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The range of Ar in Be and C, of Kr in Be, C, and Al, and of Xe in Be, C, and Al has been measured
in 100-keV steps from 500 keV to 2 MeV with an accuracy varying from =410.1 to 3.2%. The range of
Xe in V, Ni, and Cu has been measured in 250-keV steps from 500 keV to 1.75 MeV with an accuracy of
+11.4 to 5.7%. Seven of the 11 sets of measurements agree to within 9%, of the theory due to Lindhard,
Scharff, and Schigtt, with the best agreement in the energy region where electronic stopping is roughly equal
to nuclear stopping. The measurements on Ar in Be and C are lower than the theory by 10-18% until a
shell-structure correction of Ormrod, MacDonald, and Duckworth is applied, and then excellent agreement
is obtained. The measurements on Xe in Ni and Cu are lower than the theory by 8-24%. Proton-stopping

cross sections in V at 559, 1776, and 1984 keV are reported.

I. INTRODUCTION

N 1948, Bohr! laid the foundation for a theoretical
description of the energy loss of heavy ions of low
velocity in matter. His analysis of the stopping process
was then extended by Nielsen? and later by Lindhard
and Scharff.3 Nielsen’s theory applied only to stopping

of extremely low-velocity ions where the stopping proc-

ess consisted entirely of elastic nuclear collisions, and
where the interaction was by means of a 1/7? poten-
tial. Lindhard and Scharff’s work treated the nuclear
elastic collisions through a Thomas-Fermi potential
and also included an electronic-excitation contribution
to the stopping which was to vary as the first power
of the ion’s velocity. More recently, Lindhard and
co-workers? have given a detailed description of the
stopping process in the velocity region 0<v<wZ:*?,
where »=¢¥/fi and Z; is the atomic number of the
incident ion. This theory by Lindhard and co-workers
is applicable to polycrystalline solids or gaseous media.

In 1962, Powers and Whaling® measured the ranges
of several ions in several solid targets in the energy
region 50-500 keV. Their results, applicable to a ran-
dom distribution of stopping atoms, indicated good
agreement between theory and experiment. The pur-
pose of the present experiment is to extend those
measurements to the energy region 500 keV to 2 MeV
in an attempt to make a systematic test of the theory.

II. EXPERIMENTAL METHOD

The experimental technique consists of the bombard-
ment of highly polished metal targets by singly charged
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heavy ions, and then using the elastic scattering of
protons from the target-plus-embedded-atom medium
to determine the penetration depth. Figure 1 gives
a diagram of the experimental arrangement. Singly
charged heavy ions of Xe, Kr, and Ar are produced
in the rf ion source of the Baylor 2-MeV Van de Graaff
accelerator. The ions are focused with the strong-focus-
ing quadrupole magnet and are analyzed in a 20°
magnetic analyzer which holds the beam energy mono-
energetic to within 0.15%. The analyzer is able to
resolve isotopes in the Kr and Xe beam, but the
beam is diffused with the quadrupole magnet and
is trimmed with collimators to provide a spot of ap-
proximately uniform intensity and of size % in.X3 in.
on the target. The normal isotopic composition of
the beam is assumed throughout the measurements. The
magnetic analyzer is calibrated against the F¥(p, ay)
resonance at 872.1 keV.® Separate calibrations using
Li'(p, n) at 1880.6 keV,® Li’(p, v) at 441.2 keV/
FB(p, ay) at 1346.67 and at 1373.5 keV’ indicate
that the magnetic analyzer is linear to within 0.15%
over the energy region 0.4-1.9 MeV. The magnetic
analyzer was periodically calibrated throughout all the
measurements reported in this paper. The ion-beam
current density varied from about 1-5 uA/cm?, with
the beam current usually being of the order of 0.2 uA
(2uA/cm?). The total charge deposited was 900 xC/cm?
for Xet, 5000 uC/cm? for Krt, and approximately
9000 uC/cm? for Art.

After bombardment of the target with heavy ions,
a proton beam was obtained from the accelerator and
was trimmed and collimated to a small spot (approxi-
mately 1 mmX1 mm). The beam was directed so as
to strike a portion of the spot previously bombarded
by the heavy ions. The proton scattering normally
immediately followed the heavy-ion bombardment, al-
though occasionally the proton bombardment would
be delayed by several hours. No detectable diffusion
of the ion in the target was observed, since the same

6 J. B. Marion, Rev. Mod. Phys. 38, 660 (1966).
7 J. B. Marion, Rev. Mod. Phys. 33, 139 (1961).
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penetration depth was found when the proton scatter-
ing took place immediately after ion bombardment as
was found when the proton scattering was delayed by
as much as 3 days.

The charge incident upon the target during the ion
bombardment and proton scattering was measured
with a current integrator. A beam shutter was used
to interrupt the incident proton beam after a pre-
determined amount of charge had been deposited on
the target. The elastically scattered protons were ana-
lyzed in momentum with a double-focusing, uniform-
field, reaction-product magnet of nominal momentum
resolution p/Ap of 400. The spectrometer was cali-
brated against the 20° magnetic-analyzer scale by ob-
serving protons elastically scattered from known tar-
gets at a laboratory angle of 90°. The magnetic field
in the analyzer and in the spectrometer were measured
with NMR gaussmeters. A solid-state detector was
mounted in the focal plane of the spectrometer to de-
tect the scattered protons. The vacuum in the scatter-
ing chamber was always maintained at 1.0 to 2.0X107¢
mm Hg.

Thick targets of research-grade Be were obtained
from Brush Beryllium Co., Cleveland, Ohio; aluminum
targets of >99.8% purity were obtained from United
Mineral and Chemical Corp., New York; targets of
>99.9%, purity of V were obtained from A. D. MacKay,
New York, N.Y.; and Ni and Cu targets of >99.9%
purity were obtained from the Chromium Corp. of
America, Waterbury, Conn. The carbon targets were
made from battery electrodes. The elastic scattering
of protons from these carbon targets indicated that
their purity was >99.0%. The Be, Al, and V targets
were mechanically polished to a mirror finish using
procedures recommended for preparing metallurgical
specimens by Buehler, Ltd. The Ni and Cu targets
were received with a high polish from the manufacturer
and were further polished and cleaned with polishing
alumina of 0.05-u size. The targets were always trans-
ferred to the scattering chamber immediately after
polishing.

<
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III. ANALYSIS OF EXPERIMENTAL DATA

The method of analysis is described in a previous
paper?; therefore, only a brief description of the method
will be given here. The present method differs from
the earlier method in that the incident proton energy
Ey is kept fixed, while the current in the 60° spec-
trometer is varied manually and monotonically to dis-
cover those scattered proton energies FEy for which
protons are detected in the spectrometer. A typical
momentum profile is given in Fig. 2, where the number
of protons detected in the spectrometer is plotted as
a function of the scattered-proton energy Es. The C
and O peaks are identified from the scattering geome-
try and arise from surface contamination of the target.
The continuum at energies less than 1117.6 keV is due
to scattering of protons from Be; the Be surface is at
1117.6 keV and the points corresponding to lower en-
ergies are due to protons scattered from Be atoms be-
neath the surface of the target. After bombardment
of the Be target with 1.0-MeV Xe* ions, a broad
distribution in the profile appears at scattered proton
energy Ey=1337.6 keV. This peak is identified as due
to xenon. From the scattering geometry and kine-
matics one can show that if the xenon were on the
surface it would be located at 1380.2 keV. The fact
that the xenon peak lies at a lower energy indicates
that the xenon has penetrated the outer layers of the
target and that the protons lose energy in penetrating
these outer layers to reach the xenon. Once the energy
Ey’ corresponding to the maximum of the xenon peak
is known, the range can be calculated from

t(g/cm®)=ps§
_ (aEw— Ey') M, cosby .
[ae, (E,®) 4+ (cosby/cosby) e, ( E,2) TNy’ M

where M, is the target-atom mass, p, is the density of
the target in g/cm?, S is the penetration depth in cm
of the Xe beneath the surface, 6;(/245°) is the angle
between the incident proton beam FEj, and the normal
to the target, 6,(=245°) is the angle between the scat-
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tered proton beam FEy and the normal to the target,

M, cosfr | [(M1 cos()L)2 ' Mg’—M1]‘/2 @
MMy \my) T MMy

a1/2=

M, is the mass of the proton, M, is the mass of the
xenon ion, 0y, is the laboratory scattering angle, e,=
—dE/(Ndx) is the atomic stopping cross section for
protons in the target material, V is the number of
target atoms per unit volume, Ny is Avogadro’s num-
ber, E,®=%}(FEw+ Eis), E,®=%(Ex+E,s), Eisis the
incident proton energy at a distance S beneath the
surface, and Ey;s=aFE;s. The proton-stopping cross sec-
tions are known in the energy range covered by this
experiment for all targets except V. The accuracy of
the proton stopping cross sections is as follows®: Be:
+39%; C: 449 Al: 25%; Ni and Cu: =8%. The V
has been measured in the present experiment to an
accuracy of 4=4%.

IV. PROTON-STOPPING CROSS SECTION OF
VANADIUM

The measurement technique is due to Warters® and
consists of evaporating a thin uniform layer of V of
known surface area on a backing of high atomic num-
ber, such as Ta. The sample is weighed carefully with
a precision microbalance before and after vacuum dep-
osition to determine the thickness x of the layer. By
elastically scattering protons from the Ta before and
after deposition of the V, one can determine the proton-

8 W. Whaling, in Handbuch der Physik, edited by S. Fliigge

(Springer-Verlag, Berlin, 1958), Vol. 34, p. 193.
9W. D. Warters, Ph.D. thesis, California Institute of Tech-

nology, 1953 (unpublished).

ENERGY IN keV

stopping cross section according to Warters as

dE
&= — N1 _d_;
_ (E23+E2o Eyp— Ey ﬂ'—aTa)
i ar.+1 Z(a'l’a'i"l) 77l+aTa

= (Exp— Ex) /B,

where E:p=ar,Epp=scattered proton energy from the
surface of a clean Ta target, Ey=scattered proton en-
ergy from Ta after the protons have first penetrated the
V layer, B=Nx(ars+1)/coshy, 1'=e,¥ (Ez) /ey (L)
is the ratio of the proton-stopping cross section of V
at Ey to that evaluated at Ey, ar, is found from (2),
and 6, is the same angle as mentioned in Eq. (1).
Because the proton-bombarding energies Fjp in the
Xe in V measurements were kept in the vicinity of
2 MeV, only three measurements of the proton-stopping
cross sections were made. The probable error in these
absolute measurements is estimated to be less than
49,. This assignment is based on the following sources
of error: (1) uniformity of the V layer: £23%; (2) area
of V layer: 4-0.5%; (3) weight measurement: +1%;
(4) uncertainty in energy difference Exp - Ez: £1.6%;
(5) uncertainty in 6;: £0.4%. The total probable error
calculated from the square root of the sum of these
independent errors is 4=3.64%. The values of ¢, are

proton energy &=—dE/(Ndx)

(keV) (107 eV cm?)
559.2 17.7

1776.1 8.33

1984.1 7.84

The reason for the lower-energy measurement is that
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Bader ef al® had previously found that the proton-
stopping cross section in V at 500 keV was 18.5X 1075
eV cm? and at 600 keV was 16.6X107% eV cm? and
it was desirable to compare our results to theirs. The
present measurement at 559.2 keV agrees quite well
with these two previous measurements. It should also
be pointed out that the present measurements at
1776.1 and 1984.1 keV agree quite well with the Bethe-
Bloch formula using as an estimate for the mean ioni-
zation potential I the value given by Seb.* Seb sug-
gests that the approximation /=*%Z is inaccurate and
that a better estimate is given by I=£kZ", with k=17
and #=0.86. The agreement between the experimental
results and Seb’s prediction is very good.

V. PHENOMENA AFFECTING RANGE
MEASUREMENTS

A. Effect of Embedded Atoms

It is essential to determine whether atoms deposited
at the beginning of the ion bombardment affect the
range of ions which subsequently penetrate the target
(effect of saturation). Five different spots on a carbon
target were bombarded with 1-MeV Xe* jons in con-
centrations ranging from 900 to 9000 pC/cm?. Figure 3
shows the results of the scattering of 1404.3-keV pro-
tons. Only one background of the carbon is included
in the figure, but the proton scattering from the carbon

10 M. Bader, R. E. Pixley, F. S. Mozer, and W. Whaling, Phys.
Rev. 103, 32 (1956).

1 Do In Seb, Zh. Eksperim. i Teor. Fiz. 43, 121 (1962) [English
transl.: Soviet Phys.—JETP 16, 87 (1963) ].
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surface (midpoint of the carbon step) was carefully
run on each xenon spot with the result that the mid-
point of the carbon step remained precisely at 1185.2
keV on all five proton scattering runs. It is immediately
apparent from this figure that the location of the peak
is independent of the amount of ion deposited, at least
for concentrations between 900 and 9000 uC/cm?. One
may conclude that saturation either has not yet set
in or has already occurred in the target. The former
conclusion appears to be the correct one, since the
90 uC profile gives no evidence of the presence of the
xenon from the surface at 1382.7 keV down to about
1364 keV (roughly half of the actual penetration
depth). If one normalizes the scattering peak of the
900-uC bombardment to that of the 90-uC bombard-
ment (i.e., to 200 counts), then the corresponding
count rate at 1382.7 keV (i.e., at the surface) is only
about 19 counts. The fact that there is a finite count
rate at the surface for this greater concentration of
xenon bombardment indicates the presence of some
xenon on the surface, as expected when the stopping
of xenon in xenon begins to occur. These results show
that although saturation is taking place in the 9000-
pC/cm? bombardment, the saturation has no effect on
the measured range since the maximum of the peak
occurs at precisely the same energy as does the lower-
concentration bombardment. It was mentioned previ-
ously that the ion-beam charge density was 900 uC/cm?
for the xenon range measurements, 5000 uC/cm? for the
Kr range measurements, and 9000 xC/cm? for the argon
range measurements. These three concentrations lie
within the limits of the concentrations used in this
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test, so that it is concluded that throughout the range
measurements the presence of the embedded atoms
does not alter the range of those ions which hit the
target at a later time during the bombardment. It is
also concluded that it is safe to neglect the proton
stopping by the embedded atoms and to use only e,
for the target atom when calculating the ion ranges
by Eq. (1).

It should be mentioned that Domeij in a recent
paper'? measured the channeling of « particles emitted
from Rn??? embedded in a W single crystal. The Rn???
ions were injected into the crystal at energies between
5 and 450 keV. Domeij states that saturation effects
should be present if more than 10" atoms/cm? are
injected into the crystal. The beam densities of the
present experiment exceed this amount by one to two
orders of magnitude, yet there does not seem to be
any saturation effect as discussed above. It is not clear
that the beam densities which produce saturation in
the two experiments can be directly compared.

Barker and Phillips,’® in measuring the ranges of N
in Ni and Ag from 0.4 to 2.5 MeV by means of the
NB(p, ay)C? reaction, used concentrations of injec-
tion of about 10" atoms, which corresponds roughly
to the maximum concentration (9000 uC/cm?) used in
the present experiment.

B. Proton Energy and Scattering Geometry

The proton bombarding energies used in determin-
ing the ranges varied from 800 keV to 2.1 MeV. The
laboratory scattering angle was fixed at 90.0° or 90.5°
throughout all the measurements. The choice of a par-
ticular proton energy was dictated by experimental
conditions. It is desirable to keep the ion peak to the
right of the target step in the profile where the back-
ground is negligible. If the ion peak lies on top of the
step, uncertainties in locating the maximum of the peak
are encountered in subtracting two relatively large
counting rates from each other to obtain a relatively
small counting rate. For measurements such as Xe in
V, Ni, and Cu it was essential to use a high proton
energy such as 2.1 MeV to keep the Xe off the target
step, and even then it was not possible for the xenon-
in-copper measurement to use a higher energy than
1.5 MeV for the xenon ion before running into the
copper step. It is also desirable to keep the ion peak
away from the surface peaks such as C and O, and this
could easily be accomplished by a judicious choice of
proton energy Ei. In order to test the consistency
of the method, however, different proton energies Fio
were used on those range measurements, where the
ion peak was well displaced from the target step (such
as Xe or Kr in C or Be). All these tests, utilizing differ-
ent proton-bombardment energies, yielded the same
result in the range measurement. The consistency of

12 Bo Domeij, Arkiv Fysik 32, 179 (1966).

13 P, H. Barker and W. R. Phillips, Proc. Phys. Soc. (London)
86, 379 (1965).
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the scattering geometry is implied since the 500-keV
measurements at Caltech® were run at a laboratory
scattering angle of 130°, whereas the present measure-
ments were at 90°. Comparison was made in the Kr
and Ar measurements at 500 keV with good agreement
between the two sets of data being obtained.

C. Localized Heating of the Target

A test was also made to insure that no localized
heating of the target from the ion beam or the proton
beam was occurring which could affect the range. A
special water-cooled target holder was prepared so that
the target could be held in thermal contact with a
copper heat sink which was water-cooled to about
40°F. An ion-beam current density of 37 uA/cm? (ap-
proximately 7% times as high as any ion current den-
sity actually used in the range measurements) was
obtained for a 1.5-MeV Kr beam, and the range in
Al was measured with water-cooling of the target and
without water-cooling. The proton-beam current den-
sity was kept at about 12 uA/cm?, both in this test and
in the actual range measurements. The same experi-
ment was repeated at ion-beam current density 14
pA/cm? with cooling and without cooling, and both
the range and range straggling remained unchanged
in all four cases. Since the actual ion-beam current
densities were 5 pA/cm? or less in the range measure-
ments and the proton current density was ~12 uA/cm?,
it was concluded that no severe localized heating of the
target was occurring which could influence either the
range or the range straggling.

D. Effect of Proton Bombardment

An independent test of the effect of the proton beam
was also run. This test involved the use of a 16-in.
scattering chamber and a surface-barrier detector cooled
to dry-ice temperatures. Although the resolution of
this system is not as good as the resolution of the 60°
magnetic-spectrometer system, the system does enable
one to make a complete display of the entire spectrum
on a multichannel pulse-height analyzer with a mini-
mum of deposition of proton beam on the target. An
Al target, which had been previously bombarded by
xenon ions was bombarded 35 times in discrete steps
of 3000 uC/cm? of proton beam with the proton scatter-
ing being displayed on the analyzer after each 3000
wC/cm? of deposition. The profiles indicated in all cases
from 3000 to 105000 uC/cm? that neither the peak
had shifted nor had the full width at half-maximum
(FWHM) changed. Since none of the proton bombard-
ments reached 105 000 xC/cm? of proton beam depos-
ited, it is reasonable to assume that the amount of
proton beam deposited into the target had no effect
on the range and range-straggling measurements.

E. Polycrystalline Nature of Targets

If direct comparison is to be made between the pres-
ent results and Lindhard’s (random) theory, care must
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be taken to insure that all the targets have a distinct
polycrystalline or amorphous structure. Back-reflection
x-ray photographs were run on each target used in the
range measurements and all targets showed a definite
polycrystalline structure. X-ray diffractometer patterns
were also run on each target to determine the physical
size of each particle crystal making up the polycrystal-
line metal. In every case except Ni and Cu the mini-
mum Xe range (corresponding to 500 keV) was several
times larger than the particle size. For Cu and Ni the
particle size was about the same dimension as the
minimum xenon range. Because the proton-beam size
and ion-beam size are several thousand times larger
than any of the particle domains constituting the crys-
tal, the moving ions should still encounter essentially
a random array of target atoms, since the proton scat-
tering will display the average effect of the several
thousand orientations.

F. Effect of Surface Contamination

The accumulation of contamination on the target
surface during ion and proton bombardment affects
both ion and proton energies and thus affects the
ranges calculated from these energies. The vacuum in
the target chamber throughout all the measurements
was kept in the vicinity of 1-2X10~® mm Hg by
means of an efficient optically dense liquid-nitrogen
trap at the junction of the target chamber and the
6-in. pump. Surface layers are detected by a shift to
lower energy in the midpoint of the target-atom step
in the profile. The position of the midpoint of this
step was measured immediately following each ion
bombardment and also after the embedded-atom peak
was run in the profile. No detectable shift was ob-
served in any of these measurements, and we are there-
fore neglecting surface-contamination corrections as a
factor in the present measurements.

VI. RANGE STRAGGLING

The range-straggling parameter @ is defined as the
FWHM of the distribution of embedded atoms in the
target. The procedure for calculating the range strag-
gling is described in a previous paper,® but must be
modified slightly since the incident-proton energy is
kept fixed in the present experiment, whereas the
scattered-proton energy was kept fixed in the previ-
ous experiment. The straggling @ is given as Q=
(de/dEzo)&, where 52=6E202“‘3inst2—6p2- 0Ey is the
FWHM on the embedded-atom peak in the profile,
Sinst includes all contributions from finite instrurmental
resolution, and 8, is the proton energy straggling.

The instrumental resolution dinst may be written as'

dinst? =3 (In2) [ E10(d0r/901) A0 T +8c%,
4 The equation for dins in Ref. 5 is incorrect and should be
Sine? =3 (In2) { E2o[8 (o) /80, ]A0L}2 4502

The correct equation was used in calculating the range straggling
reported in Ref. §.
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where the first term is due to the variation of scattered-
proton energy with angle A6, over the aperture of the
spectrometer, and where & is constant and includes
all other sources of finite resolution such as finite beam-
spot size, inhomogeneity of incident proton beam, and
finite collector-slit width. The above equation allows
for the variation of dinst With the mass of the scattering
atom and may be evaluated with the aid of Eq. (2).
Sinst can be measured directly from the width AEy, of
the target step in the profile for a particular M, by the
relation 8ins>=4 In2(AEy)%/7, and 8ines can then be
calculated for any other mass Mo.

The proton straggling §, is given as

8,2=4(2 In2) 4re*NZ, S[a?/ cosby+1/cosh, ],

where Bohr’s! expression og?=4ne!NZ,R is used for
the mean-square energy deviation of an initially mono-
energetic proton beam after passing through an ab-
sorber of thickness R and atomic number Z, contain-
ing NV atoms/cm?®. For some of the lower-energy-range
measurements the ions stop near the surface, so that
S for the lower half-maximum differs appreciably from
S at the upper half-maximum. For these cases, §, is
evaluated at both points and the correction to each
half of the observed distribution is calculated sepa-
rately.
VII. ACCURACY

The sources of experimental error are listed in Table
I, where the first column gives the parameter entering
the range calculation, the second column gives the
probable error in percent for each parameter, and the
final column gives the contribution to the probable
error in the range. When two numbers appear in the
middle and last column, the first refers to the 500-keV
ions and the last to the measurement with the least
percent of error. The least percent of error in most
instances was associated with the 2-MeV-ion measure-
ments, and the errors of the intermediate ranges be-
tween 500 keV and 2 MeV generally decreased with
ion energy. The 500-keV measurements have larger
uncertainties than the higher-energy measurements be-
cause the embedded atoms are close to the surface.
The table is for Kr in Al, but these results are typical
of all the measurements. The principal sources of error
are: location of ion peak in profile, drift in 60° spec-
trometer, and uncertainty in proton stopping cross
section. The limits on the accuracy of the measure-
ments expressed in percent as a probable error are:
Ar in Be: 4.8-3.2%; Ar in C: 6.0-4.4%; Kr in Be:
8.1-3.4%; Krin C: 10.1-5.4%; Kr in Al: 7.5-5.7%; Xe
in Be: 8.9-3.8%; Xe in C: 8.9-5.1%; Xe in Al: 8.7-
6.1%; Xe in V: 8.6-5.7%; Xe in Ni: 10.7-8.8%; and
Xe in Cu: 11.4-8.9%,. In some cases, such as Xe in Ni
and Cu, the individual range measurements were found
to vary from 13-219%. The reason for this large un-
certainty is that when a proton bombarding energy
of 2.1 MeV was used, a very small uncertainty in the
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TasLE 1. Experimental accuracy of the range measurements on Kr in Al

Probable error in

Probable error range from this

Source of error (%) source (%)
Ey Drift of 20° magnetic-analyzer setting +0.15 +0.14
FEn Calibration of 20° magnet 0.15 0.140
Ex Drift in 60° magnetic-spectrometer setting 0.03 3.8-1.0
Exn Determination of midpoint of Al step in 0.015 2.3-0.6
profile
Ey Location of ion peak in profile 0.02-0.085 3.0-3.9
0 Uncertainty in 6, 0.44 0.15
62 Uncertainty in 6, 0.44 0.20
oL Uncertainty in 6y, 0.17 1.0-0.3
& Uncertainty in proton-stopping cross 5 5
sections

Root-mean-square probable error: =7.5-5.7%

location of the ion peak or the midpoint of the step
would result in a large uncertainty in the range. For
these cases the random errors were minimized by re-
peating these measurements in some instances by as
many as six times. Because the proton-stopping cross
section in Ni and Cu is known at 2.0 MeV to only
+8.0%, the present measurements in Ni and Cu can
be no more accurate than =8%. The proton-stopping
cross sections could have been measured to +49, in
Ni and Cu as in V, but the ranges would have improved
in accuracy from 11.4-8.4%; the additional effort was
not considered worthwhile.

VIII. RESULTS

The ranges and range straggling in ug/cm? as meas-
ured in this experiment are given in Table II. The Ar
measurements in Be and C indicate a dE/dx increas-
ing with ion energy. The straggling measurements are
excluded in the table for the C targets because of the
porous nature of the C. The V, Ni, and Cu straggling
measurements were excluded because the embedded-
atom peak overlapped the step in the profile, and a
quantitative assignment of range straggling would have
been difficult because of large extrapolations in the
data. The maximum of the peak was clearly resolved
from the step in these latter measurements, so that no
ambiguity was present in the range itself.

In order to make comparison to the theory,* one
must express the range R and the energy E in Lind-
hard’s dimensionless units p and ¢, defined as

p= RNM2E47F(12M1/(M1+M2)2]7
€= EEaMg/lezez (M1+M2) ]7

where the screening parameter ¢ is given by a=a,X
0.8853(Z23+42Z2%)~12, Z; and Z, are the atomic num-
bers of the incident ion and target atom, respectively,
a,=>5.29X10"° cm, and e is the electron’s charge. A
dimensionless rate of energy loss de/dp is found by

adding linearly the energy loss due to nuclear elastic
collisions (de/dp)nuet to the energy loss by electronic
excitation and ionization, which the theory predicts
to be

(dé/dp) elec= ke!l?
0.0793Z,12Z,112( A, A,)3!? ”

€

TS Tz zpk)sg g g €

(3)

with £~2Z,"/6. The energy loss due to nuclear collisions
is based on a Thomas-Fermi picture and approaches
Bohr’s expression! for nuclear elastic stopping in an
unscreened Coulomb field expressed in p-¢ units as
(de/dp) (unscreened nuclear) = (1/2¢) In2e. Lindhard
and co-workers only plot p-¢ curves for particular
values of the electronic stopping constant k%, so that
in order to make a more direct comparison between
theory and experiment, we fitted a curve to their
(de/dp)nuer, which is plotted in their paper up to
values of e=16, and we used Bohr’s (de/dp)nua=
(1/2€) In2e for e values greater than 29, For 16<e<29
we joined the two extrapolated curves smoothly.
The electronic stopping (de/dp)eiec=ke/? is added to
(de/dp) nuet to obtain a (de/dp)iet, which is then nu-
merically integrated to get

€ de
= [ de —
P '/0 / (dp) tot

as a function of e. The % values for combinations of
ions and targets in the present experiment varied from
£=0.092 for Ar in Be to £=0.129 for Xe in Cu. By
taking these limits on %, one can calculate from the
theoretical curves the e value for which electronic stop-
ping should be equal to the nuclear stopping. (e values
greater than this value correspond to processes where
electronic stopping is more dominant.) This e value
would enable one for the particular measurements to
tell which process is dominating the stopping picture
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Tasie II. Experimental values of the range and range straggling. The uncertainties listed are probable errors. When no
uncertainty is listed, the probable error is less than 0.5%.

Ton Range Ion Range
) energy Range straggling energy Range straggling
Ton and target (keV) (ug/cm?) (ug/cm?) Ion and target (keV) (ug/cm?) (ug/cm?)
Arin Be 503.0  87.3+4.2  40.44.3 1298.9  138.849.4
613.0  106.53.7  45.4+3.3 1398.9  148.348.6
706.0 121.145.4  42.6+5.6 1498.6  160.49.0
804.9 137.5+5.7  44.9:+6.0 1598.9  169.8+9.2 .
006.4 151.24£5.4  42.8+5.8 1698.4 179.7410.4 .
1000.6 174.8+7.5  53.1+7.9 1798.7 189.1410.7 .
1100.6 186.4£7.0  55.9+£7.5 1898.0 198.4411.0 .
1199.5 197.3+7.0  67.6+7.8 1998.2  206.1411.2 .
1209.8  AULALT.7 - S2.6£8.3 | o oo 309.9  45.643.4  55.0-4.2
1399.9 224.748.1  44.9+8.5
499.8  66.444.8  60.65.7
1500.2 234.0+8.3  52.8+8.9
616.0  83.745.5  72.6+6.6
1601.0 249.6+8.1  63.0+7.8
718.5  96.7+£6.6  79.6£7.9
1700.8 252.9::8.8  53.1+9.5
820.9 105.0+7.7  88.8+9.1
1800.1 267.249.3  59.8:£9.9 9995 1200475 942503
1808.7 279.249.6  55.9:10.3 1026.3 138.748.3 108.410.7
2000.6 289.6+£9.6  49.6x10.3 1129.0  155.849.4 109.9-£11.7
. 1231.3  168.5+10.0 124.0+13.1
Arin€ prrp 1335.8  185.5411.5 119.6+14.0
- 25, 1498.7 206.6411.7 155.9415.2
703.8  112.945.0 1599.5 219.9413.6 144.94+16.5
800.2 123.9x7.0 1698.7 237.2£14.6 149.2417.6
900.3 138.0+8.3 . 1798.5 251.94+14.5 173.5+18.4
999.8  152.0-8.2 1898.6 261.74-15.6 158.0+18.9
1100.4 171.811.2 1998.6  271.3+17.7 157.3420.7
1200.1 ~ 181.4::10.4 XeinBe 401.0 267420 21.1+1.6
1300.7 191.1410.7
501.2  34.5:£2.5  27.9:1.9
1400.2  200.8-11.9
601.4 42.242.9  28.2+42.1
1500.5 217.9413.4
701.5  52.944.7  33.1+£3.9
1599.3  230.4£11.8
801.7  60.243.3  36.4:2.4
1699.8  236.5-412.9
901.5  68.54+4.5  35.1+3.8
1799.2  244.5+12.4
1002.1  74.84+4.5  41.1+3.9
1900.5 254.5:14.4
1999.0  271.0L14.0 1102.3  83.945.9  44.4+5.6
: : : 1202.4  90.545.5  45.545.2
Krin Be 501.2  57.443.4  39.1+3.2 1302.6  99.4+6.1  50.2::6.0
600.7  63.7+£3.9  46.6+3.0 1402.7 108.5+5.6  54.6+4.8
700.6  77.4+4.1  51.4+3.3 1503.0 116.346.1  55.1+6.1
801.4  93.945.8  50.2+4.9 1603.1 123.745.8  56.1+5.9
901.6 102.3:£5.9  53.8+£5.3 1703.3 136.146.7  54.36.7
1000.2  117.04+4.7  59.8+4.1 1803.2 143.34+6.5  58.06.5
1102.0 127.746.4  61.76.1 1903.6 150.946.4  59.06.6
1202.1 139.7£6.6  68.56.5 2003.9 162.046.1  46.6+6.5
1302.2  150.3+8.1  71.5+8.1 .
1402.2 156.9+7.7 7i.4x7.6 | XeinC ggé'i ig'gig'g "
1502.4 172.948.7  71.0-:8.8 o1 47'4*4'2
1603.0 189.0:8.9  79.7:£9.0 801 7 56'5i4'1
1702.8 201.148.6  73.7+8.8 o0t 63-()*4‘4
1803.2 207.6+9.3  88.09.7 1002.0 72'3=E5'3 e
1901.1 227.6+7.8  82.846.8 11073 77'314'5 -
2003.0 237.149.9  78.1+10.3 12004 8y 8rs o
Krin C 499.6  47.5+4.8 1302.5  98.6:5.0
599.7  59.3+5.0 1402.8  104.6+5.3
699.6  70.3+5.1 1503.0 113.846.9
799.5  81.045.7 1603.0 121.146.2
899.9  92.346.0 1703.2  121.847.0
999.3  108.36.6 1803.6 127.4:£7.9
1099.2  116.346.5 1903.8 137.4-£8.2
1199.0 125.948.0 2003.7 145.8+8.4




165

384 POWERS, CHU, AND BOURLAND
TaBLE II. Continued.
Ion Range Ion Range
energy Range straggling energy Range straggling
Ion and target (keV) (ug/cm)? (ug/cm?) Ton and target (keV) (ug/cm?) (ug/cm?)
Xe in Al 501.0  41.4+3.3  47.2+3.8 XeinV 501.1  46.3+3.4
601.4  47.4+4.0  56.04.7 751.6  72.95.3
701.6  61.1£5.3  53.846.1 1002.1  103.3+46.8
801.8  68.44.2  63.344.6 1252.5  125.1£7.0
901.8  75.66.0  69.3:£7.2 i;ggg gg-gi;“
1002.0  85.82:5.9  69.4::6.4 . -415.5
1102.2  96.8+£6.8  77.6+8.2 Xe in Ni 501.2  42.5+4.4
1202.4 105.1+8.9  87.7410.3 751.6  57.4+6.1
1302.5 113.8:£8.7  94.0-£10.4 }gggé lgg-fizi%
1402.7 125.59.1  97.0410.9 . . .
1502.9° 140.44:10.0 93.9411.7 1502.8  130.3=11.5
1603.3 146.02210.2 91.4+11.8 | Xein Cu 501.2  48.245.5
1703.5 152.24-11.8 114.1413.7 751.5  70.2+7.8
1803.4 165.512.2 113.1+14.2 1002.4  89.3+8.6
1903.7 175.1414.0 112.615.9 1252.6  105.04=10.9
2003.9 187.4+14.4 122.4:16.3 1503.0  117.6£10.5

according to the theory. The e value for £=0.092
(Ar in Be) for equal electronic and nuclear stopping
is ~4.6 and is e~3.2 for £=0.129 (Xe in Cu). The
¢ values for the Xe measurements varied from ~0.69
to 4.7, thus indicating that nuclear stopping should
predominate except for the highest-energy Xe meas-
urements in Be and C, where the electronic stopping
is slightly greater than the nuclear stopping. For the
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Fi1c. 4. Experimental values of p as a function of e for Ar, Kr, and
Xe in Be. The short-dash curve is the theoretical prediction
(Ref. 4) for Ar in Be, the long-dash curve is for Kr in Be, and the
dot-dash curve is for Xe in Be. The circles are the measurements
on Ar in Be, the squares are the measurements on Krin Be, and
the «’s are the measurements on Xe in Be. The arrows are projec-
tion corrections and the error bars are probable errors in the
measurements. The solid curve is the theoretical prediction for
Ar in Be using Ormrod, MacDonald, and Duckworth’s measured

value £=2.15 (see text).

Kr measurements, e¢ goes from 1.7 to 12.0, so that
electronic stopping should be greater than nuclear stop-
ing over most of the energy interval. For the Ar
measurements, e varied from 10.9 to 54.3, so that elec-
tronic stopping should essentially dominate the stopping
process according to the theory.

Our experimental results in p-e units are plotted in
Figs. 4-6. In Fig. 4 the short-dash curve is the theoret-
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Fic. 5. Experimental values of p as a function of ¢ for Ar, Kr,
and Xe in C. The diamonds are the measurements of Ga in gases
by Bryde et al. (Ref. 23), the hexagons with diagonal bars are
measurements of At in Ag by Leachman and Atterling (Ref. 22),
the open squares are Kr%in Al by Davies et al. (Ref. 15), the open
circles are Th'*® in Al by Winsberg and Alexander (Ref. 19), open
triangles are Th* in Al by Alexander and Sisson (Ref. 20), in-
verted open triangles are Ne and N in C by Powers and Whaling
(Ref. 5), and crosses () are Ne and Na in Al by Poskanzer (Ref.
21). Projection corrections are indicated by vertical arrows.
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ical prediction for Ar in Be, the long-dash curve for
for Kr in Be, and the dot-dash curve is for Xe in Be.
The experimental measurements are projected ranges
along the direction perpendicular to the target surface;
the vertical arrows on the Ar in Be measurements are
the corrections of projected ranges to true ranges based
on the theory. These corrections for Xe and Kr in Be
are negligible. The Xe in Be measurements are lower
than the theory by 9%, at lower energies, but agree
with the theory at higher energies.

The Xe in Be measurements at 400 and 500 keV
are lower than the Caltech measurements® at these
energies. The 500-keV measurement at Baylor was re-
peated four times with a result that was consistently
lower than the Caltech measurement, and with each
repeated measurement being within 8% of the mean
value. In order to eliminate systematic errors as an
explanation of this discrepancy, we decided to repeat
our Kr in Al measurements which were run three
months before the measurements on Xe in Be. Our
range of Kr in Al at 616.0 keV of 83.75.5 pg/cm? is
consistent with the value 79.5 pg/cm? for Kr® in Al
at 600 keV obtained by Davies et ¢l.® One month after
all the measurements reported in the present paper
had been made we twice repeated the measurements on
Kr in Al at 500 keV and at 1.0 MeV and obtained the
same results as before. These results eliminated the
possibility of a systematic error being introduced be-
tween the original measurements on Kr in Al and the
measurements on Xe in Be, and further checked the con-
sistency and reproducibility of the measurements. We

1 T T 1T i T T LI L
RANGE OF Kr IN Al AND OF
20| /=
Xe IN Al, V, Ni, AND Cu “&
IN DIMENSIONLESS UNITS o
nd
ol )’& .
5 -
- LINDHARD et gl., i
F Xe and Kr in Al ——
B Xe in Ni and Cu---- |
Xe in V
PRESENT EXPERIMENT:
2 Kr in Al ® 1
f Xe in Al X
e Xe in V &
/" 4 Xe in Ni V¥
$ Xe in Cu m
| | 1 111 1 ! 1 1 L1 11
0.4 1.0 2 5 10

F1c. 6. Experimental values of p as a function of e for Kr in
Al and of Xe in Al, V, Ni, and Cu. Projection corrections are
indicated by vertical arrows.

( 15 ].)A. Davies, B. Domeij, and J. Uhler, Arkiv Fysik 24, 377
1963).
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also twice repeated the 500 keV through 1.0 MeV meas-
urements on Xe in Be and obtained the same results
as before. The Caltech measurements of Xe in Be were
never repeated for consistency, and we therefore con-
clude that the Baylor measurements are more accu-
rate.

The Kr in Be measurements in Fig. 4 are in excellent
agreement with the theory over the entire energy re-
gion. The measurements on Ar in Be are consistently
lower from 15 to 189, than the theory even after pro-
jection corrections have been made. Recent experiments
by Ormrod, MacDonald, and Duckworth®® indicate a
periodic dependence of the electronic stopping with the
atomic number of the incident ion. In particular, their
results indicate that with argon as the projectile, &,
should be 2.15 rather than Z;/6=1.62, as given by the
theory. We have taken §=2.15, calculated p, and
plotted the result as the solid curve in Fig. 4. The
agreement between our results and the theory with
Ormrod, MacDonald, and Duckworth’s value of & is
quite good.

Figure 5 gives the results for Ar, Kr, and Xe in C.
The short-dash curve is the theoretical estimate for
Ar in C, the long-dash curve is for Kr in C, and the
dot-dash curve is for Xe in C. The closed circles are
the experimental Ar in C measurements and are lower
than the theory with £=2Z2,/¢ by 10-18%, after projec-
tion corrections have been made. The solid curve rep-
resents the theory with Ormrod, MacDonald, and
Duckworth’s correction of £=2.15 and is seen to be
in excellent agreement with the experimental results.
The solid squares are the measurements on Kr in C
and are in excellent agreement with the theory of
Lindhard et al. over the entire energy region 0.5-2.0
MeV. The measurements on Xe in C (represented by
x’s) are also in excellent agreement with the theory.

The measurements of other experiments are included
in Fig. 5. In selecting other measurements, we have re-
stricted consideration to combinations of ions and tar-
gets that yield £~0.09-0.12. The theory, of course, is
dependent upon the % value, and we thought it would
be misleading to compare theory and experiment in-
cluding measurements such as those of Barker and
Phillips®® on N of 0.4-2.5 MeV in Ni and Ag (k=0.32
and 0.54, respectively); of Phillips and Read” on N
of 0.4-6.4 MeV in Au (k=0.96); and of Panontin
et al.® on CU of 0.67-1.64 MeV in Al (k=0.22). The
open squares at e=1.21, 1.79, and 2.50 are the 296-,
430-, and 600-keV Kr? measurements in Al (k=0.11)
by Davies ef al.b and are in excellent agreement with
the present measurements. The open inverted triangles

16 J. H. Ormrod, J. R. MacDonald, and H. E. Duckworth, Can.
J. Phys. 43, 275 (1965); J. H. Ormrod and H. E. Duckworth,
ibid. 41, 1424 (1963).

27 W. )R Phillips and F. H. Read, Proc. Phys. Soc. (London) 81,
1 (1963).

18 J, A. Panontin, L. L. Schwartz, A. F. Stehney, E. P. Steinberg,
and L. Winsberg, Phys. Rev. 140, A151 (1965).
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Fic. 7. Range straggling in units (M1+M:) (AR)/2(M1M:)12R as a function of e. The solid curve is the theoretical prediction
using £#=0.1 of Lindhard, Scharff, and Schigtt (Ref. 4). Error bars denote probable errors of present measurements. Present measure-
ments with symbols are: x’s: Ar in Be; dark circles: Kr in Be; dark squares: Kr in Al; dark triangles: Xe in Al; dark inverted triangles:
Xe in Be. Other measurements include: open triangles: Tb in Al, Alexander and Sisson (Ref. 20); open inverted triangles: Alexander
and Winsberg (Ref. 19) ; open squares: Kr% in Al, Davies et al. (Ref. 15); open hexagons with diagonal bars: At in Ag by Leachman
and Atterling (Ref. 22); cross (+4) by Bergstrom et al. (Ref. 24) ; open circles: Ar, Kr, and Xe in Be and Al by Powers and Whaling

(Ref. 5).

are the measurements of Powers and Whaling® of Ne
in C (k=0.11) and of N in C (k=0.12). The open
circles are measurements of Winsberg and Alexander®
of Tb* in Al (k=0.11). The open triangles are meas-
urements of Alexander and Sisson®* of Tb" in Al
(k=0.11). We have included as crosses the measure-
ments of Poskanzer? of Ne in Al (k=0.149) at e=43.3
(E=1 MeV) and of Na in Al (k=0.145) at e=37.2
(E=1 MeV) and at e=74.5 (E=2 MeV). The open
hexagons with diagonal bars at e=1.09 (E=2.2 MeV)
and at e=1.39 (E=2.8 MeV) are measurements by
Leachman and Atterling?? of At in Ag (k=0.14) and
are considerably higher than the theoretical predictions.
The open diamonds are measurements by Bryde and
co-workers? in gases of Ga in Ar (£k=0.129), of Ga

¥, Winsberg and J. M. Alexander, Phys. Rev. 121, 518

(1961).

20 J. M. Alexander and D. H. Sisson, Phys. Rev. 128, 2288
(1962).

21 A, M. Poskanzer, Phys. Rev. 129, 385 (1963).

22 R, B. Leachman and H. Atterling, Arkiv Fysik 13, 101 (1957).

2 L. Bryde, N. O. Lassen, and N. O. R. Poulsen Kgl. Danske
Videnskab. Selskab, Mat. Fys. Medd. 33, No. 8 (1962).

in Ny (£=0.105), and Ga in He (2=0.097), and are
only included because the % values and ¢ values are in
the region of our measurements. Their values are higher
than the present measurements. Thus, the independent
measurements of Davies et al.; Alexander, Sisson, and
Winsberg; Poskanzer; and Powers and Whaling are
consistent with the present results, while the measure-
ments of Leachman and Atterling of At in Ag and of
Bryde et al. of Ga in gases are higher than the present
measurements.

Figure 6 gives the results for Kr in Al and for Xe
in Al; V, Ni, and Cu. The projection corrections be-
come more significant for these measurements because
of the decreasing ratio of incident-ion mass to target-
atom mass. The measurements on Kr in Al without
projection correction are very close to the theoretical
prediction of Lindhard et al., but are 8-99%, higher than
the theoretical prediction after projection corrections
have been made. The measurements on Xe in Al are
generally in good agreement (to within 6 or 7%) with
the theory after the projection corrections have been
made. The measurements on Xe in V (the closed hexa-
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gons with diagonal bars) agree with the theory to
within 5%, after projection corrections for all measure-
ments, except the one at e=0.77, where the experiment
is about 8%, below the theory.

The measurements on Xe in Ni and Cu differ from -

the theory after projection corrections more than any
of the other measurements. Both sets of measurements
are consistently lower than the theory and differ from
11-219, for the Ni, and from 9-249, for the Cu. It
was mentioned previously that each of the Ni and Cu
measurements were repeated several times (some meas-
urements as many as six times), and in all instances
the experimental value after projection correction was
less than the theoretical prediction.
In Fig. 7 the range-straggling parameter

(My+M,) (AR) /2(M31M2) 2R

in dimensionless units is plotted as a function of the
dimensionless energy parameter e. The quantity AR
is defined as the standard deviation [the FWHM of
the embedded-atom peak divided by 2(2 In2)/?]. The
dark points and x’s refer to the present measurements,
and the open circles, triangles, and squares to other
measurements. The x’s are the measurements on Ar
in Be, the solid circles Kr in Be, the solid squares
Kr in Al the solid inverted triangles Xe in Be, and the
solid triangles Xe in Al. The open triangles are the
recoil measurements on Tb in Al of Alexander and
Sisson.? The open inverted triangles are the recoil
measurements of Alexander and Winsberg.?® The open
squares are the Kr¥ measurements in Al of Davies
el al’® The open hexagons with diagonal bars are the
measurements on At in Ag of Leachman and Atter-
ling.22 The cross at €=0.28 is for Rn in Al as measured
by Bergstrom et al.2* The open circles are Ar, Kr, and
Xe measurements® in Be and Al at Caltech. The strag-

gling
(M]_‘{"Mz) (AR) /2 (M]_Mz) 112R= 0457

of 600-keV Kr® in Al at e=2.51 by Davies et al.' is in

2 1. Bergstrom, J. A, Davies, B. Domeij, and J. Uhler, Arkiv
Fysik 24, 389 (1963).
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close agreement with the present measurement of
(M1+M,) (AR) /2(M1M,) Y2 R=0.431

of 616-keV Kr in Al at ¢=2.58. The general trend of
the straggling-parameter measurements is in good agree-
ment with the measurements of Alexander, Sisson, and
Winsberg. The experimental points are almost exclu-
sively higher than the theoretical predictions, except
for the measurements on Ar in Be in the region e=
35-55.

IX. CONCLUSION

Of the 11 combinations of ions and targets used in
the present experiment, seven of the 11 sets of measure-
ments agree to within 9% with the Lindhard, Scharff,
and Schigtt theory after a projection correction has
been made. The agreement appears to be best in the
region where the electronic stopping is roughly equal
to the nuclear stopping. The measurements on Ar in
Be and C are in a velocity region where electronic
stopping should predominate, and are lower than the
theory using £=2,6=1.62 by 10-189%,. By replacing
Z,'8 by the shell-structure parameter of &=2.15 for
Ar, as observed by Ormrod, MacDonald, and Duck-
worth, excellent agreement between theory and experi-
ment is obtained. The measurements on Xe in Ni and
Cu, after projection correction, are lower than the
theory using &=Z7,6=1.94 by 8-249%,. These latter
measurements are in a velocity region where the nu-
clear contribution to the stopping should predominate.
If one uses the parameter £, to adjust these Ni and Cu
data, a value of £ of 3.0-4.5 would be required.
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