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THE RATIGE OF DRUTHROVS I HEAYY ViATER AND OF PROTO I‘T HYDROGER!

Je Ashlzin and I« As Bethe

ABSTRACT

The stopping power of heavy water for deuterons, and the
range-~energy relation for deuteorons in heavy wa“er, have beon cal-
culated for deuteron energles from O to 750 kv. The range of prow
tons in hydrogen for proton energios from O to 1 IV has also been

obtained,

For the evaluation of various experiments it is necessary to :now the
range~energy relation for deuterons in heavy water, for deuberon encrgies from
0 %o about 1 !fV. An atbenpt has been made to caloulate this relation Lhooretie
cally. Since, in the courss of the caleulation, tho stopping powér of hydrogen |
(or douteriun) for douterons or protons, ves required, the range-onergy for deu=
teronz and protons in hydrogen was slso obtained.

UETTIOD O CALCULATION

The renze R of a charged particle in a given modium is obtained from

the loss in enorgy per em. of path of the particle, -dE/dx, by performing the

R (B) [
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When the stopping mediwm is heavy water, the oncrpy loss per cme will be a
sum of two temms, one arisins {rom the inoclastic collisions of the charged
particle with the olectrons of the deuterium and the other from the inelastic
collisions with the electrons of tho oxygen. These coniribubions ars treeted
soparately.

If the velociby of the incident deuteron is larpe compared tto the vele
ocities of the cloctrons in the atcms of the medium, application of the Born

approximation to the collisions is valid, end the energy loss per cm. has the

form
dE _ 4T et
with
B =2 log _g_%\ﬁ__ (2a)

In this expression m is the wmass of the elcetron, v is the velocity of the
incident deuterom, ! is the mumber of atoms per em® of the medium, Ze is nuclear
charge and I some average ionization potential of the atom. I'or deuterons being
stopped in oxygen, the form (2a) for B is valid only for deuteron enorgies largoe
compared to 2 MV, This expression, therefore, camot be used in the range in
which we are interested,

It has been demonstrated, however, that the Borm treatment gives correct
results all the way down %o vclocities of the inecident heavy particle which are
snall compared with that of the etomic @leclron if the incident particle has a
smaller charge then that of the atomic nucleuso(l) The difference fron ths high
velocity case arises from the breakdown of a 8inplifying approximetion waich makes
the swmetion over Lhe electronic transitions relatively easy to carry out, ore
exact methods for the evaluation of this sum are therefore resorted to, and the

Tinal r sult expressed nunerically instead of analytically,

(1) T:o%%, Proc, Cambe Phile Sge.,_z_z,sss (1921),
g the
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the caleculation of thoguergy loss due to collisions witbh the K electrons. This
has bsen done by sethe{2)., For the contribution Bg of the two K electrons to the

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

By =1.81 log (3.63%) ~ Cz (7)) '(3)

where Cx is given graphically and

nve b (2)

é.'....a..-,-_-_ T emopecon o

ke “228pshy MZ3e LRy

Toro B= & 1v?  is %he kinetic energy of the incident deuteron, Ry is the Rydberg
enorpy, and Zgpp s the eflcebive nuclear charge in the K shell;; The quantity 7
is & measure of the squerc of the ratio of the velocity of the incident particle
to the velocity of the K electrom, The number 1,81 is the “effective number of

K electrons™ or the total oscillator strength for all transitions from the K shell
to ‘the unoccupied discrcte lovels and bo the continuous spoctrum, and is ahout
right for the elements from carbon to alumimme I the average excitation poten~

tial of the electrons outside the K shell is dencted by I*, the total stopping

number cen be writion

B=(Z - 1.81) log ~§~”§¥§.~ + By (5)
OLVGEN
Tor oxygen, the ellective nuclear charge in the K shell was tsken as
8 w 0,3=7.7, and the averaro excitetion potential, It, of the L shell, pusssed
as about 50 volts on the basis of the empirical value of 40.3 volts for eir and
en estimate (fron the Slaler screcning constants) of the effective nuclear charges
in Yho L shells of air and oxygen. The "stopping cross ssction” éer atom of oxygen,

Gox, s Or the encrgy loss per cm. divided by the mumber of atems per n?

2] Setho and Livingston, Reve liode Physs, 9, 1937, pps 264265,

_ APPROVED FOR PUBLICRELE-ASEUNCLASSlFIED




APPROVED FOR PUBLI C RELEASE

= = “l-w- m- — llw 04
Cox = Nox (“ﬁx") ox . _mv2  Box (8)

is plotted in Fige. 1 as a function of the‘:deuteron ensrgy in the repion above

0.1 V. However, it can be scen that for x'rery low deuteron energies, the for-
mula (5) canmot be used without modifica-l?j.éng For v sufficiently small, the log-
arithnie torm becomes negatively infinite, while By tends to zero., The formula

(8) is not o be trusted in the case of oxygen for deuteron energies below 80 or
90 kv, To be complete, a speciel calculation enalagous to that of By would have
to be made for the stopping due to the L electrons for velocities of the incident
deuteron comparable to that of an L electroﬁ., It is nobt considered wobth while

to perform this calculation at this time. ithat has beon done is Lo guess very
roughly that the stopping cross section per atom of oxygen for low energy deubsrons
is about four times the stopping cross section per atom of hydrogea or desuterium,
“and then to extend the curve, in @ reasoneble way, dowm to sbout 20 kv, the lower
limit for which the hydrogen stopping cross section has been calculsted. Tor the
higher oncrgies the calculated velues of Tyx are probably good to 3 or 4%, Thus,
for the distance in oxygen (at 15° ¢ and 760 rm p%'essure) required to vreduce the
deuteron energy from 1 4o 0.5 IV, we find .87 cm. ; on the basis of the camputed
values of oy, mad when multiplied by the stopping power of oxyren relative to air,
which is 1407, this gives as the distance in air .93 emne The expor:‘u/nental value
obtained from the eurve of Parlzinson,.llorb, Bellany and Ifudson is S'ngom.

HYDROGEN

The energy loss in deuterium {or hydrogen) is due to the inclastic cole
lisions of the douteron with the single K elsctron of the atoris Since the total
oscillator strengtin for all optical transitiions from the K shell to higher states
in voth tho discrote and continuous spectrm is wnity, the best values for the

stopping mmber B that could be obtained withoul meking o special calculation for

hydrogen, were (1/'1.81)BK, whore By is given by (3). The term log (3.6372) becomes

- UNCLASSIFIED




APPROVED FOR PUBLI C RELEASE

asymptovically correct as the deuberon energy increases. However, the correction
(1/1.81)GK ('rz ) is subjcet to an orror which is perhaps of the order of 107, since
it was ealculated for olonents botwreon carbon and elumimm, This would mean an
error in tho stopping cross secbion of deuteriuwm for doutorens of avout 5F for
75y, 2.5% et 125 kv., 1 at 250 kv., and locs than 17 above 300 kve TFor Z&ff the
value 1l.173 was used, corresponding to the ionizetion pobtential of something like
1.173 Bydverps for the removal of one of the electrons in the hydrogen molecule.
The storping cross section resulting from 'phese approximalions is shown in Fige 2.
iith the stopping cross section of hydrogen or deuterium for dcuterons,
and honce also for protons, ot hend, the rangceenergy relation for protons in
hydrogen was caleulated by numerical integration. llowever, it was only possible
to calculate the ranpe of the pretons down to about 10 kv. since the theorotical
curve for the stopping cross section tends to zere so rapidly as to meke the range
of low energy parsicles very large (actuslly infinite). Below about 10 kv., further~
Qore, thc protons capturc and lose electrons and there is at present no seiisfactory
-theoretical mothod for handling these processes. . For tlsse reasons we have plotted
in Fip. 8 the distance required to slow the protoms down to 10 lv., instead of
the range for slowing to zero euergy. If the curve is cxtrapolated linearly to
Zero energy, a range of abvout 0,05 cme is fomd for the slowing from 10 kv. Yo
Zeroe
ULAVY GATER
Finally the stopping cross section per atom of oxygea was added to twice
the slopping cross section per etom of deuterium to obtain the stopping cross section
per molecale of Dod, expressed in units of 10-15 om? volt. Tho results as shown fa FiZ,
4:may be in error by about 5% between 200 snd 300 kv. and by somewhat less for the
higher energies. The range as a funcbion of the energy, extrapolated to zero cnerpy,

is plotted in Fige B The units used arse noleculses of Dg0 per en?, ono molecule

of D20, per en? being cqudCRIBOYRRSFERPERLIG 1RELEASE-- —?
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