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Stropping of Dysprosium Ions in Gases and Aluminum~

JACOB GILATt AND JOHN M. ALEXANDER f.

Lawrence Radiation Laboratory, University of California, Berkeley, California

(Received 14 May 1964)

The stopping of Dy recoils of 6 to 21 MeV in D2, He, N2, Ne, Ar, Kr, and Xe has been studied by electro-
static collection. The range-energy data (along with previous results for Al and H2) are compared with stop-
ping theory. Range straggling due to the stopping process has been measured for the heavier gases. The mag-
nitude of the electronic stopping has been estimated from range data, and independently from straggling
data. These estimates suggest that electronic stopping cannot be adequately approximated as being pro-
portional to velocity.

I. INTRODUCTION energy E& and the range R of a particle of mass Sf'
and nuclear charge Zg stopped in a medium of atomic
mass MB and atomic number Zq are represented, re-
spectively, by the dimensionless variables

I 'HE mechanism of energy transfer from a swiftly
moving particle to its environment has been the

subject of many theoretical and experimental investi-
gations. Stopping studies and specifically the study of
rates of energy loss by the swift particles, their range,
and range straggling provide useful and convenient
tests for various approximations used in the theoretical
treatment of the interaction process. A working de-
scription of these properties is necessary for many
devices used to identify moving particles or measure
their energies. The state of knowledge, theoretical and
experimental, is quite advanced for the energy loss
of fully stripped ions of energy greater than 10 MeV/
amu. The knowledge of stopping processes is very
limited for partially stripped heavy ions of energy less
than 1 MeV/amu. The theoretical treatment in this
case is complicated by the necessity of taking into
account ion-atom scattering and charge-exchange effects
in addition to ionization. Experimental studies suffer
from the difficulty of obtaining appropriate particle
sources.

This paper presents experimental measurements of
the average range and range straggling of Dy ions of
=6 to 21 MeV (=40 to 140 keV/amu) in various gases.
These results, along with similar data for hydrogen
and aluminum stoppers, ' ' are compared with the theo-
retical calculations of Lindhard, Scharft, and Schiott'
(LSS).

The LSS theory is ba, sed on a statistical (Thomas-
Fermi) model of the interacting atoms. Energy losses
to electrons (ionization, or electronic stopping) and to
atoms (ion-atom scattering or "nuclear" stopping) are
considered as uncorrelated and continuous processes. The

e= aMsEs/Zszse'(Ms+M s)

pz=~lVMsX4~a'Ms(Ms+Ms) ',

a= 0 8853(I'2'/me') (Zs"'+Zs"') '"
(2)

where
(3)

is a Thomas-Fermi screening length, e and nz the
charge and mass of an electron, S the atomic density
of the medium, and 5 Planck's constant.

The total reduced energy loss (de/dpi') is given as
the sum of contributions from nuclear and electronic
stopping,

(
de ) de ) ( de )

I+I
dpzi dp, i „k///pal,

(4)

The electronic stopping is given approximately as

(de/dpz). = ger/2

with

0.0793Zs'"Zs" (Ms+Ms)"'
(6)

(g 2/2+/ 2/2)2/4M 3/2M 1/2

In this framework the range-energy relationship and
range straggling for any projectile-stopper combination
are characterized by the single parameter k. The
theory should be applicable to all ions of velocity less
than =2/2Zs"' (2/2

——2.2X 10' cm sec ' is the Bohr orbital
velocity of the electron in hydrogen). The scope of this
theory is clearly very broad and general, and the
authors' intent is to present a generalized and com-
prehensive description rather than a set of detailed
predictions for any particular case.

Our measurements provide a rather wide region for
comparison with the theory. Recoil atoms of Dy were
stopped in D2, He, N2, Ne, Ar, Kr, and Xe. Average
ranges were determined in all materials for recoils of
initial energies of =6 to 21 MeV. Range straggling
due to stopping processes was measured for stoppers
He through Xe. The general features of the results
follow the trends of the theoretical outline. ' More de-
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tailed comparisons reveal the areas where better ap-
proximations are desirable.

We have used nuclear reactions induced by heavy
ions to provide the Dy recoil atoms. These reactions
have been studied in some detaiV' 4; the width of the
initial velocity distribution is known, ' ' and a correction
for its effect on the observed range distributions has
been made. This correction is not signi6cant for the
determination of average range as a function of energy
in any stopping material. ' The correction to the ob-
served range straggling is not severe for the stopping
gases N2, Ne, Ar, Kr, and Xe. Therefore, this study
provides data for both range and range straggling as a
function of energy in these systems. Previous studies
have not been able to obtain satisfactory measure-
ments of range straggling in noncrystalline media.

II. EXPERIMENTAL METHOD

These measurements were made with the same ap-
paratus and following the same procedure as described
in the preceding paper. ' There are several differences
between the behavior of hydrogen gas as previously
described and the behavior of the rare gases and N~

used in this work. Our major concerns are the effects
of diffusion and convection on the "range distributions"
that we observe. The relationships of importance to
these eRects are the diRusion distance (X')'Is

and the average drift velocity 8 of an ion

where D is the diffusion coeScient, t is the time re-

quired for collection, E is the electric held, q is the
charge of the ion, k is Boltzmann's constant, and T is
the absolute temperature.

For hydrogen ga,s the possibility of collecting neutral
atoms on the negative pla, te could be excluded, because
of the ratio of ten to one in the collection efFiciency of
negative and positive plates. The possibility of a long
collection time (t)0.05 sec), resulting from neutraliza-
tion and reionization, was excluded by observing the
width of the range distribution in H2 as a function of
collection time. (Electric field, pressure, and distance
between collector plates were varied, with negligible
effect on the width of the range distribution for average
ra, nges of 4 to 6 in. )

The situation is somewhat different for the series of
rare gases He, Ne, Ar, Kr, and Xe. (The behavior of
N2 is intermediate between that of H~ and the rare
gases. ) The estimated values of the diffusion coeRicients
of Dy are essentially the same for all gases involved,
if the pressures are adjusted to give equal average
ra,nges (in units of length) for a,ny given initial recoil

4 G. N. Simono6 and J. M. Alexander, Phys. Rev. 133, 8104,
)964,

energy. '" Thus the time required to collect an ion in H2
or rare gases is of the order of 10 4 sec. However, the
hot-atom chemistry, neutralization, and reionization,
are not the same in H2 and the rare gases. This is
demonstrated by the fact that in rare-gases Dy recoils
are about equally distributed between positive and
negative collectors (compared to very little negative-
ion collection in Hs). The range distributions in rare
gases at the two oppositely charged plates are essen-

tially identical, and the total collection ef6ciency is
60 to 90%%u~ with electric fields of =50 V/cm or more.
Experiments in He with no electric 6eld show the same
average range (within 5%) as with an electric field,
but the width of the distribution is about 50'%%u~ greater
for zero field. Also the collection efficiency is about yp

as large, indicating a low probability for collecting
neutral atoms or molecules. Presumably the neutral
atoms or molecules are swept away from the collector
plates by convection currents. These observations are
consistent with the notion that the lifetime of Dy as a
positive or negative ion is long enough for electro-
static collection to take place, and that diffusion of the
collected ions plays a minor role. If this is indeed the
case, then the range distribution in the rare gases
should be independent of electric field, pressure, and

interplate distance, as with H2. Experimentally this

situation is observed for He as shown in Table I.
The application of the Geld and distance tests for

the heavy rare gases is not as straightforward as in

hydrogen. The reasons for this are twofold. : (a) The
plate voltage necessary to induce discharge in the
chamber is about 400 V for Kr or Xe at a pressure of
1 in. of Hg, and (b) owing to scattering of recoil Dy
atoms by Kr or Xe, there is a 6nite probability of the
recoils' hitting the collector plates before being actually

stopped in the gas. Thus for ranges of about 4 in. we

were forced to collect in Kr and Xe with an interplate
distance of 3 in. and about 250 V on each plate, and it
was not possible with our chamber to obtain meaningful

dista, nce or field tests in Kr or Xe.
%e were able to measure the range distributions in

Ar, Kr, and Xe for several pressures. These rneasure-

ments show that the fractional width of the range
distribution —i+., its standard deviation divided by
the median range —is essentially independent of pres-
sure. ' This result strongly suggests that diffusion can
indeed be neglected, as argued previously. Actually,
we couM have anticipated that the effect of diffusion

would be less serious in Xe than in He because the
diffusion coefficients are comparable whereas the range

W. Jost, Detfslsiori ie Solids, Ligieids, Gases (Academic Press
Inc. , New York, 1952).

6 The voltage that induces discharge in the chamber decreases
with decreasing pressure. Therefore, the pressure tests for Ar,
Kr, and Xe were performed for average ranges of 2.3 to 5.4 in.
rather than 4 to 6 in. as in H~. A broadening of range distributions
in H2 for average ranges of 2 in. was observed, but is not expected
to be signi6cant for the rich broader distributions in Ar, K.r,
u,g.d Xe,
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I. Stopping of Dy ions in gases.

5.S2&»
8 29(2)

14.1S&»
20.65(4)
20.68(4)
2o.79&»

5.40 2000/2
10.00 2000/2
13.61 2000/2
17.05 2000/2
16.76 2000/2
17.05 2000/2

4.81 0.370 0.135
3.33 0.474 0.126
3.78 0.731 0.095
3.89 0.943 0.090
3.99 0.951 0.087
3.90 0.944 0.088

Ego Pressure Field" Ro
(MeV) (in. Hg) (V/in. ) (in.) (mg/cm')

1.00
1.22
1.00
1.06
1.00
1.06

(R)/Ro (nR')''/(R)p F(RQ 0)1/—FQ' ( 0
— )/ 9' ( 0+ )/ 9'

Deuterium
0.994 1.04 1.76 1.00
0.983 1.30 2.86 1.00
0.993 1.24 1.62 1.00
0.998 1.18 1.85 0.98
0.998 1.15 1.45 0.99
0.998 1.18 1.85 0.98

ps

5 80(1)
7 96(2)
7.96&')
7.96&»

14.15&»
20.65&4)

7.58 1000/2
10.68 2000/2
10.70 1500/3
10.74 1000/2
16.10 1600/2
20.55 2000/2

4.24 0.453
3.70 0.556
3.67 0.552
3.70 0.559
4.13 0.938
4.29 1.243

0.157
0.170
0.156
0.165
0.118
0.100

Helium
1.000
0.998
0.993
0.998
0.996
0.998

1.08
1.03
1.03
1.05
1.07
1.08

1.00
1.00
1.00
1.00
1.00
1.00

1.41
1.27
1.14
1.41
1.14
1.62

1.00
1.00
1.00
1.00
1.00
1.00

0.074
0.105
0.081
0.097
0.071
0.062

5.82(»
8.53«)

14.15&')
20,65(4)

0.99 1000/2
1.80 2000/2
2.77 1500/2
3.47 2000/2

4.66 0.465 0.213
3.96 0.699 0.143
3.56 0.973 0.139
3.72 1.277 0.109

Nitrogen
0.994
0.992
0.993
0.999

1.01
1.13
1.06
1 ~ 12

1.00
1.13
1.00
1.02

2.17
2.48
1.30
1.42

0.98
0.99
1.01
2.00

0.162
0.211
0.102
0.075

5.77&')
7.70&')

14.13&')
20.56(4)

3.17
6.05
4.71
5.90

400/2
400/2
500/2
600/2

2.52 0.571
1.72 0.739
3.80 1.272
4.11 1.724

0.253
0.230
0.168
0.152

Neon
0.996
1.001
0.990
0.981

1.07
1.05
1.05
1 ~ 15

1.05
1.00
1.01
1.10

1.48
1.38
2.55
1.86

0.99
1.00
1.01
1.00

0.212
0.189
0.139
0.130

5.77&»
5 82(»

14.13&»
24 24(3)
20.24(4)
2o.7o&')

1.85 600/2
1.13 600/2
2.83 600/2
1.75 600/3
4.87 1200/2
2.74 1200/2

2.32 0.606 0.264
3.69 0.588 0.268
3.26 1.299 0.166
5.35 1.320 0.166
2.43 1.665 0.146
4.35 1.677 0.151

Argon
0.995
0.989
0.991
0.993
0.984
0.991

1.06
0.985
1.11
1.07
1.25
1.05

1.04
1.00
1.15
1.05
1.27
1.09

1.45
1.00
2.14
1.70
2.95
1.59

1.00
1.01
1.01
1.01
1.00
1.01

0.225
0.230
0.237
0.137
0,123
0.129

5.79&')
5.82&»

24.1S&»
20.25(4)
20.70(4)

5.79&»
5.81&')

14.21&»
2O.32&4)

2o.76&4)

20.91(5)

1.12
0.82
1.56
3.22
1.80

0.78
0.56
1.03
2.21
1.22
1.22

500/2
600/3
600/2
800/2
800/2

500/2
600/3
500/2

1000/2
600/3
600/3

2.46 0.807
3.39 0.821
3.75 1.727
2.40 2.278
4.21 2.235

2.48 0.896
3.44 0.893
3.86 1.844
2.37 2.419
4.47 2.520
4.46 2.515

0.310
0.302
0.218
0.183
0.198

0.310
0.319
0.249
0.185
0.194
0.218

Krypton
0.993
0.998
0.985
0.990
1.010

Xenon
0.993
0.999
0.988
0.980
0.994
0.994

1.05
1.01
1.07
1.06
1.12

1.05
1.01
1.08
1.16
1.02
1.02

1.00
1.00
1.12
1.10
1.28

1.00
1.00
1.10
1.24
1.09
1.00

1.00
1.06
1.86
2.05
2.90

1.14
1.00
1.74
2.50
1.32
1.03

1.00
1.00
1.01
1.01
1.00

1.00
1.00
1.01
1.00
1.00
1.00

0.279
0.278
0.197
0.)65
0.182

0.277
0.288
0.231
0.168
0.177
0.200

I Based on the following reactions

(1) Nd'44(C», 5n) Dy»'
(2) Nd'44(C», 7n) Dy'4o
(3) Ce'4o(O'8, 7n) Dy'4o

(4) Ba»8(Ne2o, 9n) Dy'4o
(5) Ba'»(Ne'o, 8n) Dy'»
(6) Ce (O,Sn)Dy 8 .

b The potential difference divided by distance between plates.
DF denotes the cumulative fractional activity corresponding to ranges

of less than Ro —o, Ro —2a, or greater than Ro+2o. Subscript G refers to
the Gaussian straight line of the probability plot.

~ Not calculated (straggling dominated by the nuclear reaction).

straggling due to stopping processes is much greater
in the heavier gas. Also, the slightly troublesome short-
range tail observed for the narrow range distributions
in hydrogen is not even visible for the wide range dis-
tributions in Xe.

At a given beam intensity, say 75 mpA, the upward
displacement of the collected atoms due to convection
is an increasing function of the atomic weight of the
stopping gas. Nevertheless, we have not been able to
detect a broadening in the width of the horizontal

distribution that is correlated with this convection
effect (or beam intensity). The possibility of convection
effects has been minimized by bombarding with average
beam currents of less than about 50 mpA.

Our conclusion is that in spite of differences between
the recoil collection in H2 and the rare gases, the ob-
served range distributions are not significantly affected
by diGusion or convection and represent true projec-
tions of the actual recoil-range distributions in the
various gases.
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III. RESULTS

The results of our experiments for gases other than
H2 are given in Table I, and some graphical displays
are shown in Figs. 1 and 2. Results for stopping in
hydrogen and Al are given elsewhere. '' The beam
energy (10.38 MeV/amu initially) was calculated from
the energy-loss data of Northcliffe7 and the carefully
measured thicknesses of Al foils and stopping gas. The
average recoil energy E& is related to the beam energy
Eg by'

EII EsA sA i——r/(A b+A r)'
&

ED

CJ
O
CO

where A denotes mass number, with subscripts 6, R,
and T for bombarding particle, recoil, and target
atoms, respectively. Eo is the median range as ob-
tained from a probability plot of the range distribution
corrected for energy loss in the target. It is compared,
in column 7, with the average range (R) as calculated
from the actual distribution, and the deviation usually
does not exceed 1 to 2% Va,lues of Re will be used
throughout the rest of the paper. These values were
converted to mg/cm' by using the measured pressures
and assuming a constant temperature of 20'C. No

0.999
0.99

0.9

0.5
N

0.1

l

, rJ
0 I 2 3 4 5 6

Inches from target

0.0 I'

Distance from target (arbitrary zero)

Fro. 2. (a) Dif(erential range histograms and (b) probability
plots for studies of Dy recoils produced by the reaction Ba'3'-
(Ne20, 9II)Dy'4' at 170 MeV. (Notation as in Fig. 1.) 0.25 in.
farther from target than indicated.

0.999

I I I

0 I 2
(for Nz, Ne, A, Kr. and Xe)
0 2 4 6 8 IO

(for H2. D2. and He)
Distance from target (in)

0.9

0.5—

O. l

O.OI—

Distance from target (arbitrary zero}

r L. C. NorthcliGe, Phys. Rev. 120, 1744 (1960).

Pro. 1. (a) Differential range histograms and (b) probability
plots for studies of Dy recoils produced by the reaction Nd144-

(C",5II)Dy'" at 78 MeV. (P; denotes the fractional activity on
the ith 4-in. strip, Z F; denotes the cumulative fractional activity
through the ith ~~-in. strip. )

attempt was made to determine the actual ambient
temperature during the experiment, since this tempera-
ture does not reAect transient local heating of the gas
by the passing beam. Such local heating effects have
been observed by Martin and Northcliffe. This tem-
perature uncertainty is probably the largest single
source of error in the range values, and we estimate
this error to be of the order of 2 to 3%.

The measured range straggling parameter p (column

6) is obtained from the probability plots in terms of
relative standard deviation, i.e., p=o/RII. Column 8
gives the ratio of the standard deviation calculated
from the actual distribution to that obtained from the
probability plot. This ratio is almost invariably &1,
even when the probability plot shows essentially no
tail. This difference apparently rejects scatter of the
experimental points due to counting statistics, strip
width variation, etc., which are omitted by the graphi-
cal procedure. The ratio of column 8 is also increased

by a substantial short-range tail.
Columns 9 through 11 show the ratio of the cumula-

tive fractional activity to that predicted by the Gaus-
sian fits, at ranges RII—o, RII—2o, and RII+2o. The
correlation between columns 8 and 10 is quite apparent.

F. W. Martin and L. C. NorthcliBe, Phys. Rev. 128, 1166
(&962).
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TABLE II. The values of the parameter k.

40—

30—

20—

10—

2
4
7

Stopper

H2
D2
He
N2
Ne
Al
Ar
Kr
Xe
Auc

Theoretical

0.15
0.11
0.11
0.11
0.11
0.11
0.11
0.14
0.16
0.18

0.14-0.17
0.09—0.12
0.05—0.09
0.07—0.09
0.04-0.06
0.08—0.12
0.07—0.10
0.06—0.11
0.09—0.14
0.07—0.09

0.055
0.065—0.085
0.04 —0.05
0,07 —0.08
0.075—0.095
0.09 -0.10
0.12 -0.14

=0.10

Empirical'
From ranges From straggling

5—
1

2
1 I / I I I [ I

5 IO l5 20 50 40

Fxo. 3. Range-energy curves for Tb and Dy in H2 and Al using
the dimensionless variables pL, and e. The tops of the arrows
indicate the result of correction of projected range to "true
range. " Solid lines are theoretical, with the indicated values of
the parameter k. Tb'", Dy'"'"'" stopped in hydrogen, k&h

=0.15; Q Tb", Dy" stopped in aluminum, k&h=0. 11.

As discussed in the preceding paper, ' we feel that the
"short-range tails" for H2, D2, and He are largely of
instrumental origin. This may not be so for the wide
distributions in the heavier gases but there the differ-
ences are less signi6ca, nt. Values of p as obtained from
the Gaussian 6ts will be used throughout the rest of
the paper.

Finally, the last column of Table I gives the values
of the straggling parameter p, due to the stopping
processes

p8 =p pn ~ (10)

The measured straggling parameter p has been cor-
rected for the straggling p„due to the initial velocity
distribution. The values of p are almost the same as
the straggling observed in H2 (or D~).' Values of p, are
more accurate for the heavier gases because the cor-
rection becomes less important.

IV. DISCUSSION

The rather extensive range-energy data for stopping
of Dy (and Tb) in H2 and Al are shown in Fig. 3. The
rate of increase of experimental ranges with energy is
somewhat less than the theory predicts. Smooth IIits

to these data were obtained by the method of least
squares with an equation of the form

RO +0+rr'1+8+ ~2~R

The first value listed corresponds to Raw 6 MeV, the second to Bgx 21
MeV (see text).

b Based on range data corrected for the di6erence between true and
projected ranges.

& From stopping measurements for At recoils in Au from Ref. 2.

It is clear tha, t electronic stopping increases with energy
more rapidly than ke'", and therefore the range must
increase less rapidly with e than the calculations predict.

Our data for stopping gases other than H2 are not
extensive enough for accurate differentiation. However,
the comparison of the experimental ranges with the
theory for recoils of about 6, 8, 14, and 20 MeV reveals
a similar trend for all gases. Figure 5 shows the com-
parison, and later in Table II the results are clarified.

A more detailed look at Fig. 4 seems to indicate
somewhat different trends for energy losses in Al and
H2. In Al the slope of the curve appears to be =0.67,
while in H2 the slope seems to increase from =0.56 to
=0.96. The absolute magnitude of these slopes is sub-
ject to large errors and should not be taken too seri-
ously, but the deviation of both from a, slope of —', is
clear. It is also significant that similar devia, tions from
the kc'" rule for electronic stopping have been observed

l.o

0.5

0.2

I.O
'Q

0.5

as discussed in detail in the preceding paper. '
Differentiation of the range-energy curve (Eq. 11)

leads to the energy loss dErr/dRO (or de/dpr. ). From
Eq. (4) and. values of energy loss due to nuclear stop-
ping (de/dpr)„as calculated by Lindhard, ' it appears
that over the energy range of these experiments
(d&/dpr), ) (d&/dpr), so that by subtraction we can
get a good approximation to the electronic stopping.
These various energy loss values are shown in Fig. 4.

0.2

O. l

IO 20 50 IOO

FIG. 4. Energy loss (d~/dpi, ) versus reduced energy e for Dy
stopped in H2 and Al. Circles are from experimental data, curve
labeled (de/dpi, ) is theoretical. nuclear stopping, and solid
triangles represent electronic stopping obtained by di6erenct;.
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100

80-

60—

50-

20—

15-

10—

o P&
He

v

Ne

~ A

0

Xe

at higher velocities. In gases, reliable data are available
only for full-energy fission fragments, and the corn-
parison is more difficult. The general trend is similar
for all gases: The reduced range (pr, ) increases by less
than the predicted amount between =21-MeV Dy
recoils and =65-MeV heavy fission fragments. Be-
tween the heavy and the light fission fra, gments the
increment of the reduced range appea, rs to agree with
the theory.

The data a,re not extensive enough to distinguish
between the following different interpreta, tions of these
results:

3 5 IO

I I I I

15 20 30 40

FiG. 5. Range-energy curves for Dy in various gases using
the dimensionless variables pg and e.

for the stopping of He', Ii', C", X", and Xe" in
various gases and metals. ' " All these data point
toward the desirability of a, more detailed theoretical
description of electronic stopping. Gryzinski has shown
that whenever the velocity of the moving ion is of the
same order of magnitude as the velocity of orbital
electrons in the stopper, the energy loss depends
strongly on details of the electron-density distribution
in the stopper, and statistical treatments can no longer
be strictly applied. " The reasonable fit of the ranges
of fission fragments to an empirical equation of the
form R=CE'i'+6 has been quoted as evidence for the
proportionality of electronic stopping to e't'. However,
Alexander and Gazdik have shown that equally good
fits for both Tb recoils and fission fragments in Al are
obtained with an R=EE'~' form, " and the data can
also be fitted to an equation R=rrE'I'+P, which is
equivalent to the slope of 0.67 mentioned above. More
precise and extensive data are necessa, ry to determine
the exact functional dependence of electronic stopping
on velocity and stopping material.

I igure 6 shows some of the data of Figs. 3 and 5
along with the ranges of fission fragments. " ' In Al,
for which data on degraded fission products are availa-
ble, '4 ranges of Dy recoils and heavy and light fission
fragments can be compared for overlapping values of
reduced energy e. The three sets of data are consistent,
and the agreement with theory appears to improve

' S. K. Allison and C. S.Littlejohn, Phys. Rev. 106, 959 (195I).
's P. K. Weyl, Phys. Rev. 91, 289 (1953)."D. C. Porat and K. Ramatavaram, Proc. Phys. Soc. (London)

78, 1135 (1961).
"M. Gryzinski, Phys. Rev. 107, 1471 (1957).
' J. M. Alexander and M. F. Gazdik, Phys. Rev. 120, 874

(1960).
'4R. B. Leachman and H. W. Schmitt, Phys. Rev. 96, 1366

(1954)."J.K. Bgggild, O. H. Arrive, and T. Sigurgeirsson, Phys. Rev.
71, 281 (1947).' K. A. Petrzhak, Yu. G. Petrov, and E. A. Shlyamin, Zh.
Eksperim i Teor. Fiz. 38, 1223 (1960) (English transl. : Soviet
Phys. —JETP ll, 1244 (1960)g.
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Fzo. 6. Range-energy curves for Dy ions and fission fragments
in gases and Al, using the dimensionless variables e and pL, . Open
symbols, Dy recoils; half-shaded, heavy fission fragments; closed,
light fission fragments.

(a) The increase of electronic stopping, (de/dpi, )„as
a, function of the reduced energy e is much more pro-
nounced than predicted by Eq. (5) for values of e up
'to =50. For values of e between 50 and 500, Eq. (5)
is reasonably accurate. This inRection may be related
to the maximum of electronic stopping around the ion
velocity e&

——vpZg ~ .
(b) Equations (1) through (6) give only an approxi-

mate description of the dependence of energy loss on
the mass and charge of the projectile, and the com-
parison between Dy recoils and light fission fragments
is not strictly valid.

(c) Since the experimental conditions of our meas-
urements differ considerably from those of the fission
fragment experiments, we cannot exclude the possi-
bility of systematic differences between the two sets
of data. If our ranges in gases were systematically
higher, by 20 to 30%%uo, than those obtained for the
fission fragments, the apparent difficulties would be
removed. Such a systematic difference might, for ex-
ample, be due to ionization of 'the gas by the bombard-
ing beam. However, the estimated fraction of ionized
gas molecules appears to be too sma, ll to affect our
results.
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(&pcs)=p'(pr, ')l as a function of reduced energy e. The various
stopping materials and theoretical values of k are indicated.

The range straggling is very sensitive to the relative
magnitudes of nuclear and electronic stopping. At these
energies the fluctuations in electronic stopping should
be very small with respect to those in nuclear stopping. '
In Fig. 7 we compare our range straggling data with
the theoretical calculations of Lindhard et a/. The ob-
served energy dependence is very similar to that given
by the theory, and, in fact, the absolute magnitudes of
the predicted straggling parameters (p) are within
=60% of the measured values. As in the case of the
median range, however, the straggling increases less
rapidly with energy than indicated by the theory, and
the approximate nature of the ke'I' dependence of the
electronic stopping is again revealed.

Let us adopt the attitude that the major defect of
the theoretical framework is this assumption of pro-
portional dependence of electronic stopping on the
velocity of the particle. Then we can regard k as an
adjustable empirical parameter, weakly dependent on
energy, and leave the rest of the theoretical treatment
intact. If this approach has value, and the main body
of the theory is indeed self-consistent, then the em-
pirical values of k from two independent sources
(Rs and p) should agree. In Table II we give a com-
parison of the two sets of empirical values of k, along
with theoretical values, as given by Eq. (6). Since
empirically k increases with energy for each stopping
material, the lower value is for recoils of =6 MeV,
and the higher one for =21 MeV. For stopping in gases
the agreement of k values from the range and range-
straggling data is very close, except for 6-MeV recoils
stopped in Kr and Xe. For these cases the correction
factor for the difference between the mean projected
range and the actual path length is quite large, and
the discrepancy may be related to uncertainties in the
calculated magnitude of this correction factor or to the

approximate nature of the assumption ARp'= DR' (the
variance of the projected range distribution equals that
of the actual one). ' In Al, and especially at the higher
energies, the empirical h values are not in agreement.
We cannot be certain whether this is an experimental

difhculty due to foil inhomogeneities, or a genuine
stopping property, possibly related to Lassen's ob-
servation that the ionic charge distribution of Gssion
fragments emerging from a solid is much broader than
that from a gas. '~

The absolute magnitudes of the empirical 0 values
provide another argument for the desirability of a
more detailed theoretical description of the electronic
stopping process. Contrary to simple theoretical pre-
dictions, the mass stopping power is not a monotonic
function of the atomic number of the stopping Inaterial,
and rather large Quctuartions are observed, especially
in the light elements, for which the statistical model is
expected to be least valid. Only in H&, D2, and Al does
the average experimental value of the parameter k
agree with that obtained from theory. In all the other
gases the experimental electronic stopping power is
considerably smaller than the theoretical one (a factor
of more than 2 in Ne). In its present formulation the
theory does not take into account any dependence of
the energy loss on the density of the stopping
medium. ""The difference in electronic stopping be-
tween Al and Ne or Ar may be caused, partially at
least, by different states of condensation. In addition,
possible effects of ionization of the gas by the beam
should also be considered. The deviations from theory
of empirical k values as determined from the fission
product ranges of Fig. 6 are smaller than in our case
(except for Hs and Ds) although not negligible. Further
experimental study would be necessary to clarify this
point.

SUMMARY

This study of range and range straggling of Dy ions
in a variety of stopping media provides detailed tests
of some of the approximations used in stopping theory.
The measured ranges are all within about 30%, and
range straggling parameters within about 60% of theo-
retical estimates. Both range and straggling data
suggest departures from the approximation of propor-
tionality of electronic stopping to velocity.
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