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Electronic stopping powers for a hydrogen beam at energies between 25 and 250 keV are mea-
sured in the metals Ni, Cu, Ag, Sn, and Au using the straightforward technique of measuring

the energy loss of a beam traversing a thin target foil.

The metal foils, fabricated specifically

for this purpose, are self-supported and thin enough to ensure an energy loss of 10% or less for
a 25-keV proton beam. The measured stopping powers are given relative to accepted published
values at 250 keV, The results are compared to those of other authors, primarily at the low-
energy end of the present measurements where a comparison with the theory of Lindhard and

Scharff is also possible.

Available information about stopping powers of hydrogen beams in

other elements together with the present results are represented as a function of z,, the atomic

number of the target material.

A periodic structure in this diagram is observed which can be

related to the filling of electronic shells in the target atoms.

I. INTRODUCTION

Stopping-power curves for hydrogen beams in
metallic targets as presented by Whaling® are gen-
erally accepted as being reliable. These data were
brought up to date by Demirlioglu and Whaling.? At
energies higher than 1 MeV, the curves are con-
structed by fitting the experimental data to the the-
ory of Livingston and Bethe?® including Bloch’s*
criterion.

At energies down to 400 keV, where charge-
changing collisions play an increasingly important
role in the stopping process, the curves reported
by Whaling are an interpolation of experimental
results from several authors.

In what follows we restrict the discussion to the
target materials used in our work.

Whaling reports the measurements of Bader et
al.’ which cover the energy range down to 50 keV
in Cu and Au, and down to 200 keV in Ni. Values
which deviate considerably from the experimental
average are not used in the evaluation of Whaling.
Amongst these are the data reviewed by Allison and
Warshaw® for the target materials Cu, Ag, and Au.

Later measurements of Porat and Ramavataram”’
start at 200 keV and are in good agreement with
Whaling’s curve above 400 keV. Recently, White
and Mueller® measured the stopping power of hydro-
gen ions between 30 and 140 keV in several metallic
targets including Cu and Ni.

For energies below 30 keV, recent measurements
of Morton et al.,® Morita et al.,'® and Arkhipov and
Gott!! are in very poor agreement with each other,
the differences being as large as 100%.

The present measurements cover the energy range
between 25 and 250 keV, in which range experi-
mental data are nonexistent or inconsistent. They
also allow a comparison to be made with the above-
mentioned low-energy data.

|o»

According to the theories of Lindhard and
Scharff!? and Firsov,'® the electronic energy loss
for proton energies below 25 keV is expected to
be proportional to the ion velocity ». Both theories
use the Thomas-Fermi model for the projectiles
and stopping atoms; therefore, no effects due to
electronic structure are considered. The electron-
ic stopping power thus calculated is given by a
monotonously increasing function of z;, the atomic
number of the projectiles, and of z,, the atomic
number of the target atoms.

Recently, increasing attention has been paid to
a periodic structure in electronic stopping power
given as a function of z;, in a given stopping ma-
terial, which is attributed to periodic fluctuations
in the densities of electronic shells. This shell
dependence has been first observed in amorphous
and polycrystalline targets.!* The effect becomes
more pronounced in electronic stopping through
channels in single crystals.!® Theoretical treat-
ments of the periodic structure as a function of z,,
introducing Hartree-Fock electronic wave functions
in the theories of Firsov'® and of Lindhard and
Scharff'? have been undertaken.®

The dependence of electronic stopping on z, for
a given projectile has been first observed by Green
et al.\" for protons of 500 keV. With protons of
this same energy, Bader et al.’ observe a decrease
of the stopping power in the region 23< z,<29.

A similar decrease was also observed by Chu and
Powers!'® for He beams at energies between 0. 8
and 2 MeV, and by White and Mueller® for H and
He beams at 100 keV. The latter authors comparing
their data with that given by Hvelplund and Fastrup'®
and considering targets up to z,=36, point out a
similarity between the z, and z; periodicity in that
the maxima and minima appear at about the same
positions.

The present measurements cover energies be-
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FIG, 1, Experimental arrangement. 1, proton beam;
2, beam monitor; 3, liquid-N, traps; 4, Adjustable
two-slit assembly; 5, gate valves; 6, rotatable target hold-
er; 7, electrostatic analyzer; 8, CsI crystal; 9, photo-
multiplier; 10, preamplifier. A, to liquid-N, trap and
diffusion pump; B, to liquid-N, trap and mechanical pump.

tween 250 and 25 keV and are performed with tar-
get elements which are widely distributed through
the Periodic Table. Therefore, they contribute to
the information available for discussion of the de-
pendence of the electronic stopping on the atomic
number of the target.

II. EXPERIMENTAL METHOD

In the present work, the most direct method for
obtaining the stopping power (dE/dx) has been used,
namely, that of measuring the energy loss AE for
a proton beam as it traverses a thin metal film of
thickness Ax. For the results to be reliable, AE
should be only a small fraction of the energy E of
the incoming beam. At low energies and for solid
targets, this method has the difficulty of requiring
extremely thin self-supporting foils to fulfill the
condition AE/E «1. For example, in order to
have AE/E<0.1 for a 25-keV proton beam, the
films must be less than 200 A thick. Foils this
thin were fabricated specifically for this purpose.'®

Foil thicknesses were determined by first mea-
suring the energy loss AE at 250 keV and using the
stopping-power data given by Whaling® 2 at this en-
ergy.

This is equivalent to fitting the high-energy end
of the present measurements to Whaling’s curves.
Figure 1 gives a diagram of the experimental
arrangement. The beam from the rf ion source of
the Bariloche 350-keV Cockcroft-Walton accelera-

tor is deflected through a 90° magnetic analyzer
which holds the proton energy monoenergetic to
within 0.1%. The beam traverses a liquid-N, cold
trap and enters the target chamber. The targets
are mounted on a manually rotating disc which can
hold up to ten target foils.

After traversing a second liquid-N, trap, the
beam enters a 90° 15-cm-radius electrostatic analy-
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zer capable of resolving the proton energy within
one part in 10%, The beam is finally detected by
means of a scintillation counter consisting of a
Csl crystal and a RCA 6342A photomultiplier.

The proton beam is defined by an adjustable two-
slit assembly, located in front of the target cham-
ber which limits the beam diameter to approximate-
ly 0.2 mm. The entrance and exit slits of the
electrostatic analyzer have an aperture of 1 mm each.

In order to avoid damage of the thin target foils
the beam currents used throughout this experiment
were of the order of 1014-10-1° A,

Three cold-trapped 2-in. diffusion pumps main-
tain a vacuum of the order of 2x10-® Torr in the
target and electrostatic analyzer chambers.

Rapid replacement of targets without disturbing
the vacuum in the rest of the system is performed
through a removable window, by first closing two
gate valves located on either side of the target
chamber.

Dry air is let in through a liquid-N, trap which
also serves to avoid contamination by oil vapors
when reevacuating.

Figure 2 gives a diagram of the electronics used
to determine the energy losses of our proton beam.
The electrostatic analyzer is polarized by means
of two John Fluke model 410B 10-kV power sup-
plies. The ground lead of the positive John Fluke
supply is connected to an auxiliary power supply
whose output is linearly and continuously changed
from zero to its maximum voltage and vice versa

Amplifier
and Disc.
H.V.Power ——
Supply
Integrator
Incorgiggl__ —
Beam |
Electrostatic X-Y Plotter
Analyzer
HV.Power m
Supply
[ ]
[ Vi)
Motor Driven
Potentiometer
0 6 12
— t(sec)
Auxiliary
Voltage
+

FIG. 2. Block diagram of the electronics used.
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by means of a motor-driven potentiometer and two
limiting microswitches. The linearity of this de-
vice and the stability of the total polarizing voltage
were checked to be within 0.1%.

A voltage proportional to the auxiliary power
supply output is fed into the X input of a Moseley
model 70005 AM recorder. Into the Y input we feed
the signal coming from the current integrator which
in turn receives from the scintillation counter a
pulse rate proportional to the beam current.

Figure 3 shows the experimental response of this
dynamic system which has a sweeping time of 6
sec. The curves shown correspond to an incident-
beam energy of 206. 7 keV, with and without a 19. 5-
ug/cm? Sn foil. In each case, and because of the
time delay introduced by the 0. 5-sec integrating
time of our current integrator, two curves are
obtained depending on whether the auxiliary polar-
izing voltage increases or decreases. The average
of the energies corresponding to the peaks of these
two dynamically taken curves was checked and found
(at several energies and for each foil) to agree
within 0. 3% with the energy corresponding to the
peak of the “static” spectrum obtained by manually
changing the polarizing voltage of the electrostatic
analyzer. This dynamic system has considerably

(a)

Response

Recorder
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increased the precision of the beam-energy deter-
mination. In fact, if there are fluctuations in beam
intensity, the advantage of a system with a quick
reponse is obvious.

The asymmetric shape of the experimental curves
and their relation to the static profile one would ob-
tain when measuring the energy spectrum point by
point, are explained in detail in the Appendix.

The electrostatic analyzer was calibrated using
the B (p, v)C2 reaction which has a resonance at
(163.1+0.5) keV.?® Furthermore, an independent
calibration was performed with electrons from a
specially designed electron gun. Both calibrations
were in agreement within 0. 1%.

To check against possible sources of systematic
errors, a series of preliminary measurements
were performed:

(i) Energy losses in several targets were mea-
sured every 24 h during 4 days. Under these con-
ditions and using beams of less than 1073 A, no
systematic deviation in energy losses were detected
within less than 1%. This same result was obtained
when a target was continuously bombarded for 2 h.

(ii) Normally, freshly prepared films were im-
mediately installed in the target chamber. How-
ever, some targets were purposely placed after

H*—Sn (19,5 pg/cm?)

(b)

(Arbitrary Units)

| |
206.7 keV 203.0 keV
L I L |
0 Auxiliary Polarizing Voltage (V) 200 0 Auxiliary Polarizing Voltage (V) 1000
L 3.042 keV sk 15.21keV —
FIG. 3. Experimental response of dynamic recording system for the (a) incident hydrogen beam (206. 7 keV) and (b) trans-

mitted beam (203. 0 keV).
Appendix for explanation of double peaks.

In each case the quoted energies are given by the average of the peak positions.

See text and



KESTELMAN, AND ECKARDT

6

Gott, though constant, is neither 3 nor in agreement

with our data.

b. Silver. Fitting is performed with measure-
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TABLE I. Typical relative energy losses AE/E.
Energy
(keV)
Target 200-250 25—-40
Ni 2% 10%
Cu 6% 19%
Ag 3% 6%
Sn 2% 9%
© Au 2% 10%

24 h of exposure to the atmosphere.

No systematic

ments of Porat and Ramavataram,” which at higher
energies are in agreement with Whaling.»® Our
curve leads to an excellent fit in magnitude and
slope to the stopping curve obtained by Morita et
al.l® at very low energies.

c. Nickel. After fitting our curve to that of
Whaling, the results of White and Mueller® again
lie below our results. We would like to point out
that the slight indication of a maximum, as seen

change was observed in the measured energy losses.

(iii) By changing the target position with respect
to the beam, the targets were found to be of uniform
thickness within random errors. No pinholes were
observed in the targets used.

(iv) Measurements for each metal were performed
in targets of different thicknesses and the results
normalized at 250 keV. The resulting stopping
powers were in excellent agreement throughout the
covered energy range, maximum discrepancies
(at 25 keV) being less than 2%.

Random fluctuations of the measured energy loss-
es for a given foil were less than 1%. Each stop-
ping-power determination is calculated from mea-
surements performed with at least two and, in cer-
tain cases, up to eight different foils for each
metal. An individual measurement consists of
taking ten energy spectra without, with, and with-
out target, in that order.

Table I shows typical relative energy losses
AE/E obtained in the present work. Except for
copper all relative energy losses produced by our
foils are 10% or less even at beam energies below
40 keV.

III. RESULTS AND DISCUSSION

In Fig. 4 our measurements are presented to-
gether with those corresponding to other authors.

a. Copper. After fitting the present data at
250 keV, the agreement obtained with Whaling’s
curve is excellent throughout the energy range of
overlap. The curve corresponding to the review
of Allison and Warshaw agrees well at the high-
energy end but is 15% lower at 40 keV. The mea-
surements of White and Mueller® fall below our re-
sults. However, if fitted to our curve at one point,
they would agree within 5% throughout the range of
overlap. At very low energies we include mea-
surements of Morita et aZ.'® and Arkhipov and
Gott.!! Whereas the results of Morita are some-
what higher than an extrapolation of our curve,
their slope is clearly in agreement with ours. This
is particularly significant because the slope of the
stopping-power curves is expected to be constant
and near % at these low energies in a log-log repre-
sentation. The slope of the curve of Arkhipov and
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FIG. 4. Electronic stopping power for a hydrogen beam

in Cu, Ag, Ni, Sn, and Au. ( ) present work, prob-
able errors fall within the dots; (---) Whaling, Refs. 1 and
2; (=+e+—++=2+=) Allison and Warshaw, Ref. 6; (— - — - — - )
White and Mueller, Ref, 8; (=+++~+++=e++) Morita et al.,

Ref. 10; (—--+—+-+—) Arkhipov and Got, Ref, 11; (== ==:==*)
Porat and Ramavataram, Ref, 7; (-~ -—.-—+-—) Morton
et al., Ref. 9; (=+ =+ -+ =+ = =) Lindhard and Scharff, Ref.

12; (- ) extrapolation of Whaling’s curve for Sn.
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TABLE II. Stopping powers resulting from graphical
interpolation of the experimental points in Fig. 4.
—dX 2)-1
B, e lkeV(mg/cm*)™]

(keV) Copper Silver Nickel Tin  Gold
250 209 172 243 174 117
200 220 183 256 189 121
175 227 191 263 199 122
150 234 198 270 207 123
125 236 209 278 222 122
100 235 211 284 226 120

80 230 210 283 222 117
60 218 202 269 216 111
50 207 193 258 208 107
40 193 181 242 198 102
30 163 178 94
25 152 167 89
20 138 151

in Whaling’s curve between 200 and 300 keV, is
not verified by our results. Our maximum stop-
ping power is reached at 90 keV. There is an ex-
cellent fit in slope with Whaling’s curve at higher
energies. Once again, the slope of the curve of
Arkhipov and Gott is not in agreement with an ex-
trapolation of our data.

d. Tin. The low-energy limit of Whaling’s
curve for tin is 400 keV, corresponding to mea-
surements of Green et al.!” Fitting of our data
to their curve, extrapolated down to 250 keV, re-
sults in an excellent agreement of the correspond-
ing slopes.

e. Gold. Whaling’s curve extends down to 50
keV as in Cu. Fitting at 250 keV results again in
a perfect fit in slope with the higher-energy data.
However, our curve separates from that of Whaling,
which at lower energies falls below ours. This
leads to a shift in the energy at which the stopping
power is maximum, from about 220 keV to approxi-
mately 140 keV. The data corresponding to the
review of Allison and Warshaw fall up to 40% below
our curve. At 30 keV our data fit within 4% of the
low-energy measurements of Morita ef al. 0 A
good agreement in slope is again observed with these
authors. We also include measurements below 50
keV due to Morton ef al.® Their curve shows a
strong difference in slope, leading to values for
the stopping power of only % of those of Morita at
10 keV.

In Table II we give the stopping powers which re-
sult from a graphical interpolation of our experi-
mental points as given in Fig. 4.

In Fig. 4 we have also plotted the curves corre-
sponding to the theory of Lindhard and Scharff!2
(slope 0.5) in its range of validity. As mentioned
above, for the target elements common to the work
of Morita and ours, there is good agreement in
slope with the theoretical value. On the contrary,

the data of Arkhipov and Gott'! and of Morton et al.’
lead to slopes approximately equal to 1, which would
imply a v? dependence of stopping power. However,
agreement in absolute value of the measured and
theoretical stopping powers is not observed. The
theoretical curves of Lindhard and Scharff!? would,
in all targets, fall below our extrapolated curves,

as well as below the stopping powers measured by
Morita et al.

Figure 5 shows the electronic stopping power per
atom at energies of 200, 125, 50, and 25 keV as a
function of z,, the atomic number of the target ma-
terial.

The points with circles correspond to the pres-
ent measurements. The rest of the information,
including that for gaseous targets, is taken mainly
from Whaling’s! review data. At 200 keV, stopping
powers corresponding to elements between z =20
and 30 are due to Bader ef al.’ At 125 and 50 keV
those corresponding to z=24 up to 29 are from
White and Mueller,® but shifted so that they agree
with our data for Ni and Cu. Points are joined by
full lines when they are not separated by more than
two units in z,. Dotted lines are drawn if the sepa-
ration is three or more units. These lines help to
avoid confusion between points corresponding to dif-
ferent energies and represent only a rough indica-
tion of the z, dependence of the atomic stopping
power. At 100 keV and for z, up to 35, a similar
representation has already been shown by White
and Mueller.® Fluctuations are clearly observed.
Their general shape seems to be rather indepen-
dent of the beam energy.

We observe a first maximum at z,~7 (3N,) fol-
lowed by a minimum at z,~10 (Ne). A second
maximum is located at about z,~23 (V), as seen
from the curve corresponding to 200 keV where data

T T T T T T T T T T
e L . J ® 200 keV |
o S P
z Z ‘e »
8 L o <5 . ey ® 125 keV.|
IS 5} "\h’/ o g "r \\‘
5L ""\4 A BN 1
2 QI A AN Mo @ SOkev
& - ‘,'
2 @*f,.‘ . N e D 25 keV]
g AN i
DAV
@/ v -
o
O~ | 1 1 1 ] | 1 1 1
0 10 20 30 40 50 60 70 80 90
TARGET ATOMIC NUMBER Z,
FIG. 5. Electronic stopping power vs z, (the atomic

number of the target material) at energies of 200, 125, 50,
and 25 keV, Arrows indicate the ordinate origin corre-
sponding to the different curves. @ : Data points from pres-
ent work; e:data points taken from previous works, see
text for explanation.
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of Bader et al.’ are available in the range z,= 23—
29. We find a minimum located at z,=29 (Cu). The
same position for the second maximum and subse-
quent minimum has been observed by Chu and
Powers!® in the stopping of He beams at 800 keV
and above, and is also indicated by the strong de-
crease in the stopping power for 100-keV He ions,
measured by White and Mueller® between z,=24 and
29. Although there are data for only two projec-
tiles, this seems to indicate that the position of the
maxima and minima as a function of z, is z; indepen-
dent. This is analogous to the z, independence for
the maxima and minima as a function of z; as
pointed out by several authors. For z,>29, fewer
data are available. The stopping power seems to
rise again as shown by the isolated point at z,=36
(Kr), but nothing can be said as to the position of
the maximum which is indicated by the 25- and 50-
keV data. Our measurements may suggest the
existence of a minimum between z,=36 (Kr) and
z,=47 (Ag), followed by a subsequent rise through
25=50 (Sn) and z,=54 (Xe) when the 5p shell is

400
300—
n
=
= L
>
- Foil out
© 200
b
x
4 -
100—
0L-
-3
Sweeping Time (sec)
' | 1
0 100 200
Auxiliary Polarizing Voltage(V)
FIG. 6.

filled. From z,=54 up to z,=79 (Au) there is no
information available, except for one point (2;,="73,
Ta) at 200 keV. We can only suspect the existence
of a minimum not far from z,="79, followed by a
subsequent rise through z,=82 (Pb), which corre-
sponds to the filling of the 6p shell.

Cheshire and Poate'® have theoretically calculated
the z, dependence of electronic stopping through
channels in single crystals, which have effectively
one or a few impact parameters associated with
the collision. In particular they discuss the case
of stopping in the (110 ) channel of gold for z,<80
and a beam velocity of 1.1x10® cm/sec. The the-
ory of Firsov!® is used which, in calculating energy
losses, considers the momentum transfer due to
the passage of electrons out of the potential of one
colliding atom to that of the other. Instead of de-
termining the electron densities by the Thomas-
Fermi model, Hartree-Fock-Slater orbitals are
introduced. The resulting expression is symmetric
with respect to projectile and target. The results
of this calculation are shown in Fig. 2 of their

H* — Ni(17 ug/cm?)

Foil in

-3 -2 A 0o 1 2 3
Sweeping Time (sec)

0 500 1000
Auxiliary Polarizing Voltage (V)

Dotted lines: experimental response of dynamic recording system for a 63.4-keV incident hydrogen beam, and

the same beam attenuated to 58, 8 keV by a 17-ug/cm?® Ni foil. Full lines: corresponding Gaussian energy profiles and

dynamic response computed according to Eq. (2).
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paper. In spite of the fact that the theory deals
directly with ion channeling in a specific case, up
to z;=2,~35, we observe a striking resemblance
of the periodic structure shown by this theory, as
compared to the experimental curves shown in Fig.
5. For higher-z values fewer experimental data
are available and such resemblance is not obvious.
(See note added in proof. )

Further study of the periodicity of the electronic
stopping power as a function of z, at low beam en-
ergies is needed. The corresponding investigation
is being carried out at present in this laboratory.

Note added in proof. Recently, C. C. Rousseau,
W. K. Chu, and D. Powers [Phys. Rev. A 4, 1066
(1971)] theoretically calculated stopping cross
sections for 0.8-2.0 MeV « particles as a function
of z,. The resulting periodicity, showing maxima
at z,=6, 16, 20, and 40, and minima at z,=10, 29,
and 46 is compatible with our Fig. 5 up to z;=54
which represents the upper limit of their calcula-
tions.

APPENDIX

The differential equation governing the response
of a dynamic recording system which has a time
constant 7 is given by

du(t)
—_— = . 1
T +ult)=ug(t) (1)
This is the differential equation corresponding to a
simple RC circuit.

By putting 7=0 it is seen that «(¢) represents the
“static profile” one would get, not using a dynamic
system, but rather measuring the spectrum point

SOME PURE METALS...
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by point.
If wezassume for u (t) a Gaussian shape u(f)
=Ae~*"", then the solution to (1) is given by

_A (N e g 1/2 1 ]
u(t)—zT <a> e e 1+erf<oz t—m ,
@)

where erf(rv) represents the error function.

In Fig. 6 we have drawn the experimentally regis-
tered curves which correspond to an incident pro-
ton energy of 63.4 keV and a Ni foil of 17-pug/cm?
thickness. The static distribution is represented
by a Gaussian curve with A=410, a=11.1 sec"? for
“foil out” and A=360, o=17.5 sec”? for “foil in.”
For convenience in computing, the Gaussian curve
is centered at 1=0. The corresponding curves u(¢)
are computed from (2) for the time constant 7=0.5
sec. It is seen that u(#) turns out to be asymmetric
and in principle very similar to our experimental
curves. The curve for decreasing polarizing volt-
age is a mirror image of that for increasing polar-
izing voltage. This mirror symmetry, also ob-
served in all the profiles measured in this work,
is a proof of the symmetry of the corresponding
static profiles.

The separation of the two computed peaks is equal
to the separation of the peaks obtained experimen-
tally. Our curves are not exactly reproduced by the
computed x(f), owing to the fact that the differential
equation (1) is an oversimplification of the real
experimental situation. For example, the inertia
of the motor drive of the recorder has not been
taken into account.
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