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original report at a 300 dpi resolution.  Original 
color illustrations appear as black and white images.

For additional information or comments, contact: 
Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov



APPROVED FOR PUBLI C RELEASE

. UL 2 r e ®

LBSACT

Y- aea s e e e

The ouopping power of heevy water for deubterons, and tho range-ensvgyv

volation for devteorcena Iin heevy water, have beon calguleted for doukeron enerries

The range of protons in hydrogen for proton onergies from

Zrop O to 7850 kv,
For proton ensrgies below 60 kv the hydrogen

to L ¥¥ has also bgen obtained.
vanal vavr date of Rlchardt vweors somsulted. Those data wers nobt available ol the

timo of writing IA-)Z, which is therafore supercoded by this revised edition.

i _,f

iy

3 93/338 /

i

{
/
1
j

UNCLASSIFIED

APPRO\/ED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

. Wit wWhkMNvwJsil lbv.

THE RANGE OF DEUTERQNS IN HEAVY VATER

AND OF PROTONS IN HYDROGEW

Por the evaluation of various expoerimsnts 1t is necessary to know
the rangs-energy reolation 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 dsutoerium) 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 &
sun of two tems, one arisins {rom the inolastic collisions of the charged
pvarticle with the cleetiron: of the deuterivm and the other {ron the inslastic
wollisions with the clechtrons of the oxygsn, These contributions are treatoa
soparasel;.

If the velocity ol tne incident demteron is larpe compored %o the vels

ocities of the clcetrons in the utons of the medium, applicaetion o1 the Xorn

aporoxination Lo 4‘he collisions is walid, and the eneryy loss per cm, has the
Jorm
g Y
¢ 40 g . ’
i st - "0 0 o par e @ o e :r‘_} \2)
X mvb
with 5
2 s o
o 7 10{: ........'.;......n (:},u.,,
oo

In this eworession n is the rwss of the elcetron, v is sle weloecity of the
incident deuteron, Il is the mmber ot atorms per c1d of the nmodi iusr, Ze is nuclear
charge and I some average ilonimation potential of the aton. For deuterons boing
stopped in oxrren, the form (2a) for B is valic oaly for deuberoz encrgies larg
eonparsd Lo 2 IV, This exprossion, therefors, cannot be used in the range in
which we are interestoed,

% has beon demonstrated, however, that the Born trestment gives corrvect
mz5ults all the vayr down to volocitiss of the incident heavy particle which are
enull compared with that of the atomic eiactron if the incldent particle has a

TR

#waller charge than that of the atonic nuclousou) The diffcerence from the hirh

veloelty case arises £ron tho br akdown of a sinpliftring approxination which makes
the swmation over the electronie transitions rolabively easy to cariy oab. ore
mruet nethods for the ovaluation cf this sum are therefore resortad to, and the

Jinel v osult expressed munerically inm ouad of analyticeliy,

BT T LT P W Pegvs
. LA

B ;J‘ut Proc, Camb. Phile 00e.,27,57 0 (15%1).
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o

Comerally it is only ncesssary Lo apply these ~ore rofired mothods to
whe calculation of Thogueryy loss due o0 collisions with the ¥ cloebvons. Thie
o
hns been done by Betho'2), Tor the contribution By of the twe K oloctrons to the

stopping number B, defined in (2), he finds |

B 23481 log (3.63%) « Cy () £33

where Cy is piven graphically end

T .

o -
N ) bl ne
Yy 5 Par T W e s gy o e oy 0w 00 D

Ny \ 4 }
RZEpeRy 128 prRy

Tioro B= % v  is +ho Linotic cnergy of the ineident deubtsron, Ry is the Rudberg
enerpy, and Zgpp is the eflcetive nuclear charge in the X shell. The guantity
iz & measure of the squarc of the ratio of the velocity of the incident particle
to the veleeidy of the K eleetron, The mmmber 1.81 is the "effective muiber of

il electrons™ or the total oseilletor strengbh for ell trensitions from the K shell
1y the uroccunied discrote lovels end to ths coabtinuous spectrunm, end is aboub
rirht for the elemonbs from carbon to aluminmm. I the averare excitation poten-

tial of the clectrors oubside the K shell is donoted by I%, the tobtal stopping

number can bBo vrition

B=({Z = 1.81) log -«-}J;u + By (5)

OTEGDN

—

Tor oxypen, the ellective nuclear chorge in the K shell was isiren as
8 w 0.3=27.7, aund the averase excitaticn pobtentlal, I*, of the L shell, pfuessed
s about 50 volts on the basis of the empiriesl value of 40.3 volts for eir and
en estinete (from the Slatsr screening constants) of the olffective nuclear cherpes
ia tho L sholls of air and oxycen. The "stopping cross section” per atom of oxypen,
“Wax, s Or the cnerpgy loss per om. dividsd by the number of atoms per aa$
o

¢ SAT Tivineston, Rev. Jod, Phos.. @, LUR7. po, 26626
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HYDROGEN
The enorgy loss in hydrogen (or deuterium) is due to the inoclastic

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

pigher gstates in both tho disorste and continucus speotram is uniby, the besi
vielues for the scopping number B bthat could be oblained without meking a opeoia’
caloulation for hydrogen, wore (L/l.sl) By, whore By is given by (3). For Zaerf
the volue 1.173 was used, corresponding to an ionization potential of 1.173 Ryd-
bargs for the rvomoval of one of the eleotrons in the hydrogen molecule. The tern
log (3.6372) beoames 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 33 at 126 i,
% 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
goenred more reasonable for hydrogen than for aly and connected smoothly to ‘the
caloulated curve above 300 kv. Thus we obtaln ths stopping cross section shown

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

than 1j, ioove 200 kv.

RANGE

With the stopping cross scction of hydrozem for deuterons, and hence
also for protons, at hand, the range-ensrgy relation for protons in hydrogen was
oclovlated by numerical integration. Rlchardt gives oxporimentel values for the
ranges o slow protons (bolow 80 kv) in eir =nd thece cen bs comverted into

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

in Fig. %, was normalizged te give the absoluis ranpus.
APPROVED FCR PUBLI C RELEASE
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WATER
- Finally, the stopping oross section per stom of oxygon was edded to

twice the stopping oross ssction per atom of hydrogen Lo oktain the stopping
oress sootion per moleoule of Ego or D,0 oxpressed in units of 10745 cm@ volt,
The vesluts as shown in Fig. 4 may be in erroir by about 104 between 100 and
200 kv, 8/, between 200 and 300 kv and 4J, above 300 kv. The renze as a function
oy ths energy (Fig. §) was caloulated nmumorically end normalised by taking the
venge in d,0 at low energies as 1/1.2 times the range in air, where 1.9 is the
velue for tho stopping powor of water relative to air obtained from Rileharde's
datn. The units used are molecules of nao por cmz, one molecule of D,0 per cu®

boing equal to 3.325 x= 10770 milligroms per om .
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