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Synopsis
Stopping powers of H2, He, N2, O2, CO2, Ne, Ar, Kr, and Xe for 40-keV to 1-MeV hydrogen 
ions and 100-keV to 2.4-MeV helium ions have been measured to an accuracy of ±2.5% (2<r). 
The stopping powers for hydrogen show good agreement with most other published results and 
with the Andersen and Ziegler tabulations, while those for helium ions are up to 6% lower than 
the helium data of Chu and Powers. With higher-order correction terms included in the theoret
ical description, Bonderup’s calculated shell-corrections based on the Lindhard-Scharff model, ard 
in good agreement with the experimental proton data for Ep > 100 keV, and experimental I 
values may be deduced. Within the velocity region 4.4 % < 4.9 and for target materials with
1 < £ < 54, the experimental findings support Lindhard’s and Esbensen’s value for the Barkas 
correction. The stopping-power ratios SHe/SH depend strongly on and deviate significantly from 
the mean-square charge state obtained from experimental equilibrium charge state distributions.
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§ 1. Introduction
The energy loss of an ion beam traversing matter is a phenomenon of basic 
interest to atomic physics and has been the subject of much theoretical and 
experimental work. However, there is still a great need for a better under
standing of the details of the stopping processes.

It is the purpose of the present work, through accurate measurements to 
test the Lindhard-Scharff model (Lindhard and Scharff 1953, 1960) and its 
refinements for the average energy-loss (Bonderup 1967) and energy straggling 
(Bonderup and Hvelplund 1971). Especially it is of interest to examine the so- 
called shell corrections at the present rather low energies, and to investigate 
Sigmund’s molecular correlation effect in energy straggling (Sigmund 1976).

A detailed understanding of the underlying mechanisms is imperative for 
obtaining the kind of comprehensive and accurate energy loss and straggling 
information necessary in, for example, a composition analysis of thin films via 
Rutherford-backscattering or nuclear reaction techniques.

We have carried out a systematic investigation of the stopping power and 
energy straggling for hydrogen and helium ions in H2, He, N2, O2, CO2, Ne, 
Ar, Kr, and Xe at ion energies 40 keV < EH V 1 MeV and 100 keV < EHe < 
2.4 MeV. Gaseous targets were chosen so as to avoid specific solid-state effects 
that might obscure especially the straggling results.

The present paper deals with the stopping-power results only. A forthcom
ing publication (Besenbacher et al. 1980) will deal with the straggling results, 
some of which have already been published (Besenbacher et al. 1977).

After a brief review of the energy-loss theory in §2, the experimental proce
dure and data treatment will be discussed in §3. In §4, the experimental results 
will be presented and compared with empirical stopping-power tabulations and 
other published results and, finally, in §5, the experimental data will be dis
cussed and compared with theory.

§2. Theory
As discussed by Bohr (1948), two distinctly different mechanisms are responsible 
for the slowing-down of nonrelativistic charged particles: (z) Electronic stopping, 
i.e., energy loss to excitation and ionization, and (zz) Nuclear stopping, i.e., 
energy transfer leading to translatory motion of the struck atom as a whole. 
In the present velocity range v > v0 (v0 is the Bohr velocity g2/h), and with our 
experimental geometrical arrangement, the nuclear energy loss is almost neg
ligible (see below).
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At high velocities, where

a quantal perturbation treatment is applicable and gives the wellknown Bethe 
formula (Bethe 1930). According to this formula, the specific electronic energy 
loss suffered by a heavy incoming particle with charge and velocity v pene
trating a target of atomic number ^2 and density A" (atoms per unit volume) 
is given by

Here, m and — e are the electron mass and charge, respectively, and c the velo
city of light. The main parameters of the Bethe formula are the mean ionization 
potential I and the shell corrections C/Zz- The former is defined by

log I — (4)

where foi are the dipole oscillator .strengths corresponding to the transition 
frequencies cooi for the atomic system. A direct calculation of I from this formula 
has until recently been impeded due to the lack of knowledge about the distri
bution of oscillator strength in the relevant energy region, i.e., from 10-1000 eV. 
In a Thomas-Fermi model the calculation of I is very much simplified since 
foi is a function of w/Â)2 only and Bloch (1933) showed within this model that

If^z — constant. (5)

This result is in qualitative agreement with the experimental results for heavier 
atoms and empirically Io is of the order of 10 eV. For lighter atoms the cut-off 
in /(ft>,^2) close to the Rydberg frequency leads to a somewhat higher value 
of Z/^2 (Lindhard 1964).

To calculate Z(y,^2) in formula (2) and thereby to determine the mean 
ionization potential and the shell corrections, Lindhard and Scharff (1953, 
1960) considered the target as a collection of free electron gases. The function 

pertaining to an atom was obtained as an average over the electron 
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cloud of the quantity L(q,u) for a gas of density o (Lindhard 1954). As a first 
approximation, they introduced the expression

E(p,£2) = / 47rr2o(r)-Z(r,ö)<yr
<2 9

(6)

Here g(r) is the electron density of the target atom, coo(r) is the local plasma fre
quency (4.-7^2g(r)/m)1/2 ; and y is a constant of the order of y/2 by means of 
which they took into account the binding of the electrons. In the Lindhard- 
Scharff model the mean ionization potential can be calculated from

<Mr)] dr (7)

Bonderup and Lindhard (1967) and Chu and Powers (1972) calculated I from 
this formula using Hartree-Fock charge distributions and found significant 
oscillations superimposed on a slow decrease of //^2 with increasing £2 • Even 
though formula (7) was based on qualitative arguments, the results of the cal
culations agree fairly well with experiments. It deserves attention that very re
cently Inokuti et al. (1978) calculated I values by directly using formula (4) 
in a form appropriate for a continuous distribution of oscillator strengths. They 
started with the Hartree-Slater central potential model and carried through 
explicit calculations of df/dE for the entire spectrum from the dipole matrix 
elements between initial and final electron states. The variation of their //£2 
values with £2 is similar to that based on the Lindhard-Scharflf model which, 
however, generally gives approximately 30% higher results. This ratio is close 
to the number y ~ -\/2 which appears as a factor in the I value obtained from 
formula (7). This result lends strong support to formula (7).

The results based on the Lindhard-Scharff model were so promising even 
down to velocities of the order of a few times v0 that it was natural to repeat the 
averaging procedure in formula (6) with a more accurate expression for the 
electron gas function L(q,v'). This was done by Lindhard and Winther (1964), 
and Bonderup (1967) applied their electron gas results to compute the shell 
corrections in formula (3). The first-order Lenz-Jensen distribution was 
used for the function g(r). The function C/£2 is useful in a comparison between 
theory and experiment since, in contrast to the I value, this quantity is rather 
insensitive to the details in the distribution of the outermost electrons.

Since the Bethe treatment is based on a first-order perturbation calculation, 
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the resulting stopping power is proportional to . However, both range meas
urements by Barkas (for a survey, see Heckman 1970) and accurate p and a 
stopping power measurements by Andersen et al. (1969) provided convincing 
evidence for the existence of higher-order correction terms to the stopping 
formula. Expanding £(ö,^2) in powers of we have the expression

Z. = T0 + ^1-L1 + ^-Z2 (8)

where Lo is given by Eq. (3) whereas Lx corresponds to a -correction and 
L2 to a ^-correction in the Bethe stopping-power formula. Terms of still higher 
order are neglected.

The ^?-term, often called the Barkas correction, stems from adiabtic screen
ing effects and receives contributions from both close and distant projectile
electron collisions. An electron gas calculation by Lindhard (1976) and Esbensen 
(1977) gave the following correction factor

_ -^)iC (X>q j ,Q,
“ 2 ' m-v3 'L° 1 }

This result is approximately twice that of previous calculations by Ashley et 
al. (1972, 1973) and by Jackson and McCarthy (1972), both of which neglect 
the contribution from close collisions.

Bloch’s (1933) universal stopping formula which is valid for all values of 
xB describe the transition between Bethe’s quantal and Bohr’s (1948) classical 
stopping formula and contains these in the limits of small and large xB, re
spectively. Thus, Bloch’s formula contains a correction to the Bethe formula. 
The correction derives from close collisions only and to first order in xB it is given 
by

<JZ,2 =-1.202 =-1.202-^- (10)

As pointed out by Lindhard (1976), the Bloch correction is important when 
comparing p and a measurements.

At low velocities, v < v0^3/3, the nuclear as well as the electronic collisions 

contribute to the slowing-down. The total stopping cross section .S' = „V 1 
may be written as

.S’ = Se T Sn . (H)

Simple theoretical considerations lead to velocity-proportional electronic stop
ping, and a Thomas-Fermi calculation by Lindhard and Scharff (1961) gives
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Se = Çe87ie2a0 Z1Z2
(Zr+Z^'T2

(12)

where £e ~ Ti1/6 .
In our experimental setup, collisions contributing heavily to the nuclear 

stopping cause the particles to be scattered out of the angularly narrow forward 
directed analyzed beam. Hence, only the restricted nuclear-stopping power, 
denoted by S* , contributes to the measured stopping power. The quantity 
S* was calculated by Fastrup et al. (1966), and their result may be written as

S* =2.61 x 10-16 Z2 Z?
£[keV] (13)

Here, the dimensionless quantity <h(r) is a function of r = jVAÄttö2 only, where 
a is the TF screening radius, a = 0.8853 a0 (Zi/3 +-^22/3)’ /‘i and NAR the target 
thickness. Based on the Lenz-Jensen differential-scattering cross section, the 
function <I>(t) has been calculated numerically and the result is shown in Fig. 1.

Fig. 1: Function used for calculation of 
the restricted nuclear stopping power 5*. 
For explanation, cf. text.

§3. Experimental Procedure and Data Treatment
To perform a systematic investigation of energy loss for light ions in gases, we 
have measured the stopping powers of nine stopping gases (H2, He, N2, O2, 
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CO2, Ne, Ar, Kr, and Xe) for 40-keV to 1-MeV hydrogen and 100-keV to 
2.4-MeV helium ions. To cover a large energy region, the measurements were 
carried out at three different accelerators, an HVEC 2-MV Van de Graaff with 
magnetic analysis of the energy-degraded beam and a 400-kV Van de Graff'and 
a 100-kV electromagnetic isotope separator both with electrostatic energy ana
lysis. In Table I are shown the energies used at the different accelerators.

Table 1 
_____________________________ Eh_______________________ EHe____________  
2-MVV.d.G. 0.2 < Eh < 1 MeV 0.2 % EHe % 2.4 MeV
400-kV V.d.G. 50 < Eh < 300 keV 100 < EHe < 300 keV
100-kV sep.35 <Eh< 70 keV

The overlap of ion energies investigated with the different machines and ana
lyzing techniques is important since it gives a valuable check on the reproduc
ibility of the experimental data.

The experimental setups are shown in Figs. 2 and 3. After acceleration and 
momentum analysis in a double-focusing sector magnet, the beam is passed 
through the differentially pumped target region, energy-analyzed by means of 
an analyzing magnet or an electrostatic analyzer and detected by a solid-state 
detector.

J. Stopping cell, gas equipment, and pressure measurement.
The stopping cell is a 504 ± 2 mm long, stainless-steel cylinder of 40-mm dia
meter. Each end of the gas cell is sealed with brass discs with circular, 0.2-mm 
diameter apertures. By means of a vacuum feed-through, which allows positi
onal adjustments under vacuum, the gas cell is mounted in a 600-mm long 
cylinder with 2-mm diameter circular entrance and exit apertures. The pressure 
in the second differential pumping section and the beam lines is typically around 
1-3 X10-6 torr, while the pressure in the first differential pumping region is 
Pi ~ 10_4Tg , Pa being the pressure in the gas cell. The purity of the gases was 
stated by the commercial supplier (Norsk Hydro) to be better than 99.9%.

It is crucial for obtaining reproducible results that the pressure in the gas 
cell is kept constant. The stability of the target pressure was maintained via a 
motor-driven, servo-controlled needle valve (Granville-Phillips Company, 
Series 216). The gas-cell pressure, 0.1 fo PG < 2 torr, was measured with a 
membrane manometer (C.G.S. Datametrics, type 1083) equipped with a 
Barocel Pressure Sensor, type 523 H-15. The stated hysteresis was 0.003% and 
the instrument ranged from zero to two torr with a calibration uncertainty of 
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0.5%. Owing to the automatic digital readout of the manometer, it was possible 
to keep a running check of the pressure stability, which was better than 1%.

A mercury thermometer was placed in thermal contact with the vacuum 
feed-through and thus in contact with the gas cell. The measured temperature 
was T = (24.5 ± 2.5)°C which, to within the stated accuracy, is identical to 
the target-gas temperature since the localized heating effects caused by the 
energy dissipation of the passage of the beam through the gas cell can be shown 
to give rise to a temperature increase of the target gas of less than 0.7°C. This 
estimate is based on a steady state. In a previous calculation of the localized 
heating effect by Bourland et al. (1971) the heat conductivity is neglected. 
Hence a steady state is not established, and their calculation gave too high an 
increase of the target temperature.

The target thickness JVAÄ (molecules/cm2) is found by integrating the local 
number density /z(x) along the beam-path length, i.e.

JVAÆ=[ p(x)dx. (14)
J —co

According to Heinemeier et al. (1975), /z(x) can be estimated in the following 
way (i) The pressure is constant within the target cell, (zz) Outside the target 
cell the density is found as a sum of two terms (a) A constant corresponding to 
the pressure in the differentially pumped region. (£>) A varying term which is 
equal to the target pressure out to a distance equal to the target aperture and 
then falls off as the inverse square of the distance. Based on this and assuming 
the ideal gas law we obtain for the target thickness

A"AÄ(mol/cm2) —y^^^/z(cm)

where
= ^ + 2(q + r2) + (^i — ^)Pi/PG . (16)

A = 2.6871 X 1019 (molecules/cm3) is Loschmidt’s number, (£,PG) and (^1,P1) 
are the length of and the pressure in the gas cell and the first differentially 
pumped cylinder, respectively, and rr and r2 are the radii of the entrance and 
exit apertures, respectively. In the present work, the effective length is approxi
mately 0.2% larger than the length of the cell.

B. Energy-analyzing system, detectors, and beam contamination.
The energy-degraded beam was energy-analyzed by a 120-mm radius, 66° 
cylindrical analyzer (Fig. 2) at the 400-kV Van de Graaff and the 100-kV sepa-
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Fig. 2: Experimental setup used at the 400-kV Van de Graaff and at the 100-kV isotope separator.

rator. The analyzer electrodes are 4.9 mm apart and connected to a ~ 12.5 kV 
symmetric high-voltage supply, which corresponds to the deflection of 0.3 MeV 
singly charged particles. Apparatures A and B, two 1-mm-wide slits, and aper
ture D, a 0.42-mm-wide slit, are beam-defining, while the apertures C are used 
to scrape off scattered halos from the beam.

By extrapolation of the FWHM of the measured energy-loss distributions 
to zero pressure, we found an energy-independent relative energy resolution 
(FWHM/E.) of 0.74%.

The energy calibration was carried out at the 400-kV Van de Graaff ac
celerator by means of the 19 F (p, a)16 0 reaction (Eres = 340.46 ± 0.04 keV; 
r= 2.4 i 0-2 keV) as the primary standard. The calibration was checked at 
the 100-kV isotope separator, at which the accelerator voltage was measured 
directly by a high-voltage probe to within i 150 V. The measured beam ener
gies and acceleration voltages agreed within the stated accuracy. The analyzer 
linearity was investigated in connection with measurements of lithium stopping 
powers (Andersen et al. 1978). Li+ and Li++ beams emerging from krypton and 
xenon targets much thicker than the mean-free path for charge-exchange pro
cesses were analyzed and requiring a difference of a factor of two in the reference 
voltages, it was found that the measured energies for Li+ and Li++ agreed within 
± 0.2%. The uncertainty in the absolute calibration of the electrostatic ana
lyzer is estimated to be 0.4%.
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Fig. 3: Experimental setup used at the 2-MV Van de Graaff accelerator.

At the 2-MV Van de Graaff, the energy-loss distributions were analyzed 
by a 40-cm radius, 90° double-focusing sector magnet (Fig. 3). The magnetic 
field was measured with a Hall probe, the integral linearity of which was found 
to be better than 0.5%. The differential linearity of the Hall probe checked by 
a NMR fluxmeter was better than 0.1%. Tantalum slits with openings of 
0.45 mm were placed immediately in front of detector C, and we found a rela
tive energy resolution (FWHM/E.) of 0.10%. The incoming beam was mo- 
mentum-analyzed in a 72° double-focusing sector magnet with an energy dis
persion of SE/E ~ 7x 10-5. Hence, in order to obtain a position-stable beam 
at the target, we used a slit-stabilization system (shown in Fig. 3), which is a 
feed-back system consisting of two vertical stainless-steel “knives” in front of 
the target chamber and a set of vertical deflection plates at the exit of the bend
ing magnet.

For the present stopping-power and straggling measurements, the use of 
solid-state surface-barrier detectors is important. From the detector energy 
spectrum, it was possible (z) to reveal the presence of low-energy, slit-edge- 
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scattered particles and (zzj to identify a possible oxygen-beam contaminant 
with the same kinetic energy as a primary helium beam. The contaminant is 
formed by electron loss between the base plate and the bending magnet from a 
16O + beam accelerated together with He+. Due to the higher pulse-height de
fect (Steinberg et al. 1972) of the oxygen than that of the helium beam, it is 
possible to separate the oxygen and helium beams in the pulse-height spectrum. 
Actually, only once, just after reloading the ion source and under bad vacuum 
conditions, we did observe any substantial contamination.

C. Electronic equipment.
At the 400-keV Van de Graaff and the separator, use of the electrostatic ana
lyzer for the energy analysis enabled us to apply the multiscaling-sweep technique 
previously employed for lateral spread measurements (Knudsen et al. 1976). A 
single-channel window was positioned around the main peak in the energy 
spectrum from the solid-state detector, and the selected signal was fed to the 
multichannel analyzer, running in multiscaling mode. After adequate biasing 
and amplification, the horizontal sweep voltage of the multichannel scope was 
used as an external reference signal for the analyzer high-voltage power supply. 
The energy window of the analyzer was thus swept over the energy distribution 
of the beam synchronously with the multiscaler. Through a simultaneous meas
urement of the reference voltage for the electrostatic analyzer with a digital 
voltmeter, the energies corresponding to the upper and lower ends of each sweep 
were determined, and the energy distribution appeared directly as a spectrum 
in the multichannel analyzer without transformation. Using this sweep tech
nique we did not need any beam normalization, while the experimental equip
ment used at the 2-MV Van de Graaff and shown in Fig. 3 utilized detector 
N as a normalizing device.

D. Data treatment.
With a few exceptions, the pressure in the stopping cell was chosen to make 

the target thickness satisfy the following criterion,

= (Q/7-,,,)2 = >10.

According to Bohr (1948) and Vavilov (1957), Gaussian energy-loss distributions 
are obtained when inequality (17) is fulfilled. This was confirmed by the meas
ured energy spectra. In the inequality (17), Q is the standard deviation of the
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Fig. 4: Momentum distribu
tion of an incident 600-keV 
beam and the same beam 
emerging from an N2 target.

energy-loss distribution, approximated by the Bohr formula (Bohr 1948), 
Qj = 47r^i2^2?4JVAE, and Tm is the maximum energy transfer in a single col
lision with an electron.

With the analyzing magnet, momentum spectra were obtained at each 
beam energy with and without gas in the stopping cell. A typical momentum 
distribution is shown in Fig. 4. From the energy-versus-field relation, the energy 
loss is given by

(18)

where SBIBt is the relative reduction in magnetic field. This shows that for small 
changes (AE/Ej^l), the B axis can be considered as an energy axis. Alterna
tively, the mean energy loss and the standard deviation are determined from

and
<AE> = Ei — (£j + E2)/2 (19)

E2 — Ex
■£ “wTiügf (20)

where Ex and E2 are the energies corresponding to the half-maximum positions 
for the momentum distribution. Formula (19) is preferable to formula (18) in 
a calculation of <AE> due to the larger uncertainty in the determination of 
the peak position compared to the HWHM positions of the distribution.

With the electrostatic analyzer, determination of the primary-beam energy 
was more problematic as transmission of the beam without gas in the cell would 
damage the detector. Hence, the following procedure was adopted: At each 



14 40:3

selected beam energy, energy-loss spectra for all gases were measured without 
changing any of the accelerator settings which may influence the energy, and, 
at least for one particular gas, energy distributions were measured at three 
different pressures, corresponding to an energy loss of approximately 5, 9, and 
13/0. A straight line was fitted to the three measured average energies versus 
target pressure, and the extrapolation to zero pressure gave a preliminary value 
of the unattenuated beam energy. Provided the stopping power in question 
was energy-independent, this value was correct. This not being the case, the 
preliminary primary energies were used to calculate preliminary stopping 
powers, and primary energies were obtained through iteration. The uncertainty 
in the determination of <AE> from formula (19) was 1.5% (2a). Finally, 
experimental stopping cross sections are obtained as

<AE >
JVAE ’ (21)

E. Stopping cross sections and corrections.
The electronic-stopping cross section Se is derived from the observed stopping 
cross section 50 through subtraction of the restricted nuclear-stopping cross 
section S* given by formula (13), i.e.,

%=%-%*• (22)

For all combinations of target, projectile, and energy, the correction for nuclear 
collisions is less than 0.5%. However, the correction has been taken into account 
whenever it exceeds 0.1%.

The energy attributed to the measured stopping cross section is to first order 
in <SE>/E given by

Eav = Et-<AE >/2 . (23)

An expansion by Andersen et al. (1966) of S(Eav) in powers of < AE >/E gives 
a quadratic correction term to the stopping cross section. As the relative energy 
loss was always less than 15%, this correction was less than 0.1% and hence 
omitted.

E. Experimental accuracy.
First, we summarize the quoted systematic errors stemming from uncertainties 
in the incident-energy E, (0.3-0.5%), the differential (0.1%), and the integral
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(0.5%) linearity of the Hall element, the linearity (0.2%) and the absolute 
calibration (0.4%) of the electrostatic analyzer, the effective target length 
(0.4-0.6%) and, finally, the calibration of the membrane manometer (0.5%).

The non-systematic errors originate from uncertainties in the absolute gas 
temperature (<1%), the pressure in the gas cell (<1%), the HWHM for the 
degraded energy-loss distribution due to counting statistics (1.5%), and the 
determination of the length of the sweeping interval (0.3%).

From the uncertainties, all of which correspond to two standard deviations 
(2<t) , it is concluded that the stopping powers are measured to within an uncer
tainty of 2.5% (2cr).

§4. Experimental Results and Comparison with other Data
The experimental electronic-stopping powers Se for hydrogen and helium ions 
in H2, He, N2, O2, Ne, Ar, Kr, Xe, and CO2 are plotted in Figs. 5-18 as func
tions of Eav. In the figures, the present results have been compared with most 
other published hydrogen and helium energy-loss data. The scatter of our data 
points is consistent with the estimate of the measuring accuracy given above.

A. Hydrogen stopping powers.
Recently Andersen and Ziegler (1977) published tabulations of hydrogen stop
ping powers for all elements in the energy range 10 keV <(jE/amu)<20 MeV. 
These semi-empirical stopping-power fits are plotted in Figs. 5-13. From the 
figures we first note that for most of the targets used, good agreement exists 
between the Andersen and Ziegler semi-empirical stopping-power fits and the 
present experimental results for energies £ 100 keV. However, the semi-
empirical fits have a tendency of being slightly low around the stopping-power 
maximum, and for Xe targets, the fit to our data as well as to those previously 
published is rather poor over a broad energy range. The present results agree 
within the stated accuracy with the averaged ,SH-values found by Reynolds et 
al. (1953), the accuracy of which is 2-4% (2a), while the data obtained by Phil
lips (1953) are systematically ~ 15% lower. Since Phillip’s results are included 
in the data on which the tabulations by Andersen and Ziegler are based, their 
curve appears to be too low for energies E 100 keV.
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Fig. 5: Stopping-power 
results for
hydrogen in H2.

Fig. 6: Stopping-power 
results for 
hydrogen in helium.
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Fig. 7 : Stopping-power 
results for
hydrogen in N2.

Fig. 8: Stopping-power 
results for 
hydrogen in O2.
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Fig. 10: Stopping-power 
results for
hydrogen in argon.

Fig. 9: Stopping-power 
results for 
hydrogen in neon.
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Fig. 11 : Stopping-power 
results for
hydrogen in krypton.

Fig. 12 : Stopping-power 
results for
hydrogen in xenon.
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Fig. 13: Stopping-power 
results for
hydrogen in CO2.
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B. Helium stopping powers.
Very recently, Ziegler (1978) published helium stopping-power tabulations 
similar to those of Andersen and Ziegler (1977) mentioned above. As the present 
experimental results are included in Ziegler’s helium-data base, they constitute 
no independent check of these tables. Hence the tabulations are not included 
in Figs. 14-18. Nor are the polynomial fits made by Ziegler and Chu (1974) 
since for the present gases, these fits are identical to the averaged SHe values 
of the Baylor group (see below) as plotted in Figs. 14-18.

With a setup more or less equivalent to the present one, the Baylor group, 
Bourland, Chu, and Powers (1971) and Chu and Powers (1971) have made a 
systematic investigation of ^-particle stopping cross sections in gases. The stated 
accuracy of their measurements ranges from 1.5% to 3% (2<r). As can be seen 
from the figures, the measurements performed by the Baylor group are higher 
by 1-6% than the present SHe results. This difference is not understood at pre
sent. However, it should be pointed out that the Baylor group employed a non
energy dispersive detector (a Faraday cup), and hence could not reveal the pre
sence of slit-edge-scattered particles and/or a possible oxygen contamination of 
the helium beam. As they have not published the straggling results, it is not 
possible to disclose whether beam contamination and/or pressure fluctuations 
were significant. Finally, as a McLeod gauge was used, the pressure could not 
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be checked continuously. However, it should be noted that the Baylor group 
performed independent measurements in a sealed gas cell, using a solid-state 
detector. These measurements (±5.4% to ±6.7% (2cr)) were not as accurate 
as the differentially pumped gas-cell measurements but they did agree with 
the latter to within the stated accuracy.

In this connection, it should be noted that the reliability of the present meas
urements is enhanced due to the fact that the stopping cross sections for both 
hydrogen and helium ions were measured in the same gases, and the present 
SH data agree with most other SH data.

The stopping cross sections by Hvelplund (1968, 1971) for helium in H2, 
He, O2, and Ne are systematically 10-15% below the present data. This dis
crepancy is difficult to understand since Hvelplund’s equipment was similar to 
that used here. However, it is fair to mention that the data by Fastrup et al. 
(1968), and the lithium stopping power results by Andersen et al. (1978) lie 
10-16% and 20% above Hvelplund’s results, respectively. Hvelplund’s proton 
stopping-power and straggling data (Bonderup and Hvelplund 1971) are in 
much better agreement with our present data.

Using a natural oc-emitter source and a solid-state detector, Hanke and 
Bichsel (1970), Palmer (1966), and Rotondi (1968) measured range-energy 
relations for a particles in Ar, H2, CO2, N2,and O2. Hanke and Bichsel made a 
thorough data evaluation, taking into account corrections for multiple scatter
ing, discrete energy loss (Lewis correction), undetected energy losses in the 
detector gold-surface layer, and adjoining dead layer and energy loss due to 
self-absorption in the source head. Thus, by differentiating the range-energy 
curve, they determined the stopping cross section for helium in argon with a 
claimed accuracy of0.2% for EHe > 2 MeV, decreasing to 1.5% for EHe ~ 1 MeV. 
Palmer and Rotondi did not correct their range-energy results, and this may 
explain why their stopping-power results, especially around the maximum, de
viate significantly from the present data.

By using an 241Am a source and a solid-state detector, Kerr et al. (1966) 
and Wenger et al. (1973) have measured SHe at energies 0.3 EHe< 5 MeV 
by either varying the pressure in the absorber chamber between 0 and 720 mm Hg 
(Kerr et al. 1966) or by changing the distance between source and detector 
with the gas held between them kept at a pressure of 2.54 torr above atmos
pheric pressure (Wenger et al. 1973). Since there is a large uncertainty in the 
energy, which they attribute to the measured stopping power due to the large 
energy loss and as the above corrections to the stopping power are not taken 
into account, it is evident that these measurements are vitiated by large uncer- 
tainties.This is also the case for the data by Ramirez et al. (1969) for similar reasons.
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Fig. 14: Stopping-power results for helium in H2 and He.
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Fig. 16: Stopping-power results for helium in argon and krypton.



40:3 25

T

ELMeV]

ECMeV]

CHU, POWERS (1971) 
° RAMIREZ et al (1969) 
• THIS EXPERIMENT

------ CHU , POWERS (1971) 
*■ HVELPLUND (1968) 
• THIS EXPERIMENT

i------------- r T

Fig. 17 : Stopping-power results for helium in neon and xenon.
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§5. Comparison with Theory
A. Shell corrections and I values.
Before making any comparison of the experimental results with the calculations 
based on the Lindhard-Scharff model and its refinements, we should emphasize 
that the region of validity of a perturbation treatment for a free electron gas 
is restricted to xB < 1 or v > ^VoZi (Bonderup 1967), i.e., to hydrogen and helium 
energies higher than ~ 100 keV and ~ 1600 keV, respectively. Therefore any 
comparison between the present helium stopping powers and existing calcula
tions should be taken with some reservation.

As argued in §2, it is advantageous to apply the so-called shell corrections 
C/^2 rather than LÇv,^ in a detailed comparison between theory and experi
ment. Introducing Bichsel’s (1964) reduced stopping-power variable,
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(24)

we may deduce empirical shell corrections from the experimental hydrogen 
stopping powers using formulas (2) and (3) as

(C/£2)*P = A"P - log/. (25)

As will be discussed later the shell corrections deduced from this formula are 
not genuine shell corrections and are therefore labelled with an asterix.

In Figs. 19 and 20, experimental shell corrections (C/£2) * obtained from 
formula (25) are presented as a function of energy. The I values used are those 
extracted by Andersen and Ziegler (1977) from their fits to previously published 
data. Comparison is made to Bonderup’s (1967) theoretical calculations (C/^2)s 
and to the empirical shell corrections by Andersen and Ziegler. As an indication 
of the sensitivity of (C/^2) * to uncertainties in the SH data, the distance be
tween the dashed line “3% effect on stopping” and the zero line gives the change 
in (C/^2) * due to a 3% change in stopping power. An increase in stopping 
power gives a lower X value and hence a lower (C/^2) * value.

From Figs. 19 and 20 it is observed that the experimental (C/^2) * data 
deviate significantly from Bonderup’s shell corrections (C/£2)B both in size and 
shape (see, e.g., H->Ne). Until recently, it was believed that this discrepancy 
was due to a defiency in the theoretical model in the energy region discussed 
here. However, all possible deviations from formulas (2) and (3) such as higher- 
order corrections are automatically included in the empirical (C/^2) * values. 
According to formula (8), the correct shell correction is determined from

(C/^2)=A«p -log 7+^+#/,,. (26)

Therefore the experimental (C/^2) * proton values in Figs. 19 and 20 should 
be compared to the following “apparent” theoretical shell-corrections

rø)et = (C/^2)s-(Z1+Z2). (27)

In calculating (C/^2)tft*, we have used the Bloch expression, formula (10), 
for L2. According to the discussion in connection with formula (9), the Barkas 
correction L, has been set equal to twice the quantity given by Jackson and 
McCarthy (1972)

(28)
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Fig. 19: Experimental shell corrections for H2, He, N2, and O2 obtained from Eq. (25) (points), 
compared with Andersen and Ziegler’s semiempirical fit (dashed), Bonderup’s theoretical values and 
those values corrected for higher-order effects, according to Eq. (27). The I values are those given 
by Andersen and Ziegler (1977).

In calculating Lx for the heavier elements, we have extrapolated LXJM slightly 

outside the stated region of validity given by > 0.8. Theoretical shell cor

rections obtained from formula (27) are also plotted in Figs. 19 and 20.
In the cases of N2, Ne, Ar, and Xe, the corrected values (C/^2)t* =

~~ (£i + £2) show perfect agreement with the experimental values (C/^2) *• 
For H2, He, O2, and Kr, the energy dependence of the experimental data 
(C/£2) * agrees much better with the energy dependence of the corrected values
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Fig. 20: Experimental shell corrections for Ne, Ar, Kr, and Xe. See caption to Fig. 19 for further 
explanation.

(C/^)«* = (C/'C2)b — (^i+-^2) than with that of (C/£2)B. However, there is a 
systematic shift in the absolute value between (C/^2) * and (C/^2)*> which 
may originate in the choice of Z value. A change of I to I— Al changes the exper
imental (C/^2) * data by the additive amount AZ/Z. In this way, experimental I 
values are determined from the present data. In Table II, the resulting exper
imental ionization potentials are compared with those given by Andersen and 
Ziegler (1977) and Chu and Powers (1972).
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Table II
/(eV) H2 He N2 O2 Ne Ar Kr Xe
Present results 17.6 40.7 86.7 102.1 139 194 376 497
Andersen-Ziegler 18.8 41.7 86.7 97.7 139 194 358 497
Chu-Powers 92.4 110 160 207 403 529

It is concluded that the present I values, which constitute an independent 
check of the Andersen and Ziegler I values, are in good agreement with these, 
while the theoretical I values by Chu and Powers are systematically too high.

Above, we used the experimental shell corrections (Cl^ * as a standard 
and corrected Bonderup’s theoretical calculations (C/^2)B for comparison. 
Andersen et al. (1977) employed (C/^2)B as a standard and corrected (C/^2) * 
by adding (Zj+Z2) for comparison. The reason for our approach is that in the 
present energy region, we are not able to determine T and Z2 experimentally 
as was done by Andersen and coworkers and hence we could not obtain ex
perimentally determined genuine shell corrections with which to compare the 
theoretical (C/^2)B results.

A different approach is to use the empirical fits for T and L2 extracted from 
the measurements by Andersen et al. (1977) and denoted by LA and L2 , re
spectively. For ^2 > 10, good agreement is found between (C/^2)B — (Zj+Z2)'4 
and formula (27) shown in Figs. 19 and 20, while the agreement becomes in
creasingly unsatisfactory for ^2 < 10. As Andersen and coworkers measured 
stopping powers of Al, Cu, Ag, and Au, their empirical fits for Zj and Z2 should 
be employed only for 13 ^^2 79, in which case they give results which are
consistent with the present data.

Concerning Andersen and Ziegler’s (1977) “fitted shell corrections”, 
{C/^2)az, all higher-order contributions are piled onto these, and (C/ZzY*2 
should therefore be compared with the present results (C/^2) * or with (C/^2)B — 
(Zj+Z2). In the cases of Xe, Kr, Ar, Ne, and O2, there is good agreement 
between (CI^2)AZ and the present data (C/^2) *. For N2, the curve for (C/^2)AZ 
is somewhat higher than (C/£2) *, while for H2 and He, the fit (CIZY)AZ devi
ates both in magnitude and energy dependence from the present results. If 
Andersen and Ziegler had based their fit for H2 and He not on the scarse and 
scattered available experimental data points but had extrapolated the shell
correction fit obtained for other elements with > 3 to the cases of H2 and He, 
the present H2 and He results would have agreed with the general trend on the 

curves.
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B. Experimental determination of the 3 correction.
We assumed above that the Barkas and the Bloch corrections were given by 
the formulas (28) and (10), respectively. Andersen et al. (1977) have demon
strated that this is approximately correct for 7 < vjv0 < 12. In our case we can 
extract information on the higher order terms only when the helium ions 
are known not to carry electrons in a bound state. Equilibrium charge-state 
measurements show that this is the case for EHe^, 1.6-2 MeV. Furthermore, 
from measurements with hydrogen and helium ions only, it is not possible to 
distinguish between £3 and ff corrections. However, based on the results by 
Andersen et al. (1977), it seems reasonable to assume that L2 is given approxi
mately by the Bloch expression, formula (10). As follows from Eqs. (8) and (24), 
experimental Lx values may then be extracted from the formula

L'fp = X^‘ - Xff? - 3Z2. (29)

The uncertainties in Lf are calculated under the assumption that the un
certainty in L2 is ~20%.

In Fig. 21, experimental Ex values for H2, N2, O2, Ne, Ar, and Xe are com
pared with the theoretical estimate for Lx given by Eq. (28), which is a good

Fig. 21: Experimental re
sults for the factor Lx ob
tained from Eq. (29). The
oretical curves for Lx (solid) 
and E (dot-and-dash) are 
Eqs. (28) and (10) respec
tively.
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approximation to the results of Lindhard (1976) and Esbensen (1977). From 
Fig. 21, it is concluded that the experimental Lx values are in good agreement 
with the expression Lx — ‘Ï.L'i™ . This supports Lindhard’s and Esbensen’s value 
for the <j3 correction and thereby the Lx expression used in the preceding section 
in connection with the discussion of shell corrections. It should be noted that 
the deviation of Lp™ from LXM cannot be explained as a charge-state effect 
since the introduction of an effective charge state < 2 would increase the 
Z,/273 values in Fig. 21.

Ranges of Z + and in emulsion for v ~ 2Chowere found to differ by an 
amount corresponding to the value given by Lindhard (1976), while the range 
differences in hydrogen were a factor of five larger than Lindhard’s prediction 
(for a review of the experimental range data, see Heckman (1970)). On this 
background it is important that the present experimental Lx for hydrogen agrees 
with Lindhard’s findings. The large uncertainty in L1(H2) is due to the high 
L(&,/^2) value.

Only Ward et al. (1976) have previously analyzed their data for £3 effects 
for v/u0 < 5. They measured stopping cross sections for hydrogen and helium 
in aluminum and found that, within the experimental uncertainty, the quantity 
(SHe — 4rSH)/SHe was equal to zero for vlv0 ~4.5. From this they concluded that 
no Zi effect was present. However, taking into account the correction, we 
find

^=zàzrHzr=°'84% for
This is in perfect agreement with the results in Fig. 12 of the paper by Ward 
et al., and their data hence confirm the magnitude of the higher-order ef
fects found in this work. .

C. Helium stopping powers.
As mentioned above, it is not possible to make any detailed comparison 

between SHe data and perturbation calculations for a free electron gas at the 
present energies. In spite of this, Rousseau et al. (1971) have used the Lindhard- 
Winther expressions for an electron gas with the charge-densities obtained from 
Hartree-Fock-Slater wave functions to calculate the stopping cross section for 0.4-2 
MeV a particles. The calculations, with which Chu and Powers (1971) compare 
their noble-gas results, are wrong due to problems with the joining of the asymptot
ic expressions by Lindhard and Winther. Comparing the present 5'^results with 
later and corrected calculations by Ziegler and Chu (1974), we find surpris-
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Fig. 22: Stopping cross sec
tions for He penetrating Ar, 
Kr, and Xe compared with 
calculations by Ziegler and 
Chu (1974) based on Lind- 
hard-Winther theory.

E (MeV)

ingly good agreement (to within ± 7% even at energies as low as EHe ~ 600 keV). 
Figure 22 shows the situation for Xe, Kr, and Ar.

D. The ratio SHe/SH as a function of velocity.
As mentioned above, a quantal perturbation calculation of the stopping cross 
section is restricted to velocities v >2^0^i- At lower velocities, it has, never
theless, been suggested that the usual stopping formula (2) be applied with the 
charge number replaced by an effective charge number, i. e.

= (3°)

Many authors have used this approach to analyze experimental stopping
power data in terms of charge states, comparing heavy-ion stopping powers 
with corresponding proton-stopping powers at the same velocity. It should, 
however, be emphasized that no theoretical basis exists for this charge-state 
scaling procedure.

In Fig. 23, the ratio between the present hydrogen and helium stopping 
powers measured at the same velocity are shown as smooth curves. These data 
lead to the following conclusions:
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E$ CkeV]

Fig. 23: Experimental stopping-power ratios (solid curves) of He ions to hydrogen ions evaluated 
at the same velocity, compared with Pivovar’s (1961) measured mean-square charge state for He 
ions in H2, N2> and Ar.
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(1) The ratios SHe/SH are not independent of as was also found by Sautter 
and Zimmermann (1965). Thus it is not possible, at least not for gases, in a 
simple way to scale Sn^v,^ to SH (y,£2) or vice versa.

(2) From being a constant nearly equal to four for E/amu>500 keV, SHe/SH 
decreases with decreasing velocity and approaches another constant value for 
E/amu < 50 keV, and this value depends strongly on £2. If the stopping power 
in the low energy region is written in power form as 5 = k.Ep, k and p being 
constants, the exponents p are approximately equal for hydrogen and helium 
ions in a given target material. According to the wellknown Lindhard-Scharff 
(1961) velocity-proportional stopping formula (12), the constant ratio is given by

(S„,iss^ - 27za . (31)

In Table III, the experimental ratios are compared with the L-S values for 
E/amu 50 keV. Rather good agreement is found for the lighter target ele
ments.

Table III

h2 He n2 o2 Ne Ar Kr Xe

exp. 1.53 1.75 1.95 2.15 2.35 1.75 1.65 1.88
L-S 1.53 1.65 1.88 1.90 1.93 2.02 2.09 2.12

It might be noted that our lithium stopping-power results for the same gases 
(Andersen et al. 1978) at energies 25 keV E/amu < 75 keV, give exponents/? 
which are systematically higher than 0.5 while those for helium are lower than 
0.5 (see Table IV in the next section). Thus the SLiISHe ratios are energy-de
pendent.

(3) From formula (30), the ratio SHe/SH is given by

SHe/SH = røe)2/rø)2 X LHe/LH . (32)

Since LHe/LH ~ 1 and (Z*)2 — 1 for EH > 150 keV, one would expect that 
SHeISH^(ZHeY down to E{MP/M) > 150 keV. In Fig. 23, the (5He/5H) ratios 
in H2,N2, and Ar are compared with the mean-square charge states

<r>= 2>’2xFioo (33)
i

for helium in H2, N2, and Ar obtained from equilibrium charge-state measure
ments by Pivovar et al. (1961). Fix denotes the equilibrium charge-state fraction 
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of the beam in charge state i. A discrepancy of the order of 10% is revealed for 
E/amu < 375 keV.

It is concluded that at the one percent level the helium stopping powers, at 
least for gases, are inconsistent with Eq. (30) with (>^i*)2 equal to the mean
square charge state measured directly, and the present results support the theo
retical reservation against Eq. (30). The parameter (<)i*)2 is no more than a 
scaling parameter which, on the other hand, appears to be useful for a predic
tion of unmeasured heavy-ion stopping powers with a required accuracy in the 
15 percent range.

Concerning the ratios SHe/SH, it should be emphasized that the SHe and SH 
results were measured with the same setup. Therefore most of the systematic 
errors cancel, and this results in rather accurate ratios with 2cr ~2.8%. Many 
authors have extracted SHe/SH ratios by comparing SHe and SH measured by 
different groups. In this case, two sets of systematic errors are superimposed.

E. Velocity-proportional region.
For v < êb<u/3> it has been demonstrated experimentally (see, e.g., Hvelplund 
and Fastrup (1968) and Hvelplund (1971)) that as a function of and £2, the 
electronic stopping exhibits oscillations around the smooth curve given by Eq. 
(12). These oscillations may be understood in terms of the Lindhard-Scharff 
picture. The stopping power is proportional to the transport cross section for 
electrons scattered by a screened LJ potential around the ion, and this cross 
section exhibits oscillations similar to the one responsible for the Ramsauer- 
Townsend effect encountered in the scattering of low energy electrons by atoms 
(Lindhard and Finnemann (1968)). Since the £ oscillations damp out at in
creasing energies, deviations from the £1/2 dependence of are expected, and 
experimental electronic-stopping cross sections are usually fitted to the con
venient form Se — kx EP, where k and p are constants. In Table IV, the present 
SHe results for the energy interval of 100-350 keV are presented in this form. 
(With E expressed in keV, the resulting stopping cross sections are obtained 
in units of 10-15 eV cm2/atom.)

Table IV
Se = kEP h2 He n2 o2 Ne Ar Kr Xe

k 1.45 1.86 5.46 5.59 3.72 6.85 5.12 7.28
P 0.37 0.36 0.35 0.34 0.39 0.41 0.48 0.49



40:3 37

From Fig. 16, the argon data of Weyl (1953) for 150 EHe< 300 keV are 
observed to be in perfect agreement with the present results. The energy de
pendence of the argon and N2 data of Ormrod (1968) for 10 ± EHe^ 100 keV 
deviates from that of the present data. It has, however, also been observed in 
previous experiments that the exponent p may depend rather strongly on the 
energy interval.

§6. Conclusion
Stopping powers for hydrogen ions in the energy region 40 keV to 1 MeV 

and helium ions of 100 keV to 2.4 MeV have been measured in H2, He, N2, 
O2, CO2, Ne, Ar, Kr, and Xe with an accuracy of ±2.5% (2cr). While the 
hydrogen-stopping powers show good agreement with most other published 
data and with Andersen and Ziegler’s empirical stopping-power tabulations, 
the helium-stopping powers are systematically lower than those of the Baylor 
group by 1-6%. Higher-order effects greatly influence the evaluation of 
shell corrections. With these effects taken into account, the empirical shell cor
rections, extracted from the experimental proton stopping-power data, are in 
good agreement with Bonderup’s theoretical calculations, based on the Lind- 
hard-Scharff model, at energies as low as 0.1 ± EH < 1 MeV. Experimental I 
values are extracted and are in satisfactory agreement with those given by 
Andersen and Ziegler. £3 correction terms to the Bethe formula have been 
deduced from the experimental data, and within the accuracy of the experi
ment, they agree with Lindhard’s and Esbensen’s value. From a comparison of 
the stopping powers for helium and hydrogen ions at the same velocity, it has 
been shown that SHe/SH for 1.25 < v/v0 < 5 depends strongly on ^2 and deviates 
significantly from the mean-square charge states <^2 obtained direct
ly in equilibrium charge-state measurements.
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