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Introduction

In evaluating the cross section for.a nuclear reaction from the
observed values of thick~target yields, itAis necessary to know the energy-
range relation for the bombarding particles in the target material., It is
the purpose of this paper to deduce from existing experimental evidence the
rate of energy loss of deuterons in a D0 (heavy ice) target, for the
special case of very low bombarding energies (10 to 100 kev).

The data most pertinent to our problem are contained in several
papers(152,3,4) by Gerthsen and his co-workers, concerning the energy loss
of slow protons in various media (air, hydrogen and celluloid), Their re~
sults are applicable to our case through the following assumptions:

(a) That the rates of energy loss of a proton and a deuteron
having the same velocity are identical in any given medium.

(b) That the atomic stopping powers of H and D are identical.

(c) That the molecular stopping power of D0 can be found by
adding the atomic stopping powers of two atoms of D and one atom of O.

(d) That the stopping power of D,0 ie independent of its
physical state.

"“"‘}:ﬁ‘”: : _ Although there has been no experimental verification of assumption
' %5 (a) for low energles, it is a general principle that a proton and a deuteron
i=r , ‘

g%g? having the same velocity will lose energy through electronic interactions at
=3,

8=0; i P

3§§§§ggﬁf:tf R I

t.==g (1) Chr Gerthsen Ann, d. Phys. 3, 657 (1930).

=l " " Phys. Zeits 31, 448 (1930).

1 (3) A. kckardt Aon. d. Phys. 5, 401 (1930).
~ {4) W. Reusse noon w15, 25 (1932). a
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egqual rates; whatever the exact nature of the energy loss process(5)? We

shall therefore take it that this assumption is rigorously Justified., hax=
cept where otherwise stated,Avalues of energies.mentioned in the text are

those appropriate to protons; any relation arrived at for protons will be

true for deuterons of twice the energy.

With regard to assumption (b), measurements have been made(657,8)
of the relative total amounts of ionization produced by protons and deuterons
in hydrogen and deuterium gas. The results indicated that a slight difference
existed betwesen the total ionizations in Hy and Dy , which would invalid-
ate the assumption., The difference was the same whether the incident particle
was proton or deuteron. The difference seemed, however, to arise only at
very low incident-particle velocities ( 6.107 cm/sec corresponding to 2-kev
protons or 4-=kev deuterons)., Thus for proton or deuteron vel&cities greater
than 6.107 cm/sec, one may consider the atomic stopping powers of H and D
to be equal,

The basis for assumptions (¢) and (d) is to be found in 2 paper
by L. H. Gray(9), where these matters are reviewed. The molecular stopping
power of a chemical compound appears to be accurately equal (to about 2%)
to the sum of the atomic stopping powers of its constituent atoms, More—
over, the limited evidence concerning the stopping powers of a substance
in solid and gaseous forms suggests that there is no significént difference
between them. It should be pointed out, however, that these results are

based upon measdrements with alpha particles, and at these high energies

(5) Livingston & Bethe Rev. Mod. Phys. 9, No. 3, p.271, (1937

(6) R. Koops Ann. d. Phys., 33, 57 (1938)."

(7) G. Joos moow o 41, 426 (1942),

(8) M. Juseus conn g ). D
(9) L. Ho Gray Proc. Camb, Phil. Cos. 40, 72 (1944).
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the difference in stopping power due to differences in chemical binding is
expected on theoretical grounds to be less than 1%, The situation is
markedly changed at the energies in which we are here interested, and the
stopping power of heavy ice, as calculated from the observed atomic stopping
powers of gaseous hydrogen and oxygen, may well be in error,

With this brief preamble we will proceed to a survey and analysis

of the experiments of Gerthsen, wckardt and Reusse. Ce

The Loss of kEnergy of Slow Protons in Matter,

The experiments on the loss of energy of protons in matter can

be classed into two types, integral and differentisl. In the first type of

experiment , the total range in a gas of a proton of given initisl snergy is
measured., This is the experiment described by Gerthsen(l)o His results
are shown in Figure 1. for the case of protons in air. The ranges R are
expressed in cms of air at 1 mm pressure Hg, and the proton energies &
in kev. Gerthsen found {cf, Figure 1) that R as a function of & could

be very closely represented by the formula
R = apd/b (1)

(We have applied a least-—squares analysis to his data,’and'have found that
the results are better fitted if the power of & 1is 0,773; this difference,
however, is scarcely significent). Now the quantity of interest in deter-
mining the cross section for a nuclear reaction is ~d&/dx, the snergy loss
per unit distance in the target at a given energy. If we accept Gerthsen's

formula, we have:

- di/dx = 4 :I%; = const x v%o (2)
APPROVED Féﬂ PUBLI C RELEASE
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dE/dx as a function of velocity is plotted in Figure 2,

In the differantial experiments, the loss of velocity of protons
in traversing a very small qugntity o€ matter is directly obseryedo This
is the type of experiment described by Eckardt(B) and Reusse(l*)° A proton
beam was passed through celluloid films of various thicknesses Ax. For
a given film, the energy loss 4 in passing through it was measured as
a function of the initial energy &£, The results are shown in Figure 3,
By considering the results for the various films, one can find the magni=-
tuds of Ad/ax as a function of Ax for a given £, The relation be-
tween them is found to be linear, of the form

-éé - al -b‘Ax
OHX

By extrapolating the line to zero film thickness, one finds the value of
dBE/dx at the initial energy X. By performing this anlysis for a series
of values of k4, one can obtain d&/dx as a function of velocity. We have
treated all of the data of ickardt and Reusse in this way, using least-
syuares solutions throughout, and find that they are consistent with a

relation
- dE -
& s C?(v vo)

This is plotted ih Figure 4o

The discrepancy between the results of Gerthsen and of ickardt
and Reusse is very striking. From the one experiment one finds that di/dx
is proportional to the velocity, from the other to its squars root. It is
true that the values of A&is/lsx, obtainable from the measurements of sckardt

and Reusse, lead more directly to a value for di/dx than do Gerthsents

measurements of total range, but both experiments are open to criticism and

arproveD For PusLl ¢ RESSED
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merit more detailed consideration,

The dxperiment of Gerthsen

4 proton beam generated.in a canalmray tube was magnetically
analysed and passed btuhrough & thin celluloid window situated at the radius
of curvature of a hemispherical ionization chamber. The thickness of the
window was 80 mm Lng= 100 am =10 A.U.). The ionization chamber could
be filled to any desired pressure (up to a few cms Hg) with air or H,. The
positive ions produced by the protons in traversing the chamber were collected
on an electrode which was made negative with respect o the walls of the
chamber. The charge collected in a given time was registered on an elec-
trometer; a second electrometer recorded the charge carried by the primary
proton beam entering the chamber. The ionization current was found to in-
crease steadily wilh increasing gas pressure up to a certain critical pres-
sure p,, and thereafter remained constant. At the pressure pe the protons
are just failing to reach the walls of the chamber, so that for this and higher
pressures they lose their whole energy in the gaso I1f the radius of the cham=
per is CD, the proton range r at unit gas pressure is C Pce

Gerthsen's experiment consisted in measuring pe for air and H,
for several values of & between 27 and 57 kev, He found that the range
in Hp at all energies was 2,50 times the corresponding range in air, so
thet the same form of the energy-range relation must hold for protons in air
and in Hp. It is necessary to point out that the value of & was measured
before the protons passed through the celluloid window. Gerthsen assumed
that the window was equivalent to the same thickness cf\of a2ir at all ener-
sies, and calculated d by considering the celluloid to be composed of hydro-

gen and "air-like" atoms. In this latter category he placed the C, N and O

atoms which composed 94.4% of the celluloid by weight . o was then added to
APPROVED FOR PUBLI C RELEASE
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each observed value of r to give the total range R. é‘was ebout 10% to
20% of R, so that any error in its value could materially affect the final
results, |

There exists an additional way of evaluating dE/dx from Gerthsen's
experiment,, which he himself describes(‘?')° Yhen the pressure in the ioniza-
tion chamber was very low, the ionization current was found to be a linear
function of pressure. The slope of the current vs. pressure curve in this
region gives directly the number of ion pairs, per mm pressure of gas in the
chamber, produced by the whole proton beam, Since the primary proton beam
was simultaneously recorded, it is possible to state the number, n, of ion
pairs per cm of path, in gas at 1 mm pressure, produced by one proton of
energy L', where E! is the‘energy of a proton after it has lost energy
AE in traversing the celluloid foil, With the assumed value of ', AL
and thems®' could be calculated for various values of £,

To translate n into a rate of energy loss, it is necessary to
know the mean energy, W, required to produce an ion pair in the gas at the
energy E%. Gerthsen could not determine W at a single energy, bub by
dividing the saturation current in the ion chamber by the current of primsry
protons, he could determine the total number N of ion pairs produced by a
single proton of energy £'. The guotient £'/N then gave the average value
of W over the energy range O to E', This ratioc was found to be independent
of the value of &'; it was therefore assumed that W itaself was independent
of energy, and egual to the constant quotient E!'/N. (From our evaluation of
the data we find W =38 ov, Gerthaen gives W =35 ev, but we have cause

to suspect the values of &' on which this is based -- see below).

The rate of energy loss, - dE'/dx, of a proten of energy E' is
then given by the progusie b PORPEL PLARER Bhst ™ pressure).
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Support for the assumed constancy of W is to be found in a
paper of Joos{7), He quotes an experiment in which the ratio E'/N for
protons in Hs is found constant for energies from 4 to 1 kev.

As Gerthsen has published his results, the values of dE/dx
derived by thias second method from his one experiment are very different
from its values as derived by the first method menticned earlier. (d&/dx
appears to be proportional to v, not to v% as required by equation (2)).
Upon careful re-svaluation of the results, we found that his values of
AL, and hence of £%, were at veriance with the integral energy-range
relation. {eguation 1). It would appear that the discrepancy may have
arisen through numerical errors; in our own treatment of the data we have
found that the values for dE/dx are essentially the same by either method
of evaluation, and satisfy the relation expressed by equation (2). In
determining AE, we tock the mean of values obtained by three different
methods., The first was that used by Gerthsen(l) {although our results
differ from his, and satisfy the energy=-range relation); the second method
was to assume that the loss of velocity, Awv, in the cellunloid foil was
independent of the energy of incidence £ (a result found by Eckardt and
Reusse, V. inf.) and to accept Gerthsen's value for the air oguivalent c('
of the foil; the third method was to find directly from the data of Eckardt
and Reusse the loss of energy suffered by a proton of vgrious energies 4
in passing through a celluloid foil of &0 m(( thickness,

The outcome of Gerthsen's experiment would thus appear to be that
over the range 20 to 60 kev the raﬁe of loss of energy of p:g'otons.in air or
hydrogen 1s proportional to the square root of the velocity. The actual

magnitude of this loss, in kev per cm of path in either gas at 1 mm pressure,

follows divectly from the experimental results,

APPROVED FOR PUBLI ¢ Rel
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The Experiments of Eckardt and Reusse

A protqn begq gene;ated_;n a canalmray tube was accelerated ‘
through an additional potential drop and was then magnetically analysedoA
Protons or Hé* ions of a specified velociiy were thus selected. The range
of proton energies covered was from 4 to 50 kev, After passing through a
thin celluloid film the protons were subjected to a further magnetic analysis
in order to determine their velocity upon emergence. There was of course a
spread of energy in the emergent beam, but the velocity at the peak of the
distribution was measured as the significant one. The experiment was re-
peated for celluloid films of various thicknesses (from 20 to 330 mfx)q

It may bs noted that the celluloid films were extremely thin, the
thickest being only about 3000 A.U. Thus it was impossible to measure the
thickness through the use of interference fringes, and the method employed
was to note the change of interference colour when one of the thin films
was placed over a relatively thick film of celluloid. Unfortunately no
details of the procedure are given in any of the published papers, and its
accuracy must remain open to question.

The results given by Eckardt and Reusse are {a) that for a given
incident wvelocity, the loss of velocity in passing through a foil is propor-
tional to its thickness, and (b) that in passing through a given foil, the
energy loss is a linear function of the incident velocity v. These results

may be expressed by the followling equations:

- Av = a , Ax (5a)

e AE =b.veece (5b)

It will be noted that equations (5) are not the same as the

APPROVED FOR PUBLI C RE“
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equations (3) and (4) which we have used in evaluating dE/dx as a function

«10=-

of velocity. The two sets of equations may, however, be readily related.

Suppose that the rate of energy loss is given by

- & = o) | 6)

i.e., -mv o dv = £(v) . dx, where m = mass of proton.

v+Av
Then Ax = -m v_dv

)

HG)
(7)
=+m [p(v) - @ (v +Av)] say

If we accept equation {5a), we have Ax = =21 Awv, and hence the identity:
a

.,% 4v En [f(v) - y(v-p-Av‘)]-. -n Pv). Avi- - -

Consequentl. t(v)= 4.1 . v f
q ¥, grv) to- = F rom (7)
go that 48 = =amv (8)
dx
. . 2 . . '_ . .

_x?ifferentiating (8), ﬂ_x.g = = am %}!{. = +a%m, from (5a) (9)

. dE PE (A |

Now we may write HE ¢ = Ax 4 3 == (Ax) , which by

£

(8) and (9) becomes N omamv _‘_"% *u . Ax

APPROVED FOR PUBLI C RELN
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or ~AE o otqv - %,Ax, where dyy = = 4B (10)
r iz = @ REXs ° M1 ax

Equation (10) may be seen at once to correspond to equations (3) and (5b)
(to the former when v is fixed and Ax varies, to the latter when Ax is
fixed and v varies). ]

The following table sets out some values of Kyv(= -dE/dx)},
O(lv/E% and o2 as we have calculated them by a least~squares analysis of the

experimental data of Eckardt and Reusse:

TABLE 1
£ kev ' & v _ a(l‘r/lz.’é a(z
kev/mm of celluloid .

508 0.0395 *+ 0,0062 0,0164 * 0,0026 0.00018 ¥ 0,00008
10,2 | 0.0621 ¥ 0D,0040 0.0195 * 0,Q013 0.00019 * 000003
31 0.0890 * 0.0059 0,0160 ¥ 0,0011 0,00009 % 0,00001
L, 051313 + 0.0061 0.0198 * 0.0009 0.00017 * 0,00001

The fact that o) and % are sssentially independent of velocity may readily
be seen. A

N In comparing equation (8) with equation (4), we see that they are
in agreement only if v, 12 set equal to gero. The discrepancy probably
arises because we have made a more careful analysis of the data, using
least~squares solutions throughout, than did Eckardt and Reusse. In this
enalysis the paramcter v, appeared, but it is dpubtgql that the experiments
in themselves are accurate epough to give vc; any significance. .In any case

it is clear that the energy loss cannot cease at and below v,, as equation
APPROVED FOR PUBLI C RELEASE —
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(4) would demand. (v, ~ 0.2 kev proton energy).

The result of the experiments of kckardt and Reusse is therefore
that, for protons traversing celluloid, the rate of enerzy loss, - dE/dx,
is a linear function of velocity. The result is of use Lo our problem only
if we can derive from it the absolute value of the rate of energy loss in air
or in hydrogen, and thus, using our initial assumptions, find the energy loss
in a layer of ice., It is important to attempt this conversion, since the cel-=
luloid measurements extend to much lower energies (4 kev) than do the mzasure-

ments on air and Ho, We will therefare consider this natter in the next section,

The tnergy loss in Ice

Aas was svated at the beginning, we derive the rate of energy loss
in Dp0, in either vapour or solid form, by adding the rates of energy loss
(which are directly proportional to the stopping powers) of two atoms of H

{or one molecule of Hy) and one atom of O {or half a molecule of Gs). That

4 4E) 1 [d4E |
ag) _ (a8) , 1 (a8 (1)
(dx)o2o (dx)ﬁ2 t 2 ("")o2

Since no data exist at low cnergies for the cnergy loss in 05, we have taken

is:

8 result(lo) which holds for alpha particles near the end of their range,

namely:
@E\;) = 1.07 ﬁ) , where (Q&)
0, 9 Jair 4%/ aiy
relers to one "molecule" of air, Now Gerthsen's obsgervation that the range

in Hy is always 2.50 times the corresponding range in air leads at once to

the relation E
APPROVED FOR PUBLI C
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Using the above two equations, (11) bscomes

(@ - (.d_@) [o.40 + 00535_] = 00935[5&‘) (12)
%o \Hhair A faip

With the aid of (12), Gerthsen's valuss for (ds&/dx),;. (cf. Figure 2) can at
once be converted into the corresponding values for heavy ice,

To convert (d&/dx).e11410ig 10O (@/GX)D?_O’ two alternative
methods are possible., Ths first method is briefly as follows: -Over the
small range of velocities covered by Gerthsen, the plot of (dE/dx)air VSo
v does not depart By more than about 10%f from the linear relation expressed
by equation {4). If one therefore draws a straight line through these points,
with an intercept at vg on the v axis, its slope is not likely to be in
error by more than about +108. By comparing this slope with the slope of the
corresponding line for the energy loss in celluloid (cf, Figure 4), one finds
the numbez_' of cms of air at 1 mm pressure which are equivalent to 1 m(lrtof

celluloid, The result of this comparison is:

-% - (OQhO t 0001{.)(V X 10"8 it 0018) » (13)
air :
where v is in cm/sec and (dE/dx)4s, is in kev per cm of air at 1 mm pressure.
The conversion to (dE/dx)D?o then follows from (12).

The second method of converting the celluloid data into energy losses

in D50 is to assume, with Gerthsen, that celluloid may be considered as a com-

bination of air and hydrogen. That is: | —

(lo)Rutherford, Chadwick & Ellis, "Radiations from Radioactive Substances"
APPROVED FORa@biSlde€ FBDEABEYT- :
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dE . (dz . R Y
dE = Af3EY -, B(——)H-,-(u 0.4 B) 4&
(d" elluloid dxfip \9X 5 X aip

The constants A and B may be evaluated from the cpmpositiqn and denqity ot
célluloid. For the density, which is not stated By Eckardt and Reusse,fﬁe~‘
have assumed a value of 1.48 gm/cc, which lies midway betwecen the accepted
limits of 1.35 and 1.60. We thus subject ourselves to a possible error of

T 10%. Our estimate of (dE/dx)air by this means is

(1 = (0;37 * o;da)(v % 1078 - 0418) (14)
-(;xglir .

The striking agreement between (13) and (14) must of course be considered

fortuitous,

Energy lLosses Below 20 Kev

The outcome of the above is that, over the energy-range which is
conmon o both ssts of experiments (20 to 50 kev), the value of (dE/dx)Dzo
calculated in various ways is self-consistent to about = 10, The matter
of its absolute accuracy is of course another question.

In evaluating (dE/dx)Dzo for lower energies (from 5 to 20 kev),
the problem becomes mope difficult. One must attémpt to decide what is the
form of the energy-range relation in this region of low velocities, It is
true that the measuyemﬁnts of Eckardt and Reusse are the only ones actuaily
carried out in this region, and lead to the relation expressed in equation

(4), but the limited validity of any one formula for expressing the range-

energy reletion should be recognized. '
To discuss this in more definite terms, suppose that the range-
APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

energy relation is described for a specified velocity v by the equivalent

[ -15~

formulae

'(15)

®-er

For regions of high energy, the well~known Geiger law asserts that m =3,

Gerthsen's experiment gives m =3/2. The results of Eckardt and Reusse

correspond to m =1, It would therefore secem likely that m is a continuous~

ly changing exponent, and that although equation (4) may represent ~dE/dx

adequately over the range 4 to 50 kev, it may well fail for higher or lower

energies, In fact it almost certainly must., We have already remarked that

equation (4) can scareely continue to hold down to the velocity v, .. At

the high-energy end it is equally unsafe to extrapolate it. For proton

energiss of 200 kev or more, df/dx can be calculated with some assurance

on theoretical grounds(s)o In this region =d&/dx is decreasing with in-

creasing velocity, so that between 50 kev and 200 kev a maximum (corres-

ponding to m = 2 in equation (15)) must oceur. Thus at this higher energy

end Gerthsen's result, with m =3/2, should perhaps be given some, weight . |
In the light of the foregoing considerations we have decided that,

in the region 5 to 20 kev, <-dE/dx is probably best expressed by cambining

equations (13) and (14), with the proviso that, at the smaller energies;

the rate of energy loss thus derived may be somewhat lower than the. true

value. For energies from 20 to 50 kev, we think it best to take the mean

of the values obtained from the two experiments. In Table 2, which follows,

= 1iat the values of -{%) » for various proton and deuteron energies,
n.n !

—— -
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which come from following this procedure:

TABLE 2
o @) s | s e,
Proton en~| Deuberon 2 Proton en=| Deuteron TR
ergy kev |energy kev | kev/cm ergy kev | energy kev | kev/em
5 10 0.29 30 60 0.8l
10 20 043 35 70 0,89
15 30 0055 40 80 0.94
20 40 0?72 45 S0 0?98
25 50 0.78 L 50. 100 1.03

These are plotted in Figure 5, = (%xf.': is hexje expressed in kev per cm

of Dy0 vapour at 1 mm pressure at aboutzo 159C. (We assume that 15° was the
approxi.mate temperature at which Gerthsen conducted his experiments on air
and Hg)o Now one cc of Dp0 vapour under thess conditions weighs 1.11 micro=
grams, so that if one accepts our initisl assumption (d), the losses of
energy listed above are those occﬁrring in a layer of heavy ice of thickness
1.1 (Mg/cm‘a° In this form they are immediately applicable to the results
of thick target yields in the D4 D reaction.

Conclusion

We have offered what we consider to be é reasonable estimate of the
energy loss of slow protons or deuterons in heavy ice. If one takes into ac-
count the extrems difficulty of performing experiments in this energy re_agion;
the differences between different types of experiment are not excessive. It
is abundantly clear that the problem demands much closer_investigation than
it has hitherto received; and that until this has been done any statements

on the energy-loss process are bound to be largely conjectural. HNevertheless
T
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we hope thgt t_his account may prove a useful summary of the work that has

so far been done in this field,
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