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Int:rodu.::tion 

The rc:u·,ge-energy curves wi1:i ch r-.: re ~::resented in t:~i ~· re:port were 

computed for the University of Celi:fornHl 3edH:t1on L2bo:r.a~ory raage-

111e rate o:f energy J.oss gi.ven w<"'s computed from the 

energy, with lO'N e~1u.rgy veJ..ues being besed on experi.t~ent:ol rether t.hr-m 

theoretical dete. 

T'wo tables ere pre:.;ented, one for protons nnd one for electrons, 

h2s been teken, i~ this p?~er, PB bejng given by 

I = ex Z -:: lL 5 Z ev. , 

the vDlidity o.f such a siu.~p1istic .formuJ.etion hns been incrensi.ngly 

' 
questioned t s~3ver~:~l recent expertrnent:.:) y:told i:n~~ results con~s.ider~:bly 

dif.f'cr'ent. frorn thone e:t.pect.ed. 'I'he rnnge-energy curves thf;ref'ore >lre 

t<~ntPt:tve pendjng E: better underst."n:ih1S of the r::e<·:n excitt·tion potenti2l. 
I 

ducti.on result frorG r~~n essenti.elly dif'f~ere.nt process~ 

of.' tne i:i'e.<·.:.ai. effect is il.l-edvi.sed pend1ng R be.tter dete~ain<,~t:Lon of the 

'::.onstBnts" 

w. /~.,. ~·::ro·.n 
':') G. dof~'rnen ·-'• 
~ •' ,, 

l/~r j 1l iRms ~ ' ''· 
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THEORETICAL RANGE-ENERGY VALUES 

The co.nstruction of heavy particle accelerators giving energies 

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

range and rete of energy loss calculations to energies not previously · 

used. 'l'his has been done for aluminum end air by J • .H. &lith(l). The 

work here presepted extends these results to other stopping media. 

The values computed have been the rate of energy loss end renge 

corresponding to loss of energy by ionization only. Effects such as 

nuclear interactions, meson production, and bremstrahlung, which will 

play an increasingly important role at higher energies, have been neg-

lected. The energy loss correction due to the polarization effects of 

a dense media hPVe also .been omitted (2). 

On this basis, the rate of energy loss is given by( 3 ) 

in which 

e = electronic charge, 
m = electronic mess, 

ze : charge of heavy particle, 
NZ = number of electrons per unit yolume of stopping materiel, 

(3 .. v/c; where cis the velocity of light, 
I = the mean excitation potential. 

· This formulf!,, holds when v >> uit where uk is the velocity of the orbit~! 

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

The·quantity, I, is given by 

(2) 

where fn,l are the oscillator strengths appearing in spectra, and An,l 

the corresponding excitation energies, The fn,l 's are subject to the 

. ·• 

1 
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condition 

l:r 1 ·= z. 
n,l n, 

(28) 

The definition.of I by equati·on (2} is not generally useful, the 

evaluat.ion being too difficult for systemsof many electrons. On the 

besis of the Fermi-Thomas model of the atom with several electrons, 

F. Bloch (
4

) has shown that I = k:l, where k is a constant to be evaluated 

empirically. lieesurements by R. R. Wilson( 5 ) have indicated a value of 

k =' 11.5 ev •. This is, the value used in these cr-lculations. although 

recent measurements hAve indicated this value may be considerably in 

error. 

In cases where the condition v» uk is not satisfied) correction 

terms are needed in equation (1). For elements in the atomic number 

range f:om carbon to aluminum, these corrections are given by Livingston 

·~end Bathe (3 ). For the elements of higher atomic number, the coiTection 

was mede in the following manner; 

(\.JUentities z* end r• were defined by the relations 

Z lo£Se I = Z"lo& I* + t,. N.>~ log6 A>. , 

i--
A•t<,l.M 

•' N;. ' 

where N,.. , N1 and N" are the nu1nber of dispersion electrons in the K, Lr 

and"'M shells respectively end -:.\, ~ 8 and Am are the co ITesponding 

excitations potenti.als. The values of the i'l's used are those given by 

Honl {G) and· Livingston and Bethe (l). _ 'l~en the equation takes the form: 

,. !. 

+iN>.log6 2mv2 + {Z*+ !'.N;.) (log8 (1 - e,2} .+· ~ 2] 
)\ A.)., ), 

I 

where the l,; indicate sums over those A for wt1ich log6 2mv2 ~ o • 
.>. - , A;. 

The range, H, .of the .Particles was then obtained by numerical i.nte-

gr~tion. 
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R(E). = f(:i} dE + R(Eo) 

It was necessary to determine R('E0 ) from experimental date. (5 , 7 ) si.nce at 

vary low energies the theory cannot be set isfectorily corre_cted. This 

value& R(E0 )~ was determined from the range ·of- tl1e particle i.n air a.t the 

sa::ne energy and the experimentally measured ratio of the stopping power in 

air end in the medium in quest ion. 

· Stopping W.rediu.rn Stopping Power at Ini t ifll Point 

Hydrogen 4~ ?1 Cln H 
' 2 

:: 1 em air 

.Helium 5.91 em He :;: 1 em air 

Lithium 1.84 mg cm-2 :: 1 em a.ir 

Beryiliun1 1.16 mg cm-2 = 1 em air 

Boron 1.16 mg cm-2 = 1 ·em air 

Carbon 1.13 mg -2 em " = l_cm air 

Nitrogen 1.001 em N2 : 1 em ~ir 

Air 

Oxygen .917 cmo2 : 1 em air 

1.010 em A ~ 1 em air 

. Alum_inum 1.~8 mg cm~2 Al ='1 cm·arr 

_ Copper 2.02 mg cm-2. Cu = 1 em air 
" 
Silver 1.84 mg cm-2 Ag = 1 em air 

Lead 3 •. 54 mg cm-2 ?b = , em air ... 

In making the computation, it was found convenient to introduce e 

variable, u ... _!_'into eq. (1), whert? :vi equals the rest mass of the 
N'.c2 

particle. A table o.f the various func.tions \\hich recurred in the'C~lcula--

tions is appended. 

- _.-Y' 
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The range end etJ.ergy loss values for deuterons were obtained from 

those for protons by the relet ions: 

(
dE) . = (dE~ et the same ve1o~1ty. 
dx deuterons dx)Protons 

·.The ra,nge and energy loss of el:pha particles were computed directly at low 

energies and obtained from the, proton values at high energies by the 

·relet ions; 

(:)alpha = (dE) 4 dx proton at the 

/ 

Zp2Mo( [ Ro< (E) Ro< (E0 ) = 
iO( 

2r~ 

(~)Smith, J. H.; Phys. Rev. 71:32 (194?). 
(2} Fermi, E.,: Phvs. Rev. 57:485 \1940} 

same vel',a·c.-1-ty. 

Rp(~~ E) -

Halpern, 0. end Hall, B.; ?hys. Rey. 73:477 (1948) 
Kremers, H.. A.~ Phvsica 13:401 (1947) 

I\(~ 
Me>< 

(3) Livingstonl 1!,. s. end Bethe~ H.:~ Nod. fhys. 9~263 (193?) 
(4} Bloch, F.: Zeits. f. Phys. 81;363 {1933) 
(5.) Wilson, :R. R.: Phys. Rev. 60:749 (1941) 
(6) Honle H.: Zeits. f. Phys. 84:1 (1933) 
(?) Mano, G.: Ann. de .fhys. 1;407 (1934) l 
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'f.~~~ __ !. ~-e relatlVtshc equatton fer the energy loss of a heavy 
clia .. ged particle going through matter·t'nd due to excitation arur 
ionization (corrections due to non-contributirie shells, the Penni 
effect, Bremstrahlufl&, etc., ere not included) Is gl ven· by 

' ' 2 . u • '1'/elll , where M is t.he rest moss ·or a proton, and aM is the 
rest mass or the particle in question. ·T ts the relativistic k:ineUc 
energy. (Fo .. 'tw t•~•· bel-,& • 1). 

1 in Mn u2 t 2u loge (u2 -. 2u )- ua.2~ loge 2m~2 + loge (u\2u) 

~:rt:!" .. l.l ........... (1 + u )2 tl+u) _ u ! ~2 . 

o.o 
1 0 00212839 - 6.152:384:3 7,6845609 
2 0~0425000 5,4608265 8.376118.5 
:3 0.00636485 - 5.0569439 8.7800013 
4 0.00847297 - 4.7708382 9. 0661070 
5 o. 010574:38 - 4.5492642 9~2876810 
6 0.0126691:3 - 4.3685061 9.4684:391 
7 0.01475723 - 4.215912:3 9.6210:329 
8 0.01683871 - 4.0839314 9,75:30138 
9 0.01891360 - 3.9676929 9.8692523 

10 0.02098193 - 3.8638703 9. 9730749 

ll 0.02304372 - 3,7700914- 10.0668538 
12 0.02509901 - :3.6846069 10.152338!3 
13 o. 027147ez. - 3,6060833 10.2308619 
14 0.02919018 - 3.533488!. 10. 30345"£.6 
15 0.03122611 - 3.4660027 10.3709425 . 
16 0,03325565 ~ 3.4029653 10,4339.799 
17 0.03527882 - 3.3438351 10.4931101 
18 0.03729564 - :~. 2881656 10.5487796 
19 c.o3930615 - 3.2355810 10.6013642 
20 0.04131036 - 3.1857645 10.6511807 

25 0.0::>123796 - 2.9699154 10.8670298 
30 0.06101215 - 2.794739+ 11.0422056 
:35 0.07063607 - 2.647595~ 11.1893496 
40 0.08011279 - 2.5209284 11.3160168 
45 0.0894452';1 - 2.4098721 11.4270731 
50 (),0986365 - 2.3111034 11.5258416 
55 0.1076893 - 2.2222538 11.614691+ 
60 O.ll6G030 - 2.1415707 ll. 6953745'-
65 0.1253903 - 2.0677364 11.7692088 
70 0.1340440 - 1.999709'J 11. 837235'3 
75 0.1425699 _, 1. 9366773 ll.900267S 
80 0.1509704 - 1.8779803 11.9589649 
85 0.1592482 - 1.8230609 12.0138643 
90 0.1674054 - 1. 77153::..5 12.065411'1 
95 0.1754445 - 1.7229659 12.1139793 

100 o.i833677 - 1.6770629 12.1598823 

12f> 0.2213~1& - 1.4793030 12,3576422 
150 '0,2566896 - 1.3199357 12.5170095' 
175 o. 289'7017 - 1.1865'35"0 U.6501-10~ 

200 0.320562 .. - 1.07l7Sl'J 12.'765l,l3 
225 0.3494548 - 0.97089U 12.86605~1 
250 0.3?6M26' - 0. 880'79~0 12.956153Z 
275 0.4019'731 - c.799233e 13.037711-\-
300 0.4-258788 - o. '7245645' 13.1123807 
325 0.4483793 - o.6556oos- 11.181344'7 

6 
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.?age Two 
" 

\ u2 + 2u . 2 loge 2mc2 + loge (~2u) 
E in Mev loge ( u2+2u )- u '+2u u2 + 2u (l + u )2 (l+u)2 

(l + u)2 

350 0.4695824- ~ 0.5914031 1:3.245S't21 
375 0.4895862 - 0.5312475' 13.30569'77 
400 0.5084793 - 0,47455"86 1:3. :362'366+ 
425 0.5£63425" - 0.4208749 13.4160708 
450 0.543249!5 - 0.3698183 13.4671269 
475 0.5592670 - 0.3210793 13.5158659 
500 0.5744564 - C.2743994 13.5'625458 

550 0.6025710 - 0.1863816 13.6505636 
600 0.6279887 - 0.1043906 13.7325546 
650 0.6510438 - 0.0274132 13.8095320 
700 o. 6720268 o. 0453165 13.8822617 
750 0.6~11606 O.ll439o+ 13.951335., 
800 0,70867:51 0.1802752 14.017220+ 
850 o. 724737Z 0.2433457 14.0802909 
900 0.7395083 o. 30:39063 14.140851 s-
950 0.7531216 0.36220'?3 14.199154-5" 

1000 . 0.7656950 o. 418465~ 14.2554104 

1500 0.8519401 o.·a9795e~ 14.7349040 
2000 o. 8960442 1.2776356 15.1145808 
2500 0.9255420 1.5946031 15.4315483 

Q 

3000 o. 9432485 1.8674006 15.7043458 
3500 0.9553153 2.1070978 15.9440430 
4000 o. 9639061 2,32096.39 16.1579091 

l .. 4500 0.9702381 2, 5140747 16.3510199 
5000 o. 9750390. 2.6901265 15.5270717 
5500 0.9787655 2.85189GO 16.6888-.tZ 
6000 o. 9817158 :3.0015465 16.8384917 
6500 o. 9840913 3.1407613 16.97770~5" 

7000 0.986(;323 3.27090,4 17.1070516 
7500 0.9876385 3.3930947 17.2300399 
8000 o. 9889828 3,50&414 17.3451866 
8500 o. 990119.2 3. 6171167 17.4540619 

.9ooo 0,9910884 3. 7.20:5675 17.5573127 
9500 0,9919217 :3.81854-74 17.65549.26 

10,000 C·. 9926434 3. 9121312 17.7490764 

' 
Moc2 for Pl'Otons 938.1747 x 106 ev. 

loge 2moc2 = 13. e 69452 

I to be e"l'lteud lVI ev. 

/ 
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E in !V'JGV 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

ll 
12 
13' 
14 
15 
16 
17 
18 
19 
20 

25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
eo 
85 
90 
96 

+OO. · 

126'' 
'150 ; 
1'15,' 
200 
225 

:. 250 
275 
-~·oo 

Th ble Jl. Ranges of Protons ia Hydrogen end Helium 
(in om) and Energy Loesee {Mn/cm) for 

~C and 760 mm. of Hg. 
15° 

Hydrogen (r ::: ·1 7. 'S' ~..r) Helium 

Energy I.o ss r-m 
0 

5.88476 x 1o-2 
3. 36971 
2.41487 
1. 90174 
1. 57824 
1.35435 
1.18957 
1.06288 
9.62240 x 1o-3 
8.80238 

8.12051 
7.54400 
7.049?9 
6.62113 
6.24557 
5.91365 
5. 61804 
5.35301 
5.11395 
4.89716 

4.05773 
3.48225 
3.06191 
2. 74078 
2.48706 X 10""3 
2.281.32 
2.11097 
1. 96?5.7. 
1.'84498 
1,'?3905 

·1.64654 
1 •. 56505 
1.49262 
1.42'789 
1.3'6965 
l~-3i697 

'. •, ,. ,·· . 

1.·114~3 
·· · 9;?6·921 x io-4·. 

· .a~·7?.~59 ·. 
; 8.02397. 
7.43533 
6~9o26o 
~·57481 
6.25lg9 ' , . .. 

Range Energy Loss (-~) 

6.9061 

1. 7410 X 102 

2.4270 
3. 2169 
4.1076 
5.0979 
6.1855 

e.648o 

1.1485 X 103 

1.4687 

1.8246 

2.2157 

4.6776 

7. 9416 

1.1961 X 104 

1.6697 

2.2115 

·.' 2.8188 

:3.4886 

•' 4.2186 

9.0.290 

!.1·· 

,4). 

0 
4.75985 X 10-2 

2.80637 
2.00607 
l. 61918 
1.35183 
1.165:37 
1.02?33 
9.20701 X 10-3 

8.36660 
7.66136 

7.08158 
6.59015 
6.16793 
5.8009? 
5•47889 
5.19375 
4. 93944 
4. 71110 
4.50487 
4.31764 

3.59050 
3.08987 
2.72299 
2.44195 
2.21941 x lo-3 
2.03861 
1.88867 
1.76226 
1.65406 
1.56046 
1.47862 
1.~0644 
1.34229 ~ 
1.28488 

.. 1.23320 
. 1•18642 

·1.00617' ·' . ' . 
· a-. 83659 x lo-4 
. 7· .9· .4925.· •:·.· ' ' . . ' ' . 5 .. · ' •. ' .... 

1.4386 X 16: . 7.27717 . 
' ' . ' , . 6.·75029 < 

'2~ 1104 ' 6. 32684 
5 •. 9.'1928 . ' 

·2. 8704 · : · s. 68919 . ', .. 

.. . 
.. 

,. . 

(T= +4 eu-) 
Range 

0. . 
1.3030 x 101cm 

8.4160 

2.0778 X 102 
2.,8769 
3.7930 
4.8229 
5.9645 
7.2156' - . 

1.0039 X 103 

1.3281 

l. 6931 

2.0980 

2.5419 

., 

5. 3241 

8.9943 

1.3498 x··lo4 

1.~791 
2.4736 

3.1597 

3.9046 

4.7164 ;• 

.. 

. 9.6737 .. ,' .. 
.• . 

··. . . ~ '• 

.1.5955 ··x lQ.u:, 



Page Two 

Hydrogen Helium 

\ E ill Mev Energy Lossf~ Renge Energy less(-* RAnge 

\ __ j 

. 325 5.97754 - 5.44364 
350 5.74314 3.7065 5.23335 4.0893 

... 

375 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 Jl: 10-4 

6:5814 X 105 
4.51967 x 1o-4 

5 
500 1.83799 4.4212ff.;; 7.2363 X 10 

550 4.65020 4.25293 
600 4.49589 ' 8.7302 4.11470 9.5859 
650 4.:36739 

1.1022 X 106 
3. 99967 - ,. 

700 4.25914 3.90293 1.2085 X 106 
750 4.16719 3.82084 
800 4.08836 1.341~ 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 3.55206 2.0194 

, .. 

1500 3. 61964 3.33866 
2-000 3._54362 4.5895 3.27707 4. 9940 
2500 3.52'729 3.26866 
3000 3.53620 7.4212 3.28242 8.0499 

(· ) 3500 3.55670 
1.0232 X 107 

3.30613 
107 

4000 3.58263 3.33429. 1.1074. :X 
... 4500 3~61094 3. 36423 

' . 5000' 3.64006 1.3001 3.39457 1.4046 
5500· . 3.68530 

; ~ > 

3.42457 
" ~ ... 6000 3.69?69 1.5719 ~.45387 1. 6967 

·6500 3.72551 3.48228 ' 

7000 3.75246 1.8403 3.50971 1. 9839 
7500 3.77849 3.63614 . 7 
8000 3.80360 X 10-4 2.1050 X 107 3.56157-X 10-4 2.2666.x.10 
8500 3.82779 . 3.58604 
9000 3•85111 2.3663 3.6'0960 2.5456 
9500 3.87358 3.63227 

10000 3.89525 2.6244 3.65412 2.8209 
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I 3. 
T~hlc JJI..Ranges of Protons in Lithium end Beryllium 

. ~ 

'< in Mg/ cm2 ) and Energy ~oss~e (in M.ev/mg/o~} 

J 
., 

\ . .. 
' 

Lithium (I = 34.5 ev) 
\ ~ 

Beryllium (I = 46 ev} 
-.1 E in . 

Mev Energy Loss(-~) Range Energy Loss (-dE . ItA• Range 

I . 
' 

0 o.oooo o.oooo 
1 2. 58707 X 10 ... 1' 2.8738. l 2.46973 X 10-l 2. 9100 -~ 

2 • 1. 5ll83 . 8.1422 . 1.45866 8.4278 
3 1.09382 1.60295 X 10 1.06050 1.65443 X 10 

'. 4 8.66545 x 1o-2 2. 6383i•t 8.42671 ·x 10-2 2. 71890 
5 7.22~83 3.90797 7.03775 4. 02471 
6 6.21736 5.40540 6.06860 5.56018 
7 5.47503 7.1229.4 5.35088. 7.31884 
8 4. 90241 9.05655 4.79~29 9.29626 . 
9 4.44626 1.12012 X 102 4.35391 lo14873 X 102 

10 4.07372 1.36535 3.99217 1.38884 
' ' 

! • 

11 3.76331 ,1.61096 3.690~ 1. 64959 
12 3.50041 1.88670 3.-43468 1. 93067 

13 3.27435· 2.18225 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 3.25286 

17 2. 61871 3.55788 2.57528 3. 63168 

18 2.49694 3.94910 2.45636 4.02940 

19 2. 38'700 4.35880 '2.34896 4.44583 

20 2.28721 ',) 4.78701 2.25143 +·88079 

25 1.90004 
1. 00445 X 103 

1.87264 
1.02152 X 103 

30 1.63380 1.6ll78 \ 

35 1.43689 . 1.42058 

40 1. 28969 1. 69902 1.27409 1. 72503 

45 1.112162 X 10-2 
2.55219 X 103 

1.15808 x 1o-2 
2.58817 X 103 

50 1.07576 . 1.06382 

55 9.96287 x lo-3 ' 9. 85637 x lo-3 

60 9.29321 3.55561 9.19723 3.60244 
.... 65 8.72019 8.63296 

70 8.22467 4.70211 8.14481 4.76052 

75 7.79157 7. 71801 

80 7.40969 5.98531 7.34156 6·.05595 

85 7.07034 7.00694 

90 6.76674 7.39944 6. 70749 . 7.48288 

95 6.49347 6.43788 
9.03599 

100 6.24616 8.93925 6.19383 

125 5.29376 
.. 1.83635 X 104 

5.25348 
1. 85324 X 104 

150 4.64686 4.61426 
4.15124 " 

1 176 4.17853 3:05609 
,· .; 2.00 3.82395 3. 03134: 3.80050 

""2'!;5 3.54605 3.52554 

'2'50 3.3.2275 4.44008 . 3.30454 . 4.4'1303 

275 3.13950 3.12314 

'300 2.98657 6.03164 2.97173 6.07293 
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. 

E in .., Lithium (I : M.5 ev} 

Mev Energy Loss (- ~) ""' . Range 

~-.~ 

' 525 2.85714 
350 2.74630 7.78077 

' 375 2.65042 
400. 2.56675 9.66654 
425 2.49320 . 
450 2.42807 1.16714 X 105 

475 2.37013 X lo-3 
500 2.31826 1.37804 X 105 

550 2.22951 
.·,! 

600 2.15962 1.82624 
650 2.09596 
700 2.04490 2 • .30310 
750 2.00157 
800 1. 95446 2 •. 80251 
850 l. 93249 

-- 900 1~90476 3.31983 
950 1.88062 

1000 1 •. 85950 . 3.85146 

1500 1. 74605 
'\ 2000 1. 71259 9.53948' ' 

;-
( 2500 1.70722 

3t>oo 1. 91361 1.53906 X 106 

3500 1.12531 . 
4000 1.73941 2.11859 
4500 1. 75451 
5000 l. ?6986 . 2. 68852 

... 

5500 1.78645 
6000 1. ?9998 3.24846 

6500 1.81444 
7000 1.82840 . 3.79956 

7500 1.84187 X 10-3 ·• 
eooo. 1.85484 4. 3425'2 X 106 

. 
8500 1~86732 

9000 1.87934 4.87808 

9500 1.89.091 /" .~ ......... 
.. : '.; +'";v··· 

10000 1.90207 
.. 5.40695 

. -

- ., 

\ 

. 
Beryllium (I = 46 ev} 

Energy Loss F~~ Range 

2.84~57 
2. 73~81 7.8:3041 
2.6:388S 

J 

2.55601· 9.72443 
2.48317 
2.41870 1.17374 X 105 
2.3iH31 x 10-3 
·2.30995 ' 

1.38542 X 105 

2.22209 
,. . 2.14995 1.83512 

2.08993 
2.03943 2.31336 
1.996Q9 • 
1.95993 2.81402 
l. 92835 
1.90099 3.33245 
1.87719 
1.85638 3.86504 

1. 74518 
1. ?1322 9.55613 
1. 70900. 
1. ?1635 1. 54013 X 106 

1. 72887 
1. 74371 2.11847 
l. 75947 
1. ?7542 2.68683 
l. ?9119 
1.80659 3. 24515 
1.82151 
1.83592 3.79418 
1.84980 x 1o-3 

4.33482 X 106 
1.86316 
1.8'7601 
1.88837 4.86790 
l. 90028 
1.91175 5.:39416 

• 

.. 

1EI 
II · 

:(~!N< . 

.. 

·: 

-
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Tcbl~ 1Y. Ranges of Protons· in Boron and Carbon 

(in Mg/cm2} and Energy Losses (in Mevjmgjem2:) 

.. Boron (I = 6?.6 ev) Carbon (I • 69 ev) 
E in 

~enge· Mev Energy Loss fW Renge Energy Loss(-~) 

l:· 
0 

2.42467 x 1o-1 · 
0 

2.41758 X 10•1 
0 

1 2.890 2.760 
2 1.44542 8.4660 1.49676 8.1130 
3 1.05529 1. 66485 X 10 l. 09761 1.59838 X 10 
4 8.40700 X 10-2 .2. 73306 e. 75831 x 1o-2 2.62925 
5 7.03397 4.04064 7.33961 3.88859 
6 6.07363 5.57566 6.34518 5.35789 . 
7 5.36113 7.33162 6.60616 7.03867 
8 4.80635 9.30499 5 .• 03354 8.92378 
9 4.36942 1.1490q x l.o2 4.57573 1,10106 X 102 

10 4.00899 1.38826 4.20066 1.32935 

11 3. 70811 X 10-2 1.64782 3.88732 
12 3.45285 1.92749 3.62130 1.84374 
13 3.23336 2.22697 3.39243 
14 3.04245 2.64597 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 

'• 18 2.47468 4.01262 2.60039 3•82973 
' 19 2.36710 4.42591 2.48783 

• 20 2.26939 4.85748 2.38565 4<.63358. 

25 
.. 1.88953 ,1.98812 .. 30 1.62761 i • 01441 X 103 I l. 71372 9.6579~ . 

35 1.43545 ' /1.51222 
10-2 1.62667 X 103 40 1. 28811 X 10-2 1. 71063 X 103 1.35762 X 

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 9,82?26 X 10-3 3.38580 

' ' 65 8. 74326 9.22900 
7o 8.25089 4.70951 a. 71124 4.46908 

·'75. 7.82082 8.25809 
80 7.~4035 5,98793 7.85829 5.67979 
85 7.10259 7.60276 . 

' 90 6.80024 . 7.39565 ·' 7.18446 . 7.01242 
95 6.52797 6.89777 

100 6.28146 8.92731 ' 6. 6381 '7 8.46197 
L . 

125 5.33120 
1. 82853 X 104 

. 5. 63703 
1. 73119 x~.1o4 

·- 150 4. 68484 ·4. 95568 - 1 

:t;*15 4.21641 \ .. 4.46169 
• ' 3.01278 200 3.86146 4.08726 2.85450 

:'r'\ 
225 3.58311 3.79356 
250 3.35934 4.40695 3.55141 4.16715 
275 3.17563 3.35463 '· 

300 3.02229 5.98040 3.20164 5.65534 
! . 

• 
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E in 
Mev. 

I ' 
~ 

. 
325 
350 

~. .375 
400 
425 
450' 
l75 

- 500 

' 550 
. 600 

650 
700 

"?50 
800 . 8$0 

' 900 
950 

1000 

1500 
2000 
2500 

; 

\. 

" 
/'' '3000 

'3500. 

• 4000 
4500 
·5000 ,. 5500 
6000 

. 6500 
7000 

- 7500 
8000 
8500 

.... :, ., 9000 .... 
9500 

10000 

·-

' 

·-
\ . 

.r '·. 
~ ·~· 
·: ,, 

' 

'· 

., 

' 

Boron (I =-, 5?.5 ev) 

Energy Loss (-~) Range 
.•. 

2.89247 . 
2. 78129 7•70817 
2.68510 
2. 60117 9.56958 
2. 52738 . ~-

2.46208 x 10-3 1.15473 X 105 

2.40394 
2.35192 ~- 36267 

.2.26294 
2.18989 1,.80424. 
2.12914 . 
2. 07803. 2.27367 
2. 03470 
l. 99763 . 2. 76500 
1 .• 96571 
.1. 93808 3.27353 
1. 91405 \ 
1.89306 3.?9587 

1. 781369 
1.74998 9.37126 
1. 74663 ; 

x·1o6 1.75493 1.50904 
1. 76841 
1. 7841 'l 2.07442 
1.80080 
1.81758 2.62974 
1.83414 
1.85028 3.1 ?499 
1.86591 
1.68099_ x 1o-3 3 •. 71096 X 106 

1. 89550 . 
1. 90947 4.23856 
1.92290 
1.935?7 4. 75864 
1.94825" 
1. 96023 5.27195 

.. 

,. 

·' 

' 

.. 

-

Carbon (I • 69 ev} 
.. 

Energy Loss(-ffi Range 

3.0o459 
. 

2. 94721 7.28607 
2.85566 
2.75705 9.03835. ·-
2. 67915 
2. 61020 x 1o-3 • 1~09040 X 105 
2. 54883 -
2.49391 1.28652 

. 2. 39999 
2.32290 

. , 
1. ?0288 

2.25880 
2.20489 2.14536 
2.15920 
2.12012 2.60832 
2.08649 
2.05739 3.08746 
2.03209 
2.01001 - 3.57945 

' 

1.89296 
1.86071 8.82617 
1.85803 
1.86757 1. 42023 X 106 
1.88251 -· 
1.89981 1.95134 

- 1. 91798 
1. 93626 2.472?4 
1. 95427 
1. 97432 2. 98436 
1.98878 

X 106 2.00513 X 1o-3 . 3.48711 
2.02087 
2.03601 3.98199 

·2.05041 
2. 06455 4.46971 
2.07802 
2.09099 4.95096 

·' 

,.. 

: 

i{o 1 i 1. . / 

-
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~oble ~.Renges ot Protons in Nitrogen and Oxygen 
(in em) and Energy Losses (in Mev/am) 
fov ~c Qnd 760 -n-.m. of' Ho. 

150 0 

. Nit~gen (I = 80.5 ev) Oxygen (I : 92 ev} 

., ,, 

Energy Loss ~~) Range Energy Loss (-*f) Range 
:-· .• 

0 
3.08769 X 10-1 0 

·2.81579 x 1o-1 - 2.220 1.990 
1. 70599 7.4883 1.88442 
1.25422 1.3877 X 10 1.39013 1.25434 X 10 

. 1.00377 2.2841 1.11442 2.06241 
s.42394 x 10-2 3.3775 9.36501 x 10-2 3.04553 
7.29050 4.6577 8.11301 4.19685 
6.44692 6.1192 7.17990 5.51021 
5.79250 7.7584 6.45524 6.9812:3 
5.26878 '9.5707 5.87478 8.60730 

X 102 1.03&1:7 X 102 4.83937 1.15531 5.39848 
I 

4.48057 1.37025 5.00002 1.23112 
4.17540 1.'60162 4.66135 1 .• 43840 
3.91288 1.84917 4.36967 1.66012 
3.68432 2.11268 4.11561 1.89604 
3.48340 '2.39194 3.89218 2.14601 

I··· 3.30528 2.68676 3. 69403 2.40982 
3.14674 2.99697 3.51701 2.68733 
3.00320 3.32232 3.35784 2:97843 
2.87391 3. 66287 3.21389 3.28295 
2.75641 4.01819 3.08302 3.6006~ 

2.29893 2.57320 
. 1. 98284 8.3o32a 2.22063 7.48263 

1.75056 1. 96136 ., . 
x 10-2 1.40722 ·i 103 1. 76220 x 10-2 1. 25780 X 103 1.57223 

1.43076' 1.60414 
1.31565 2.10586 1. 47547 1.88092 

. 1.22005 -- 1.36858 
1.13938 2. 92'525 ' 1.27833 2.61139 
1.07022 ' 1.20098 
1.01036 3.85941 ~ 1.13399 3.44384 
9.57973 X .w-3 1.07537 

'9.11738 4.90309 1. 02361.-- 4.37358 
. a. 70613 9.77534 X 10-3 

8.33789 6.05152 9.36328 ' 
5.39637 

8.00616 B. 99176 
7.70574 7.30039 8.65525 6.60835 ' 

,. 

6.54676 7.35665 
1.32898 X 104 ·5.75759 1. 49208 X 104 6.47202 

5.18622 5.83020 
4.75126 2.45506 5.34346 . 2.18543 

; 4.41080 4. 9615_2 
4.13700 3.58761 4.65432 3.19226 
3.91216 4.40202 
3.72444 4.86483 4.19136 4.32736 

-
I 
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~~.,. Nitrogen (I • 80.5 ev) Oxygen .(I :: 92 ev) 
. E 1n 

'Mev '· Energr lDss (-~) Range fuergy Loss(a!n RAnge 
~ ,. 

-

326 3.56551 4.01299 ' • 
350 )•I' • ' 3.42937 6.26646 3.86019 ·-- '5.57270 
375 3.31159 3.72800 

... 400 3 •. 20881 7.77573 3.61265 6. 95639 . ,. 
425 3.11845 1 3.50910 

8~38053 X 104 
450 3. 03849 X 1Q-3 9.37860 X ·104 3.42149 x ·,1()""3 

475 2. 96731 .. ' 3.34160 
. '500 2.90363 1.10632 X 105 3.27013 . 9.87644 

550 2. 79471 3.14791 ~ 

6,00 2.?0533 . 1.4638?. 3.04763 . 1. 30508 ·x 1 o5 

650 2.63102 2.9642? 
?00 2.56855 1.84375 2.89420 1.64225 
750 2.51561 2.83485 
800 2.47035 2.24112 2.?8411 1.99487 
850 .. 2.43142 2. 74048 
900 2.39774 2.65229 2.70276 2.35970 
950 2.36848 2.66999 

1000 2.34294 3.07441 2.64141 2. '73416 

1500 2.20809 2.49096 -
2000 2.17159 7.5?273 2.45093 6.72149 
2500 2.16934 

l. 21778 X 106 
2.44927 ' 6 : 

1 
3000 2.1812.0 2 • .'3!6339 -l. o8poo x 10 ' 

I 3500 2.19927 2.48441 . 
4000 2.22001 1. 6?243 2.5083? 1.48244 

... < 4500 2.24171 2.53335 
. 5000 2. 26.330 2.11853 2.55840 1.87720 

5500 2.28493 2.58300 
- 6000 2.30578 2.55621 2.60691 2.26:434 

6500 2.:32593 2.63001 2. 64462 7000 2.34534 2.98618 '2.65226 
; 

2.36403 x lo-3 -3 7500 
3.40922 X 106 

2o67366 X 10 . 
3.0186'7 X 10

6 
8000 2.38198 2.694'21 
8500 2.39924 . 2.71325 
9000 2.41584 3.62604 ... 2. 73296 - 3,38722 

; 9500 2~43180 2.75123 ::h7507l 
I lbOOO 2.44718 4.23728 2.76882 .. 
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,. Range of Protons in Air 

The cunres for the range of protons in air which follow 

have been drawn from data found in Parkinson, Herb, Bellany, 

· and Hudson1 (o< E<l.5 Mev), Livi~gston and l3ethe2 (1.'5 < E < 15 Mev), 

and Smith3 (15< E <10.000 Mev).a.nd give the ro.nge due to energy 

loss by collision ~ffects only. 

lrarkiuson, D. B.; Herb., R. G.; Bellany. J. C.; iludson. c. M.: 
· The Range of Protons in Aluninum and in Air; Phys. Rev. 52:75 

(1947). 

2 Livings~on, M. s. and Dethe, H.: Nuclear .Physics: Part c, Nuclear 
Dyn.amics,.Experimental; Rev. Mod. Phys. 9:2G9 ti937) • 
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"10 
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12 
13 
14 
15 
16 
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'· 25 - 30 
.. 35 

40 
45 
50 
55 

- 60 
65 
70 
75 
80 
85 
90 
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•' . 125 
<> 100 •. 

175 
'· 

200 ' 

'T"'-~ 225 
·~ 

250 
275 
300 
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' . 
; 

Table :n. Ranges of Protons in Argon ·{in em.) 
and Energy Losses (in Mev cm-1} 
at t-s•c 

Argon (I = 207 ev) E in 

En~rgy loss Range Mev 

0 325 
2~58308 X 10-1 350 
1. 673~8 7.2727 em. ~75 

1.26611 1.41780 X 10 400 
1.03003 2.30311 425 
8. 74316 :x: 10-2 3.36041 450 
7.63107 4.58858 475 
6. 79302 5.97995 500 
6.13654 ?.53138 
5.60?01 9~23804· 550 
5.16996 1.10973 :X: 102 600 

650 
4.80252 1.31057 ?CO 
4.48887 1.52610 750 
4.217?2 1. 75604 800 
3.980?5 2.00022 850 
3.77173 2.26051 900 
3. 58586 2.53042 950 
3.41940 2.81609 1000 
3.26938. 3.11526 
3.13343 3.42778 1500 
3.00960 

.. 3.75350 2000 
2500 

2.52495 3000 

2.18757 7.70948 3500 
1.93822 4000 

X 10~ 1.74590 .. , 1. 28656 4500 

1.59276 5000 
1.46775 1. 91413 5500 

1.36366 6000 

1.27559 2.64722 6500 

1.19996 7000 

1.13435. 3.48038 7500 

1. 0'7685 8000 

1.02602 4.40884 8500 
9.80748 x lo-3 9000 

9.40157 5.42830 9500 

9.03549 10000 

8. 700·60 6.53490 

7.41992 
1. 32585 X 104 

6.54270 
5. 90479 
5.42004 2.17148. . 
5.03939 
4.73280 3.16276 
4.48081 

/ 4.2779b 4.27028 
' . 

. 
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Argon (I = 207 ev} 

Energy Loss Renge. 

4.09194 
3. 9~914 5.49921 
3.80691 
3.69152 6.8Cl210 
3.59008 
3.50032 8.20440 
3.42044 
3. 34900 9.6658+ 

3.22689 
3.12680 

,' 

1. 276ZS :x: 105 

3. 04371 
2. 97401 1.60463 
2. 91501 
2.86471 1. 947$8 
2.82155 
2.78434 2.3018~ 
2.75211 
2.72409 2.66614 

2.5?989 -
2. 5462? 6. 515t>1 
2.55068 
2.57041 1. 04323 X 106 

2. 5965'3 
2.62532 1.4:2830 
2.65171 
2.68385 1.6060~ 

2. 71227 
2.73976 2.17373 
2.76621 
2. 79162 2.53527 
2.81600 
2.83939 2.8904Z 
2.86183 
2.88339 5. 2398·7 
2. 90411 
2.92403 3.58425 

' 

' 

. 



\ . 

. :/-· . ... ... 

L' 
~ t' .... ' ,, ':· 

4 

.) 

• 

'i.:_C.· 

· . .: .... ··~ 

Ht' +H + 
.·,;_' 

'·, 9 10 II 



,. 
I 

. ' . 

.. 

,, 

~:. 

': ./· ;; ..... · 
;t~ 

.. 
•! 

... ... 
::: ' 
" ... 
"' 

I • . ' ....... 
:": ~·· 

'f·.:· ... ,. 

ENERGY IN MEV 1: 



'<.( 

;. ~ . .,. ,: .. 

-- ...... ·· 

, .... • 

·.; 

-.. 
. -.'• . 

... 

... 
.• I. 

/ 

~: . 

\ -

't . 

Range of Protons in Aluminum 

The curves. !'or the range of protons in aluminum 

which fq_llow have been drawn from the da,ta. given by 

J. H. Smith (The()re~ical Rang~Energy; :V11~ues for Pro

tons i.n Al;uminum:·~d Ai.rr Phys .. Rev. 71:32 (1947) ) .• 
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Ta.1l~ W.. Ranges of Protons in Copper end Silver 

(in mg cm-2} and Energy Losses (in N';ev/mg cm-2) 

' -; ... ; 
"- -~· Copper (I = 333.5 ev) E in Silver (I = 540.5 ev} 

.Mev Energy Lo es Renge Energy Loss Range .. 

1 ' 4.50 
2 14.30~ 

3 28.40 
4 46.66 44.2295 x 1o-3 

. 
62.60 

5 46.08 X 16-3 68.48 
6 40.46 91. ?0 ' 33.7182 114.96 
8 32.81 146.95 27.5711 180.94 

10 2?.80 213.45 23.4934 259.82 
12 24.24 290. ?1 20.5746 351.04 
14 21. 5_'7 378.36 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 i134. 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 9.2'7491 - . 21 '76.39. 
40 9.629 2359. '7 8.38928 2744.09' ... 
45 8.798 2903.7 ?.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 6.3ob' 6321.2 5.53418 7268.4 

.. 

75 5.985 l . 
·- 7135.9 5.26238 ~.:__. J. J ... :~·· ~ 8.1953 x 103 

---
80 --· 5.706 7991.8 5.02157 9.1683 ' 
85 5.458 8888.1 4.80667 10.1864 
90 5.235 9823.8 4.61365 11.2484 
95 5.03" 10978.0 ' 4.43929 12.3535 

100 4;852 11810.0 4.28096 13.5007 .. 

110 4.533 1.3944 X 104 4.00422 15.918 
12b 4;2.64 ' L6220 3.77030 18.494 
130 4.034 . 1.8633 3. 5698.9 I 21.221: 

. 140 3.835 - 2.1177' 
\ 

3.39622 24.0_94 
2.3847 

I; 

3.24426 27.108 '150 3.661 . ' 

160 3.507 2.6639 .. 3.11017 30.257 
170 3.371 2. 9548 2.99096 33.537 

180 3.249 3.2571 2.88428 .. 36.,942 -· 
' ' 

~ 

190 3.139 3.5703 2.78828 . 40.4'70 ' ·~ .. . 

200 3.040 3.8941 2. 70142 44.114. ... 
·' 

! ; ···. .. 
' . ' ' 

~.:--- , .. , 
4b 225 2.829 . 4. 7477 2.51668- 53. ?13': ' ; ~;; < • ·, 

--

,...------..., 250 2.659 5.6601 2.36765 63.963. 

275 .2. 519 6.6268 2. 245q1· 74.815 - ; ..... 

' 7. 6437 . 2.14245 . 86.220' - --
f.·. 

300 2.402 
' :. ~ t' . ', ' 

'• 
'· .~· ' 

-· \ ' ,. ---



Pa. Two !ge. --.--

E in 
Copper· (I = 333.5 ev} Silver (I = 540.5 ev) 

Mev Energy Loss Range .Ener,g:v Loss Renp:e 

"' •. 
325 2.3,03 8.?070 2.05551 98.139 

·~j 350 2.~1'8 9.8135 1.98099 110.533 
375 2.U.S , 10.960 1. 91649 

' 
123.368 

400. 2.:rnn. 12.144 1.86020 136.613 
· .. ' 

425 
' 2 •. 02'5 13.362 1.81071' 150.238 

450 1..:915 14.613 1. 76&93 164.218 
475 a.sto 15.893 1. 72798 II! 178.528 .. 

1 

500 1.89'1 1: lC''~v 17.202 ): I ' ~ 1. 69317 ~·:. ]t•<; . 193:146 v 
. ~ . .., 

·' . ... \. .. 
.. 

550 1.823 19.897 1.63371 223.226 
600. 1.768 22.684 1.58505 254.311 
650 1.721 25.551 1. 54474. 286.277 
700 1.683 28.490 1.51100 ' 319.014 
750 1.650 31.491 1.48253 352.429 
800 1.623 34.547 1.45833 386.441 
850 1.599 37.653 

·t', 

1.43765 420.978 
900 1.578 40.801 1.41989 455.979· 

l 

950 1.561 43. '987 1.40458 491 •. 389 
• 

1.0 X 103 
' 

1.545 47.207 1.39135 527.160, 
1.1 1.52Q 53.734 1.36993 599.62 
1.2 1.501 60.355 ' 1.35377 673.07 
1.3 1.487 67"050 1. 34161 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 io< .. 1.454 101.15 1.31562 1124.67 

1.9 . 1.452 108 •. 03 1.31455 1200.71 

2.0 1.452 114.92 . 1.31429 1276.79 

. 2.25 1.453 132.14 1.31634 1466.90 

2.50 1.456 149.33 1 •. 32106 1656.50 

2. 75 1.462 . 166.46 1.32'748 1845.30 

3.00 1.470 . 183.52 1. 33496 2033.11 

3.25 1.478 200.48 1.34311 2219.82 
.. --~-"' ~.. 2.1735 X lO~ J (' ·--:~ 2.40537 X 106 . 

3.50 1.486 :t 1.35:II6'1 -~· 

..l \../ ft ~ r .. 

3.75 1.495 2.3413 )( .i ·, .• ~ 1.36044 2.58973 
.}.,.\ 

4.00 1.504 2.5080 1.3693.0 . 2.77290 

4.25 1.513 2. 6'737 . 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 1.404:32 3.49395 

5.5 1.557 3.4879 1.42109 3.84787 

6.0 1.;574 3.8073 1-.43721 4.19772 

6.5 1.590 4.12:34 1._45267 4.54375 

7.0 1.605 4.4364 1.46747 4.88619 

7.5 1.620 4.7464 1.48163 5.22526 

8.0 . 1.634 5.05:38 1.49520 5.56118 

8.5 1.648 5.3585 1.508i'9 5.89413 

9.0 1.661 5.6608 1.52066 6.22428 

9.5 1.673 5.9607 1.53262 6.55179 

'"'- 10.0 1. 685 6.2585 _1.54412 6.87681 . 
' 

--;,;· "' 

'. 

' 
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52 
Ta"ble JZIIl. . Ranges ot Protons 1n Leed 

(in mg/cm2 ) And Energy losses (in Mev/mg cm-2) 

-
~.I. .I in Leed (I o 943 ev) K in Lead (I • 943 eT) 

... Mev Energy Loss Renge Mev Energy l.oss RAnge 

1 61.8101 x 10-3 7.90 425 1.51623 180.79 
2 46.9850 25.;05 450 1,48046 197.48 
3 38.5336 49.8 475 1,44865 214.55 
4 32.7565 81.67 500 1.4£022 231.98 
6 25.4906 151.52 

238.23 550 1.37171 -.. 
267.83 -8 21.0857 . .. 1 l 

10 18.2072 340.55 600 1.33205 304,83 
12 16.0765 457.72 650 1.29925 342.85 
14 14.4437 589~20 700 1. 27185 381.76 
16 13.1483 734.52 750 1.24078 421.44 
18 12.0929 893.29 800 1.22921 461.81 
20 11.2147 1065.2 850 1.21254 . 502,77 
22 10.4714 1249.9 900 1.19827 544.26 
24 9.83323 1447.1 950 1.18602 586.20 
26 9.27880 1656.6 1000 1.17547 628.56 
28 8.79219 1878.1 1.1 X 103 1.15854 714.28 
30 8.36134 2111.5 1.2 1.14591 801.09 
35 7.47177 2745.3 1.3 1.13657 I 888,,73 
40 6.77739 3449.0 1.4 1.12975 977,00 
45 6.21992 4220.0 1.5 1.12487 1065.71 
50 5. 76202 5056.0 1.6 1.12155 1.154.8 

( ~ 55 5,37791 5954.9 1.7 1.11948 1244.0 . 60 5.05074 6914.8 1.8 1.11839 1333.4 
65 4.76848 7934.2 1.9 1.11812 1422.8 
7() 4.52231 9011.4 2.0 1.11851 1512,2 . 75 4.30559 10145,0 2.25 1.12163 1 '735.5 

3 2,50· . 1.12689 1957.9 
- 80 4.11327 i: ....... -~) .11.333 X 10 2.75 1.13348 . 2179.1 

3 •. 9~34 12.576 3,00 ~ i 
~ 

1.14089 2399,0 ... 
•.: 

85 ( 

13.870 
.J.\_· 

·go 3. 78672 
15.216. 

.. 
3.64685 3,25 ,( - 1.14878 ~~ - 2617.3 J 95 

4. '-~' 
.. .... 

100 '3'~~969 16.612 3. 50 1,15696 2834.2 
-ll'<> . ·s: .·'?Q8 19.550 3. 75 1.16528 3049.5 
l20 3~id&56··' 22.675 4.00 1.17362 3263.3 
130 ' 2.9~617 25.981 4.25 1.18192 3475,5 
14.0 2.ao63a 29.,460 4.50 1.19014 3686.3 
150 ·2~q~38 33.106 4;75 1,19825 3895.7 
.:J,;tO .:a~~t72 36.912 5.00 1.20623 4103.6 . ,, . ~J3: 4780:5 . 40.872 5.50 1.221-72 4515,5 '··}' 170 ', ' 

: ~.' 1S(> . . ' ·.~ .. 59ii\2 44.981 6,0 1.··23658 4922.2 
.· 1~ .. ··: 2~:Si~·2 49.233 6.5 1.25078 5324.3 

. ' '20() ~ ' ·:.~24~00 53.624 7.0 1,.26435 57.21,8 
• 225 41 2;9~~~ 65.177 7,5 1.27734 Sll5.3 

77.498 
. 

' . ~0 .1 •. rr:~9- 8.o 1 • .28975 6504.8 
275 ' Lcs7G~96. 90.526 8.5 1,30163 6890. '1 

·•' 

·300.":' 1.791~4' .104.21 9.0 1~31302 7.273,1 ~ 
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. ' -~~0 +~:?~~7 133.32 10• 0 ). ~,:;') 1.33444 8028.5 

' >::5,~~ ' " . '®266 ., 148.68 
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Deuteron Rnnges 

The I'!'lnge of deuterons in VBrious materiEls mey be reth~r simply 

obtained from the re..nges of protons in tne S8me m?.terials. Given two 

heevy particles, l. and 2, we may 'Nri.te: 

dT 
dx 2 

coll1 zl ------
dT -
dx coll 2 

2 
z2 

where dT 
dx colJ.1 

dT 
dx c:oll 2 

zl, zz 

vl' v,, 
~ 

i·ll.! 1':2 

l.l' B') 
'"" 

I, , ... - I2 

(2mvi I'~) 
.. ., ... 

N~ '...i. loge - f3 2 .) v2 .;.. Lil -loge (.1 
I, 1 ..L. 

2 (~'~ f'n (l) 
,1 I'·I2 '--" loge 

-f-2)') ~2 loge (1 -· 
12 - ·-

collision energy loss for ~Article 1, 

call ision energy loss for pArt1cl e 2 t 

"j!. 
'-

etom.ic numb.e:r for ;)Articles 1 end 2t respectively; 

:: velocities of' pArticles l And 2~ res-pectively, 

:: nu.n1~er of eto:r1s :..·er u.ni t volume of stopping 
meteriPl s for pert.icles 1 P.nd. 2, respect:i.vely, 

:: Ptomic numbers of stopping U1:lteri?l s for 
pRrticlef l and 2, respectively,· 

excitntion potenti6l s of stopping materi11ls f'or 
_pr>rticlas 1 end 2~ respectively. 

Given the condit.ions that 

:: ( 2) 

end 
(:) ) 

end ., - N;~ !~l -
<-

·~ .. t.:2 l ( 4) 

J, ·- L) -,;!, ~, 



... 

... 

equation (1) reduces to the expression 

-----dT 
(5) 

dx col12 

From equat.io::1 (5) we get the relaUon 

R 'li't 
~ 2 1"' 11 ( 6 ). 

where R2 (10 signified the range of' particle 2 et the energy E, Pnd 

R1(Ml E) sig ... '1ified the range 
.. 1'112 

of pa{ticle l at the energy ~~:l E. 
M2 

For our specific cAse particle 1 may be taken as A deuteron end 

particle 2 e s P. pro ton. 'I'he n 

(7) 

or 
RD (2E) = 2 ~ (E) (8) 

The equAtion ( 7) o:r (8) fs v-alid for those energies for which 

~ 
E..'ll )) .. l) l 

M ""'"' Ry '""'eff 

or, approximPt.elyp !'or energies > 2 lv'iev (for the deuteron) • 

·,· . .. -... 
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The rf.'!nge of alpha-ye.rticles in stopping materiels may be CP>l-

culAted by integration of the equetibn 

dT 
dx 

4 1t e4 z2Nz 

mv2 
[loge loge ( R2· ;' .1 - ,., 

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

.materials using the expression1 

C'i E) ~ Ml 
R (E} R -;;;- = z! 1 lYl2 2 J 

N;2 

which in our case reduces to, 

R, ( 3 • 9 715 E ) 
. .1. 

• 99287 R
2 

(E} 

ort approximately~ 

Ro< . ( 4E) = Rp (E) • 

(l) 

(2) 

("' ) ...... 

( 4) 

The alphfl-pt3rticle ranges which follow have been computed by eque-

tion (1) up to epergies of ebout 200 Mev, and by equRtion (3)-tor energies 

200 < E ( 10,000. Corrr;\ct.ion hBs been made for the d.ro':i)p.ing of' electron 

shells in the stopping medium for low energies of the el[Jh?-pnrticle • 

1 See page":~ ~7 to J'8 
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Electron Ranges 

The expression. for tl:tfr energy loss of electrons in A stopping 

~~diu.m ha.s been discussed end developed by Bethe1 and Serber2 for the 

ces.e ·ih which energy loss by collisions only is considered, and is 

where 

• J 

l]f N f e4 foo~ (ml) -+- los~ t¥' (f:,- WIC~)- c~ -.1+~)· lM~ ~ + 1-s'] 
. m'\J''- \ ;) ~I' . ~,~ , .J r 
. . 

e· =· electronic charge, 

m = electrOnic mess 

NS··: number of electrons per unit volume of stopping mP.teri~l, 

Y: 

Er -
I -· ~ 

v/c; where v is the velocity of the electron, and c is 
the velocity of light, 

1 

/1 2· 

.mc 2 (Y-l) mc2 (vl 1 1} - -- -~2 

·the mean exc itetion potential. 
l 

T .. --
mc2 

where T is the kinetic energy, · Making the· subst1 tution u . 

2' T - me ).. , equAtion (1) ta.kes on the form 

The variable components of' this equation have been tebulr:lted for wrious 

el.eotron ·energfes (see table IX} • 

1 Bethe, H.: 

: '· 

Q,ue.ntenrnechanik der Ein - und Zwei - Blectronenprobleme; 
Handbuch der Physik, Vol. 24 1 pt~.· l'i !Q,u.an·.tentheG:r"ie / , .. . :. · 
J?pc,o·-.!519 ~ 523 1 1933 

2 Serber, R. ;· Serber Says; University of Ce1ifornie RAdiation Labora
tory, B?-96, 194'7. pp. 14-20 

(i) 
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Table lJ:, The relativistic equation for the energy loss of an 
electron going through matter and due to excitation and tonization 
by collision is given.by . 

where u = T/r~f, where m 1 s the rest mass of the electron and T is the 
reletivistic kinetic energy. 

E in Mev 

.• 001 
.002 
.003 

·.004 
.005 
.006 
.007 
.ooa, 
.009 
.010 

.011 

.012 

.013 

.014 

.015 

.016 

.017 

.018 

.019 

.020 

.025 

.030 

.035 

.040 
•. 045 
,050 
.055 
,060 
.065 
,070 
.075 
,080 
.085 
,090 
.095 
.100 

u 

1.95760 X lQ-3 
3.·91520 
5.87280 
7.83039 
9.78799 \ 
1.17456 x 1o-2 
1.37032 
1.56608 
1. 76184 
1.95760 

2.15336 
2•34912 
2.54488 
2. 74064 
2.93640 
3.13216 

' 3. 32792 
3,52368 
3. 71944 
3,91520 

4.89399 
5.87280 
6.85159 
7.8~0~9 
8.80919 
9,78799 ' 
1.07668 X 10-1 
1.17456 
1.27244 
1.37032 
1.46820 
1.56608 
1.66396 
1.76184 
1.85972 
1.95760 

3.90:373 x lo-3 
7.78465 
1.16429 x 1o-2 
1.54787 
1.92923 
2.30837 
2.68532 
3.06009 
3.43270 
3. 80316 

4.17150 
4.53772 
4.90185 
5.26390 
5.62389 
5. 98183 
6.33774 
6.69163 
7.04351 
7.39342 

9.11363 
1.07864 X 10~1 
l. 24133 
1.~9962 
l. 55366 
l. 70359 
1.84956 
l. 99172 
2.13019 
E.26510 
2.39657 
2.52472 
2.64965 
2. 77148 
2.89030 
3.00622 

9.5142 
10.8976 
11.7057 
12.2782 
12.7217' 
13.0835 
13.3891 
13.6534 
13.8862 
14.0943 

14.2822 
14.4536 
14.6111 
14.7567 
14.6921 
15.0187 
15.1374 
15.2492 . 
15.3549 
15.4550 

15.8894 
16.2427 
16.5402 
16.7970 
17.0227 
17.2241 
17.4058 
17,5714 
17.7234 
17.8639 
17.9946 
18.1168 
18,2315 
18.3397 
18.4418 
18.5388 
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.. u2 + 211 l~eba(lA'+;na))- (1- ( -rh-f] \~.~ 
E in ~v u l1 + u)2 1 ~·t (mc"t + (l+u)t + 

.150 2.93640 4.02452 19.308'1 

.200 3.91520 4.83558 19.8639 

.250 4. 89400 5.49207 20.3046 

.300 5.87280 6.03089 20.6'139 

.350 6.85159 6.47858 20.9943 

.400 7.83039 6.85458 21.2787 

.450 8.80919 7.17343 21.5:353 

.500 9.78799 7.44614- 21.7697 

.550 l.076oe X 10° 7. GE3l21 21.9859 

.600 1.17456 7.68526 ~2.1867 

• 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 

.85C . l. 66396 8.59089 23.0243 
• 90( 1.76184 8.688998 23.1668 

,o • 95C 1.85972 8.'17721 23.3029 
1.0CO l. 95760 8.85680 . 23.4331 

1.50 2. 93640 9.35464 24.4973 

2.00 3. 91520 9.58608 25.2845 
.. 2.50 4.89400 . 9. 71214 25.9094 .. 3.00 5. 87280 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 
1 

9.91408 27.9046 

5.50 1.07668 X 10 9.~2778 28.1834 

6.00 1.17456 9. 93844 28.4385 

6.50 1.27244 9.94691 28.675:3 

7.00 1.37032 9.95374 28.8919 

7.50 1.46820 9.95934 29.0953 

s.oo 1.56t:i08 9.96397 29.2858 

8.50 1. 66396 9.96785 29.4677 

9.00 1. 76184 9.97115 29.6340 

9.50 1.85972 9.97396 29.7941 

10.00 l. ~5760 9. 97638 29.9460 

15.0 2.93640 9. 98915 ' :51.1484 

20.0 ;~. 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 3~. 67Q6 A 

4C.o 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 102 9.9~915 35.0321, 

60.0 1.17456 9.99929 35.2927 

65.0 1.27244 9.99939 35.5324 

n.o .1.37C.J32 9. 99948 35.7548 
~' 9.99956 35.9587 

75.0 1.46820 
80.0 1.56608 J. 99960., 36.1544 



u2-. 2u 
l~[u(\1'~2'11))-lt- ft~v.Y) l~~ 

E in ,.v u (1 + ul2 
1 . 

... + (h uy + lo~· + ( n"tc•f 

85 1.66396 9.99964 35.3360 

• 90 1.76184 9.99968 35. 50'1:5 
95 l.Bf>972 9.999'11 35.6693 

100 1. 9576Q 9.9~974 36.8230 

/110 2.15336 9.99979 37.1087 
120 2.34912 9.99982 37.3695 
l:SV 2.54488 9.99985 37.6091 
140 2.74064 9.99987 37.8316 
150 2. 9:3640 ~.99989 

\ ·. 38.0:384 
160 3.13216 9.99990 38.2319 
170 3.32792 9. 99991 38.4136 
180 3.52368 9.99992 38.5850 
190 3. 71944 S.'<i~9i13 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 9.99995 39.4476 
250 4.89400 9. ~9S96. 39.5700 
260 5.08976 9.99996 39.6876 
"".270' 5.28552 9.99996 39.8008 

280 5.48128 9. 99']9? 39.9099 

290 5.67704 9.99997 40.0151 

300 5.87280 ~.9999? 4.0.1168. 

310 G.068~6 9.99997 40.2151 

320 6.26431 9.9999? 40.3103 
,. '330 . 6.46007 9.~9998 '40.4026 

... 340 6.65583 9.99998 40.492\ 

350 6. 85159 '3.99998 40.5?91 

360 '7.047:55 ?.99998 40.6635 

370 7.24311 9.99998 40.?457 

- 7..438B8 9. 9999E 40.8257 
380 
390 7.63463 9.99?98 40.9036 

400 7.83039 9. 99998 40.9795 

'· IIIC2 : 0.5lce3 • 
loge t (me 2) 2 = '20 9892 

I to be ehteYed lh ev. 

·I 
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