :" ’ { N - .6 5 37 o * 10-0 . .,' ! 10
R ggg N ]):.»Sgéﬁﬁ 148.68 4 33444 8028,5
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Deuteron Renges

¥
The renge of deutsrons in various meterisls mey be rether simply
a obtained from the renges of protons in tne ssme materiels, Given twe
heevy particles, 1 and 2, we may write:
aT
ax 202 g Envf ' 5 S
colll 2 v, N5y loge it . loge (1 - P )1 - Pl
T o= 2! - Q)
e P o i 1
dx 2 = ey LT ; Emv,z' J ,
colls zg vy Mg & loge 2 . 2 P2
[ < — - PN
where a7 . . : . . .
: ey ¥ = collision ensrgy loss for psrticle 1,
* ool .1 )
aT - L .
iz 1 = ¢ollision energy loss for particle 2,
¢olly |
3
.
Z1s 29 -~ =2tomic number for psrticles 1 and 2, respectively,
« vis Vo = velocities of pAarticles 1 end -2, respectively,
_ Iy, N2 = gumber of ctoms ner unit volume of stonping
- : ~ meterisls for particles 1 snd 2, respectively,
&, B, = atomic numbers of stopping mweterierls for
' ~ © perticles 1 and 2, respectively,
I, I ~ excitstion potentisle of stopping materisls for SR
A . “ :
prrticles 1 end 2, rasspectively.
Given the conditions that.
voF v o ' | - (&)
and
51 # 92 * (’3 }
end
n = N.
y ! N
[,l = "/‘:'3 (4)



equation {1) reduces to the expression

ar 5

X o1l . A N
'-é-{f—‘-' —-<2 . (5)
2= =]

X colls

2

From equation (5) we get the reletion

B - '
(M) - M , -
— 1 - [ ) B}, . .
RL(MO ) S RelBh | (6}
el s.ll -2

where Rg(E) signified the renge of particle 2 et the energy E, and

R (%l E) signified the renge of pagticle 1 at the energy,%& k.
- : M
. ‘.2

Me
Vi P
For our specific cnse particle I may be taken as & deutsron snd

particle 2 es a proton. Then

R, {1.99301 B} = 1.9990) Rp:(E) . (7)
or '
Ry (28} 7 2Ry (E) 18)

The equetion (7) or {8) i's walid for those energies for which

1:-,{‘
'v = j—f%:“““° » 1 s
M Zgrp Ry

or, approximeteiy, for energies > 2 Mev (for the deutercn).
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Alphe~Particle Renges

The range of 2lpha~perticles in stopping materiels may be cal-~

culeted by integretion of the equation

‘ . 4 2. : 2
_dT . 4 Nez"NZ . 2mv” . _RE2y _ g ‘
= T [-Loge 5 loge (1 ~ B<) P 1)

or, more approximately, from the proton ranges in the same stopping

meterials using the -expressionl - ‘
Fo 4 : ' -
Joh ég h(%.l - .
R ( =% n) : —— Ry (3}, (2

g 2] Mg : : : )
which in our case reduces to,

R (3.9715 §) = .99287 R, (E) » (3)
or, epproximately,

R, .(48) = Rp (E) (4}

The elphs-particle renges which follow have been computed by eque-

tion (1) up to energies of ebout 200 Mewv, and by squation (3) for energies

200 < £ < 10,000. Correction hes been mede for the dropping of electron

shells in the stopping medium for low energies of the slpha-particle.

.+ Y Ses pages 57 to 38

72
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~ ELECTRON
- RANGES




B T | _Electron Ranges :
?{_ The expression for the energy loss of electrons in a stopping
'f¢5jff€f;7.if ﬁgdium has been discussed end developed by Bethel and Serber2 for the
,;VT _(cpse in which energy loss by collisions only is considered, snd is
S . , 7
D AT L punaet T nd o ey (Eemd) 2y, :
E W“% loge Q) - Lo Y S22 - (5~ iz + 1-¢
"=wher§ R - ' ,
: . e = electronic charge, : '
m = ‘.eléc'tro',nic mess .
LM © . N8 = number of electrons per'unit volume of stopping materinl,
; 'P .= v/c, where v is the velocity of the electron, snd ¢ is
the velocity of 1ight
v 1
| T oon-

e e . o e 2 - 5
ay}T, _ ; - ) . Er = mc {Y’».l) - me (‘Afffgjg j>

I &  the mean excitation potentisl. ;e

£ o Co : . W
. Meking tbe'substitution u, o= —Eé , where T is the kinetic energy,
R , ' me . _
'ﬂ’(Er »5‘ T ~'mc2jh, equrtion (1} tekes on the form
dD L 2uhzet Ji ) meY . |
- 9X 0 me* _ursau lOSQ?(T ) + loge {_“(u "a“}]‘i} 5)l°3° (1f u)‘

V)

The vepiable components of this equatioh heve been tebulated for verious

elédtrbh'energies (see toble IX).

L 'n;“v 1 Bethe, H.: Qp?ntenmechanik der Tin - und Zwei - Electronenprobleme;
' e Hendbuch der Physik, Vol. 24, pti-ls Quenteéntheorie,: -
pPu-519 - 523, 1933 ‘
_2} e  2 Serber, R.: Serber bava University of CeliforniP Radietion Labora-
e~ - ‘Tory, BP-96, 1947, pp. 14-20
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(1)

(3



Table IX. The relativistic equation for the energy loss of an
electron going through matter and due to excitation and tonization
. by collision is given by

9T _ zniNzet 2
dx )'nc‘ W2l : LOSQ% (‘nTc') + l°3.-[\)(u’+2u)]" [1 JLO&Z (lfu)‘l
. (l'\l)’ ’ ) .

where u = T/mc , where m is the rest mass of the electron and T is the
reletivistic kinetic energy.

. 2
E in Mev a w2+ 2u los.[u(u‘*zu))—— [1—(%};‘—) ]losez

. (1+u)2 + (Tli‘i)'l + loge 3 (Mc)?
.00l 1.95760 x 10-3 3.90373 x 1072 9.5142

.C02 3.91520 . 7.78465 . 10.8576

.C03 5.87280 1.16429 x 10-2 11.7057

004 7.83039 1 1.54787 12.2782

.005 9. 78799 \ 1.92923 . 12.7217"

.006 1.17456 x 10~2 2.30837 13,0835

.007 1.37032 2.68532 13.3891

. 008y 1.56608 3.06009 13,6534

. 009 1.76184 3.43270 13,8862

.010 1.95760 3.80316 j 14.0943

.01l 2.15336 '4.17150 14.2822

.012 2.34912 4.53772 : 14.4536

.013 2.54488 4.90185 © 14.6111

.014 2.74064 5.26390 ' 14.7567
- .015 2.93640 5.62389 14.6921

.016 3.13216  5,98183 ' . 15.0187

.017 | 3.32792 : 6.33774 15.1374

.018 3.52368 6.6916%3 15.£492

.019 3.71944 ?7.04351 g . 15.3549

.020 '5.,9152C 7.39342 15.4550

.025 4.89399 : L 9.11363 , 15.8894

.030 5.,8728C 1.07864 x 1071 - 16,2427

.035 | 6.85159 1.24133 16.5408

.040 7.83039 1.39962 - 156.7970

.045 8.80919 1.55366 1, 17.0227

.050 | 9.78799 : 1.70359 17.2241

.055 1.07668 x 1071 | 1.84956 - 17.4058

.060 1.17456 1,99172 , . 17,5714

. 065 1.27244 . £.1301°¢ 17.7234

.070 1.37032 . £.26510 17.8639

.075 1.46820 2.39657 , - 17.9946

.080 1.56608 . 2.52472 18.1168

.085 | 1.66396 2.64965" 18,2315

.090 1.76184 2.77148 18.3397 : _

.095 1.86972 - 2.89030 ’ . 18.4418 S

.100 1.95760 3.00622 18.5388 .




&

| Logelu(w sv))- [1- (%T)l] lege 8

E in Mev a ué + 2
» 1+ uwe + (“1—“)‘ + hso-é— (mc‘\)’
.150 2,93640 4.02452 19.3087
.200 3.91520 4,83558 19.8639
.250 4.83400 '5,49207 20.3046
.300 5.87280 6.03089 20.6739
. 350 6.85159 6.47858 20,9943
.4C0 7.83039 6.85458 21,2787
~.450 8.80919 7,17343 £1,.5353
. .500 9,78799 o 7.44614 21,7697
.650 1.07668 x 10 7,.68121 £1,9859
+600 1.17456 7.68526 22.1867
. 65C .1.27244 8.06351 22.3744
. 700 1.37032 8.22014 22,5508
. 750 1.46820 8.35851 22,7172
. 800 1.56608 8.48134 22,8747
. 850 - 1.66396 8.59089 23,0243
. 90¢ 1.76184 8.68899s 23,1668
. 95C 1.8597g 8.77721 23,3029
1.000 1.95760 8.85680 . 23,433
1,50 | 2.93640 9.35464 24,4973
£.00 3, 91520 . 9.58608 £5,2845
£.50 4.89400 9.71214 £5.9094
3,00 5, 87580 9, 78829 26,4274
3,50 6.85159 9,83779 26,8697
4,00 7.83039 9.87176 27,2554 .
4.50 8,80919 9,89607 27.5975
5.00 9. 78799 . 9,91408 27.9046 . -
5,50 1.07668 x 10 9.92778 26,1834
6.00 1.17456 9, 03844 28,4385
6.50 1.27244 '9,94691 £e,6753
7.00 1.37032 9.95374 28,8919
7.50 1.46820 © 9,95934 29,0953
8,00 1.56608 9,96397 29,2858
8,50 1.66396 9.96786 . 29,4677
9.00 1.76184 9,97115 29,6340
© 9,50 1.85972 9,97396 29,7941
10.00 1,9576C 9,37638 29,9460
15,0 2.93640 9,98915 . 31,1484
20,0 3,91520 9,99380 32,0067
25.0 4,89400 9.99599 32,6732
30.0 5.87280 9,99720 33,2187
35,0 6.85159 9,99793 33,6796 A
4C.0 ‘7,.83039 9.99841 34,0790 . -
45.0 8.80919 9, 99874 34,4316
50.0 9.78799 9.99898 34,7468
55.0 1.07668 x 10° 9,99915. 35,0321,
60.0C 1.17456 §,99929 35,2927
65.0 1.27244 9.99939 35,5324
70,0 1.37032 9,59948 35, 7548
75.0 1.46820 9.99956 35,9587
80.0 1.56608 5,99960, 36,1544
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&

‘uz'f 2u

las,[u(yl 2]~ \1— (—i‘f—“—))]los,z

E in Nev u (1+u)2 + zl—:u—); + l«-.s..%_ (m(a)?-
8 - 1.66396 9,99964 36,3360
90 1,76184 9.99968 36,5073
95 1.85972 9,99971 36,6693

100 1,95760 9,99974 36.8230
,110 2.15336 9.99979 37,1087
© 120 2.34912 9.99982 37.3695

130 2.54488 9,99985 37.609&

140 2, 74064 9,99987 39,8316

150 2, 93640 9,99989 . 38,0384 ‘

160 3.13216 9,99990 36,2319
‘170 3.32792 9,99991 38.4136

180 3,58368 9,99992 38,5850

190 3,71944 9,59993 - 38,7471

200 3.91520 9,99994 38,9009

210 4.11096 9,99994 39.0472

220 4.30672 9.99995 39,1867

230 4.50248 9,99995 39,3200

240 4.69824 $.99995 39,4476

250 4.89400 9,99596 39,5700

260 5. 08976 2,99996 35.6876

270" 5.28552 9, 99996 - 33,8008

280 5.4£1%8 9,99997 39,9099

290 5.677C4 ‘ 9, 99997 40,0151

300 5.87280 2,99997 40,1168

310 6. 06856 9.99997 40.2151

320 6.26431 9,99997 40.3103
. 330 - 6.46007 - 9,09998 " 40,4026

340 - €£.65583 9. 99998 40.4921
© 350 6.85159 9,99998 40,5791

360 7,04735 2,99998 40.6635

370 7.24311 9,99998 40,7457

380 7.43668 9,9999€ 40.8257

390 7.63463 9.99998 40,9036

400 7,83039 9.99998 40,9795

]
mc? = 0.51083 M
loge $ (mc?)2 = 20{9892
Ih ev.

I to be enteved
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