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7he suopping power of heevy water for deutevons, and tho range-ensveyv

volation for devtarcna Iin heevy water, have beon celguleied for doukeron enerries

The range of protons in hydrogen for proton onergies from

fyor O to 750 kv,
to L MY has also bgon obteined. For proton snergies below 60 kv  the hydrogea
vanal vav date of Rlchardt vwers somsulted.

timo of writing IA-)Z, which is therafore supercoded by this revises edition.
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. Wit wWhkMNvwJsil lbv.

THE RANGE OF DEUTERQNS IN BEAVY WATER

AND OF PROTONS IN HYDROGENW

Por {he evaluatisn of various experimsnts 1t is necessary to know
the rangs-energy relation for dsuterons in hsavy water, for deuteron onergles
from O to about 1 MV. An atteupt has been made to csloulato this relatica
thooretionlly. Since, in the scursse of the ealeulatlion, the stopping power
oi hydrogen {or desuterium) for deuterons or protons, was required, the range-

onergy for douterons and protone in hydrogen was also obtained.

METEOD OF CALGCULATIOR

The range R of a charged particle in a given medium 1s obtaincd

from the loss in energy por em. of path of the particie, »dE/ax, by performing

E
1)
R (B) = (1)

j ~
3]

the intogretion
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when the stopping mediim is heavy waber, the cnorgy loss per ch. will b9 &

2

sun of two tems, one arisinr {rom the inolastic collisions of the charged
» -

¢

particle with the cleetirons of the deuterium and the other iron the inslastic
sollisions with the clectrons of the oxygen, These contributions are treatoa
soparatel:;.

If the velocity of the incident denioron is larfv compored %o the vele
ocities of the cloctrons in the atoas of the medium, applicabion or the Zorn

apnroxination Lo the collisions is walid, and the energr loss per c¢m, nhas the

Jorm
GE AW g% e ’n
w I Ll e e e e pENL S \(4)
l.lx 'mv&
with 2
2 mvs L
7= 7 lox .........rf..-..ﬁ. (zud
o

In this ewnression n is the rwss cof the elcetron, v is ke veloecity of the
incident deuteren, Il is the mmber ot ators per e of the mediuse, Ze is nuclear
charge and I some average ionimation potential of the aton. For deuterons boing
storped in ox;men, the form (2a) for B is valic only for deuberoz encrgies larg
eoxparsd Lo 2 IV, This exprossion, therefors, cannot be used in the range in
whaich we are interestod,

4 has beon demonstrated, however, that the Doran trestment gives corrvect
mz5ults all the vmy down to volocitiss of the incident heavy particle which are
enull compared with that of the atormic &isctron if the incldent particle has a
smialler charge than that of the atonic nuclouso(l) The diffcerence f{rom the hirh
veloeily case arises £ron tho br akdown of a sinpliftring approxination which makes
the surmation over the elcetronic transitions relabively easy ‘o earyy oat, ore
axuct nethods for the ovaluation cf this sum are therefore resortad to, and the
Jinel v osult expressed nunerically i wud of analyticeliy,

BT TL TP WY PR gvs

L TTERE, Prae, Cambe Phile 004,287,570 (14%1).
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Comerally it is only ncesssary to apply these rore rofired mothods to
the calculation of Thoguergy loss due o collisions with the ¥ cleebrons. Thie
has been done by Betho'2), Tor the contribution By of the twe K oloctrons to the

stopping nuiber B, defined in (2), he finds

BK:'E-:.S]. 108 (3»63”1) - CI{ ('n) {'5':!

:

wvhere Cy is given graphically end

" . ye 1]
1
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o B= i w2 is the Iinotic cnergy of the incident deubsron, Ry is the Rudberg

enerpy, and Zgpp is the eflcctive nuclear charge in the X shell. The guantity %
iz & measure of the squawrc of the ratio of the velocity of the incident particle
to the velecity of the K eleebron., The mmber 1.81 is the "effective nuiber of
i eloctrons” or the tobsl oscillator strengbh for ell trensitions from the K shall
5 the unoccunied discrote lovels end to ths conbtinvous spectrwa, end is aboub
rirht for the elemonbs from carbon to aluminum:. If the averare excitation poten-
tlal of the clectrors outside the K shell is denoted by I%, the tobal stopping
number can bo vwritton

<

9 e
Bz (% = 1.81) log ~-§§f-a + By (5)

DUECEN

Tor oxypen, the efllective nuclear chorge in the X shell vwas iairen as
8 w 0.3=27.7, axd the averare excitabicn pobtentlal, I*, of the L shell, pfuessed
s about 50 volts on the basis of the empiriesl value of 40.3 volts for sir and
e estinete (from the Slatsr screening constants) of the olffective nuclear cherpges
ia tho L sholls of air and oxycen. The "stopping cross section” per atom of oxypen,

Wax, s Or the cnergy loss per cme dividsd by the number of atoms per o

T A end Tivineston, Rev. Jod, Phio.. 2, 1037, oo, 264.953,

« m e
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HYDROGEN
The enorgy loss in hydrogen (or deuterium) is due to ths inoclastic

collisions of the deouteron with the single K electron of the atom. Sinee the
tolal oscillator strength for all optical transitions from the K ghsell to

aigher gstates in both tho disorete and continueus speotram is uniby, the besi
vialues for The stopping number B that could be obleined without meking a speolal
caloulation for hydrogen, wore (L/l.sl) By, whers By is given by (3)e For Zaerf
the volue 1.173 was used, corresponding to an ionization potential of 1.173 Ryd-
bargs for the romoval of one of the elegtrons in the hydrogen molecule. The tern
log (3.6372) beoonmes asymptotically ocorrest as the douteron ensrgy inoreeses.
However, the corrsotion (1/1.81) CK (ﬁ ) is subjeet to an error of the order of
10% or more sinoce it wae calculsted for elements between oarbon and sluminum. Foi
this reagon, ths stopping oross section would be in erfcr by sbout 3% at 126 v,
3% at 250 kv, and less then 1} above 300 kv. A%t the lowar energies theirs would

be ar edditional error due to the failure to teks account of the capture snd loss
of' elevtrons. Below 70 kv we therefore took the experimentsl date of Richardt, whish
goered more reasonable for hydrogen than for alyr and connected smoothly to ‘the
caloulated curve above 300 kv. Thus we obtaln ths stopping cross section shown

in Fig. 2, which we velleve to ba good te absut 3 to 5% below 125 kv and to batter

than 1, ioove 200 kv.

RANGE

With the stopping cross scction of hydrozem for deuterons, and hence
also for protons, at hand, the range-encrgy relation for protons in hydrogen was
oclovlated by numerical integration. Rlchardt gives oxporimentel values for the
ranges o slow protons (bolow 60 kv) in eir 2nd these cen be converted into

ranges in hydrogon by uaing his valus of 0.4 {ov the stopping power of hydrogen
rolative to alr &t those enorgles. In this way the caloulated range curve, shewn

in Fige %, was normalized te give the absoluis ranpus.
APPROVED FOR PUBLI C RELEASE
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wATEY

Finally, tie siopping aross section per stom of oxycon was sdded to
twice the stopping oroves section per atom of hydrogen Lo oktain the stopping
oress soction per moleoule of Ego or D,0 oxpressed in units of 10"15 cm@ vold,
Tha vesluts as shown in Fig. 4 may be in erroi by about 104 between 100 and
200 kv, 6/, between 200 and 300 kv and 47, above 300 kv. The renze as a function
o ths energy (Fig. 5) was caloulated numorically end normalised by taking the
venge in d,0 at low energies as 1/1.¢ times the range in air, where 1.9 is the
vaelue for tho stopping power of water relative to air obtained from Rilchords's

datn. The units used are molecules of nao por cmz, one molecule of D,0 per cu®

toling equal to 3.325 x= 10~ milligrams per om .
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