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J. JMkin and U. A.

ABSTRACT-—.L

Tlm stoppin~ power of heavy

range-energy rclation for deutcrons

‘l’hisdowmcn’k contains ~ o“’pa~fJ.—

?3ethe

water for deu%erons, and the

in heavy wa%ers have beon CM&

culalmd for deuteron energlos from O to 750 Irv. The rmqy of pro-

tons in h::dro~enfor proton energies from O to 1 IN has also bees

obtainod~
b

.
i’
<)
* For the evaluation of’various experhents it is necessar~ to how the.

rm~e-enw= relation for dcuterons in heavy water, for deutercm energies from
.

0 to about 1 H’W. An attempt has been nade to cnlwlate thiG relation thooreti-

Ccmy. Since9 in the cours~ of the calculation, WAo stoppi~ ?ower of hydrog?n

(cwckmtcriun) fordmterons orprotons,v msroqlired$ the r.anSa-cmer~Jrfor deu-

terons ELM protons in Yrydrocenwas also obtained.

!V’;I’2101)or cALcT?Lfm-o?T

The ran:e R of a charged particle in Q Given mdium

the loss in enor~ per em of path of the ywticle, -dE/dxa

integration

f

E
m

R (E) =
-7%m---1 -1—1

,’ A+ “X’-—..——.———.. lllllllllllfimfiwmlll
* ‘*

ix obtained from

by performing the

(3.)
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‘:(henthe Gtopping

sun of two terms,

particle with khe

UNCLASSIFIED
medium is heavy water, the oncn’~ loss per om. will be e

one arisin: from the indwtic collisions of’the charged

electrons of tho deutorivm and lineother fron the inelastic

collisions with the electrons of tho oxygen~ These contributions are tree-ted

separately.

If &he

ocities of the

approximateon

form

with

velocity oi’tineinoident dewteron is lar~ ccmpared to the vel-

oloctrons in the atozm of the xnedium,application of the Born

bo the collisions is valid, ati the ener~ loss per c~e has the

(2)

In this expressionn is the mass of the glcctron~ v is the veloci~ of the
,

., incident douteron, H is the number of atoms per om3 of the medium, Ze is nuc3ear

. . char~e and I some average ionization potential of the atom.. For deuterons being

stoppod in ozygea, the form (2a) for B is valid only for

compared to 2 1.?0 This expression thcrefore~ cannot be

which we are interes-ted~

It has been demonstrated, however, that the Born

deuteron energies Iargo

used in the range in

treatment Eives correct

results all the way down to velocities

small conpared with thQt of tho atomic

smaller charge than that of the atomic

of the incident heavy particle which are

Wectron if the incident partiole has a

nucleus~l) The difference frm the hi@

velocity case

the swmation

exact nctiods
\

arises from tho Iwv’akdoumof a simplifying appro.xhation which nakes

over the electronic transitions relatively emy to carry o~te l?ore

for the evaluation of this Gum tti*O therefore resorted to, and the

final r suit expressed nanerically instead of analytically
,

a’

~o~p=c~b. ptilo SOee,27,553 (1931)0.
?

N

I
m

4

h
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Gcneralfid’it is only

-tM Caloulmti.onof tho&Mrgy

nccmxw.wy to apply Aheso rore r=of’inedmethods %0

10ss due to collisionswith the K electrons. T’his

done b~ IWtho[2)e

nunher B, defined

For the contribution BK of the two K electrons to the

(3)

nv2~= -.. -..”... ~
E@--- ------- (4)

2Z~ffRy ?Iz;ffny

Hero E= -~I.# is the kinetic cner~ of the incident dwteron, Ey is the Rydberg

enor~r, and Zeff ts the effective nuclear charge in *ho K shell. The quantity ~

is a measure of the squaro of the ratio of We velocity of the incident particle

to the velocity of the K electron. ‘Nw number l& is the ‘feffoc%ivenunber of

K electrons or the totti oscillator stren&h for all transiti.om flxm the K shell

to the unocoiipieddiscrete levels and to the contiwaous spactrmns and is abowb

ri@t for the elements from carbon to ahminumC lf tkb~ ~tr~ra~e excitation p~t@n-

tial of the electrons outside t!:eK shell is denoted by IQS the total stmp?iw

number em be writtcm

13=(z- I.L?3) log 2 m#
-?7--’”%

OXYGEIT

For o.xyg-en,the eftective nuclear charge in

8 - Oc.3=7e7$ and

as about 50 volts

13mesttifiate(fron

on tho basis of tho enpirieal value of 40~3 volts for &ir and

the Slater scmmin~ constants)

in %he L shells of air and O=XYGen~ The “skopping

Wo%e , or the encr~ loss per on. divided by the

Tj!3~%Riii” Livingston, Mve_ :;ods ~~;Sg, j, 1937$ PPs 264-265$

~ ‘—
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tJ-=-0%

is plotted in Fig- 1 as

O*1 IN. However, it can

a function of thekdeuteron energy i.nthe re@.on above
\

he seen that for very low deuteron energies, the i’o~-:

(6]

mula (5) cannot be used withouk moditicatiua. Forv sufficiently smal.l.$the lop ..

aritlmic ton becomes ne~tivcly infinite~ while Bx tends to zero~ The formula

(5) is not ‘w be trusted in the case of oxyGen for deubmn emrgies belov~80 or

90 lcv. To be @3mple%e, a special calculation ana@ous to that of BK would have

to he made for the S@)~J~~~ due to the L electrons for velocities of the incident

deuteron comparable to that of an L electron. Tt is not oonsideredr~otihwhile

to perf’om this calculation at this tine. i%at has been done i~ to &uess very

roughly that the stopping cross section per atom of o.xy.genfor low energy deutwons

is about four times the stopping cross section per atom of h~drogen or dautel%.um,

‘end ‘thento extend the Curve$ in Q reasonable way, down to about 20 km, Mw lower

. Mni.t forwhich~he hydrogen stopping cross section has been calculated. I?orthe

higher oncrgies the calculated values of~ox ~~e probably good to

for the distance in o=~~en (at 15SC and 760EEn pressure) required
\

deuteron energy from 1 to 0-5 1.lV,we find .87 em~~ on the basis of

values of~ox, and when multiplied by tinestopping power of’m~umn

3 or 4~o Tnus,

tO redUCe the

the ccmputed

relative to sir,

vdtichis 3007~ this Cives as the distance in air ●93 cm. The expori.mentalvalue
● yc)

03tained tron the curve of’I%rkinson,.Herb, Bellamy and IMson is W om~

mm.mmi

The ener~~ loss in dcuterium (or hydro~en)

lisions of the dou-teronwith the sin~le K electron,

is duo to the inelastic ool-

of tho atom. Since the totil

oscillator s%ren@ for all optical transitions from the 1{shell to higher states
,

*1
in ‘bothkho discrete and continuous spectrum is tmilqyflthe best values for the

stoppinE number B that could be obtained v~ithoukmaking a special talc’ulabionfor

hydro~en, were (1/1.~~)13K,whore BI{is Civcn hy (3), Th term lo& (3.63 ~ ) becomes
.
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aSymptOizlcdly corroot 8s the dmrteron

(1/...81)CK(~] is subjwt to an or~”or

it was calculated for olenents Mmeon

el*ror

?mv,

value

1.173

i:ltho stqpinc cxmss seution of

‘ UNCLASSIFIED

which is perhaps of the order of I@B since

carbon and alumimn. This VJOUldmoan an

deutori~ for df3utoronsof about @ for

Tho s%oppin~ cross section rosultin~ from these

RA??GE

approxiwitions is shown in Fi&. 2*

;Iith-thestoppin~ moss section of k~drogen ox’deutorium for dcutezmns~

and hence also for protons, at hand, the mqc-energ relation for protons in

hydro~on was calculated bJ mmeriod hfxqy’a+:ion- Howover, it was only possible

to calcu3ate the range of’tlw prctons down to about 10 kw~ since the theoretical

curve for tho stoppin~ cross section tends to zero so ragidly as to make the range

of 10Y?ener~ particles Veruf lzqe (actually infinite). ileknvabout 10 kv., further-
.
nore, tho protons capturo and lose eleotrons and there is at present no satisfactory

“theoreticalmdimd fo2*Mndlinz these prooesses~ .For tlmse reasons we have plotted

in l?i~~S the dis’mce roqaired to slow the protons down to 10 lm., instead of

the ranfg3for slowing to zero eaergye lf the curve is extrapolated li~ar~~ to

zero emrgy, a range of a“~u~ ().O!jORe is foul~ for tho slowing fror.10 kV. %0

zeroo

il?MY’Y i’;Nfi3R

Finally the stoppin~ cross section per atom of on~geawas added to bhce

the stoppin~ cross motion per atom of deuterium to obtain the stoppin~ cross section

permole~~le ofD2~, exprecsed in~niks of 10-1~ om? volt. !l!horesultc as shormti~ig.

4wnay bo in error by abut ~, between 200 and 300 kva and by somewhat

hi@er energies. The ran~e as a function of kho encr~~ extrapolated

is plotted in Fig. 5. ‘I!heunits used aro molecules of 1)20per em?,

of D20rper em? bein~ qud to 3.325 x 10-20 ~sll+-wm-- ‘-- ‘2

less for the

to zero cnerCy,

onf3molecule
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