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Relative stopping cross sections are measured for 3-MeV/u He, Li, and C ions in 2—26-ug/cm? C
foils. The observed stopping cross sections for the fully stripped He and Li ions scale essentially as
Z3, in agreement with standard theory on higher-order Z;-dependent effects applied to C targets.
We observe nonequilibrium charge-state effects in the energy loss of C ions. Postfoil charge-state
selection is used to measure the fixed-charge stopping cross sections for the fully stripped and one-
electron C ions, and to extract the energy lost in the charge-change cycle C®*=C5+ with the aid of a
two-component charge-state model. The results show that charge-changing energy loss forms a sig-
nificant part of the total stopping for 3-MeV/u C ions, and a significant higher-order Z;-dependent
effect is seen in the stopping cross section for C®+ ions. The standard interpretation in terms of the
Bloch term and polarization theory is discussed in the light of these observations.

1. INTRODUCTION

A. Fast, light projectiles: Evolution of theory
and experiment

The stopping power for fast, fully stripped projectiles
(with velocity v >>2Ze%/#) is approximately described
by Bethe’s first-order quantal perturbation treatment! and
is given by
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where Z; and Z, are the atomic numbers, respectively, of
the projectile and target, m and —e are the mass and
charge of the electron, N is the number of target ‘atoms
per unit volume, and v is the projectile velocity. The
quantity L, is the well-known “stopping function.”> The
subject of higher-order Z-dependent corrections to this
theory was born during the 1950s with the discovery by
Barkas of a difference of several percent between the
ranges of 7~ and 7t mesons in nuclear emulsion. This
result conflicted with the obvious symmetry arising be-
tween the stopping of positive and negative particles in
Bethe’s treatment. The observation was supported by
later, more precise measurements by Barkas et al.> In an
attempt to improve on the theory, Ashley, Ritchie, and
Brandt performed classical calculations of the response of
distant target electrons to the projectile’s potential, treat-
ing the electrons as bound in a harmonic-oscillator poten-
tial. The displacement of such an electron in its potential
well was calculated in first order, leading to a Z3-
dependent polarization term in dE /dx with a magnitude
dependent on the impact-parameter cutoff chosen against
close collisions.* Similar calculations were presented soon
afterwards by Jackson and McCarthy, using a cutoff at
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the quantal radius of the harmonic oscillator.” Subse-
quent calculations by Lindhard and Esbensen used an
equivalent semiclassical approach in which the projectile
was considered to interact with a free-electron gas.’
Scattering of the target electrons is treated using a
screened (Yukawa) potential, thereby enabling the poten-
tial of the induced electron cloud to be approximately in-
corporated.® These calculations resulted in a Z 3-
dependent term nearly twice as large as Jackson and
McCarthy’s prediction, and in good agreement with ex-
perimental data on =% and 7% ranges.>” We should,
however, note that the physical basis for the Lindhard-
Esbensen model has recently been called into question.
The polarization effect has been calculated® using a fully
quantal treatment of the interaction between a bare pro-
jectile and an electron gas. The calculation suggests that
the screened potential used in Ref. 2 is inappropriate for
treating close collisions, and indicates that the polariza-
tion effect arising from close collisions is almost negligi-
ble. This result agrees with the assumptions of Refs. 4
and 5. However, an exact quantitative prediction for L,
remains elusive.

A further higher-order correction to the Bethe theory
was derived theoretically by Bloch®!® by considering the
transition from the high-velocity Bethe regime to the
low-velocity regime described by Bohr.!! With the defini-
tion k=2Ze*/(#w), this correction to the Bethe stopping
function L is given by
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Since Eq. (2) is even in k, the Bloch correction does not
appear in comparisons between particles of opposite
charge. However it is fundamentally important for
predicting dE /dx for ions in matter, in particular the re-
lationship between dE /dx values for light and heavy ions.
Following Lindhard,? we express the overall effect of the
polarization and Bloch corrections to the Bethe theory by
the formula

L=Ly+Z,L,+Z%L, . @)

Only one direct experimental test of Eq. (4) has been
made using “random” targets. This was achieved through
a series of experiments by Andersen et al.,'>'3 who stud-
ied the precise Z; dependence of dE /dx for fast light
ions (with Z;=1,2,3) in a range of targets (with Z, >13).
The technique of compensating calorimetry used in these
experiments provided an opportunity for energy-loss mea-
surements of almost unique precision, around 0.5% in the
relative dE /dx for different ions in the same target. The
measurements made with the three ions H, He, and Li

were used to extract experimental values of Ly, Ly, and

L, for comparison with the theoretical values. The re-
sults (Ref. 12) showed quite encouraging agreement with
theory, using the value of L calculated by Lindhard and
Esbensen.

A closer fit to the data can be achieved by using the
theory of Ashley, Ritchie, and Brandt for L, since the
undetermined cutoff parameter b (of order unity) may be
adjusted as an empirical parameter. This yields the value
b=1.4 for these data,'* corresponding to a value of L,
intermediate between the predictions of Refs. 5 and 2.

A more indirect method of testing Eq. (4), or specifical-
ly the polarization term L, in this equation, is to study
the Z, dependence of stopping power for a given ion.
This method is indirect because to obtain L, it is neces-
sary to model the Z, dependence of the shell correction.
The technique has been used in detailed studies of proton
stopping in a wide range of random targets.!> The data
are fitted using adjustable parameters for the shell correc-
tion and L. A value of b=1.3 is obtained from the fit.

For completeness, we also mention a detailed analysis
by Bichsel and Porter'® of published stopping-power data
for H and He ions in low-Z gas targets. In this case,
values of b=0.6 in H, and He targets and b=1.8 in N,
0,, and CH, were obtained. The significance of these
variations is not clear. However, the polarization effect in
such light targets is small, and some uncertainties may be
associated with shell corrections and fluctuations in
target-thickness measurements between different experi-
ments. Overall, it appears that most of the available
data'> 'S is consistent with a choice of b ~1.4.

B. Intermediate velocities: Physics problems
and experimental techniques

As the projectile velocity is decreased, two things hap-
pen. First, the first-order quantal perturbation theory
valid in the velocity region v >>2Z,e?/# becomes increas-
ingly inaccurate. This state of affairs is reflected by the
presence of large higher-order correction terms as predict-

ed by the theory described above. Second, the projectile
stnppmg criterion v >>Z3"%¢?/#, breaks down and pro-
jectile ions begin to capture electrons to bound states.
This introduces energy losses occurring in charge-
changing events, and it also means that projectile ions
now have an effective charge which is determined by the
number and screening effect of their bound electrons.

Faced with the complexity posed by simultaneous
higher-order corrections and projectile effective charges,
two approaches can be adopted in considering dE /dx for
intermediate velocity ions. One may perform the most so-
phisticated available calculations of higher-order correc-
tions and effective charges,!” and compare these with the
best measurements'® of dE/dx over the largest possible
range of ion and target species and ion velocity, in the
hope of finding a satisfactory and predictive theory to
describe all cases. Attempts in this direction have been
made in recent years, but in a recent review!’ Andersen
concluded that this kind of approach has revealed little
about the basic physics behind dE /dx, and has not been
especially successful in predicting dE /dx outside the
range of pre-existing experimental data. In specific cases,
some success has been achieved. Ritchie and Brandt!*
have analyzed data on the stopping of 2.0- and 3.5-MeV
ions (Z;=1-9) in Au,?® where the high value of Z, leads
to a large predicted Z3-dependent term. Uncertainties in
the effective charge of the ions are then relatively small
and results consistent with the light-ion data (b~1.4) are
obtained. Geissel er al.?! have measured the stopping
powers for 1.4-MeV/u heavy ions in Ar gas, a case for
which the emergent charge-state distribution had previ-
ously been measured.?? By introducing the observed mean
charge state g into the theory in place of Z;, Geissel
et al. found agreement between their data and the predic-
tion of Jackson and McCarthy,* and substantial disagree-
ment with the prediction of Ref. 2. Nevertheless, such
analyses depend fundamentally on assumptions which
remain unverified; for example, it is almost universally as-
sumed that the energy lost in charge-changing events is
negligible except at very low energies.

As an alternative to making still further experiments on
dE /dx for ions occupying a multiplicity of charge states,
it is clearly desirable to use experimental techniques which
break the complex dE /dx problem down into more acces-
sible elements. An attractive way of doing this is to study
the stopping cross sections for each projectile charge state
in turn, so obtaining more direct experimental informa-
tion on higher-order Z; effects as well as screening ef-
fects. This is the approach taken in the present work, and
in a small number of previous experiments which we now
briefly discuss.

C. Charge-state-specific stopping cross sections

To measure the stopping cross section for a specific
projectile charge state, one needs to avoid charge-changing
events. ‘One way to achieve this is to perform energy-loss
measurements with channeled ions, for which charge ex-
change is greatly reduced and it is possible to identify
those ions which have traversed the channeling crystal
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without charge exchange. An experiment designed to test
for higher-order and screening effects in planar channel-
ing was performed by Datz et al.?° in 1977. Screening ef-
* fects by bound projectile electrons were found to be al-
most complete, in agreement with the low-velocity model

of Brandt,'” and there appeared to be significant higher-

order effects in the case of light ions. However, subse-
quent analysis showed that the apparent higher-order ef-
fects observed may have arisen from straggling effects on
the shape of the energy-loss distribution.”> For the
heavier ions studied in that experiment, errors due to
straggling were not significant and the stopping powers
were found to be approximately proportional to Z2.

In a later experiment,”* Golovchenko et al. have mea-
sured the stopping power of the (110) axial channel in
silicon for fully stripped 3.1-MeV/u ions in the atomic
number range Z;=9—17. They also observed stopping
powers proportional to Z? to within their ~1% experi-
mental precision. They subsequently argued that this ap-
parent proportionality arises from a near cancellation be-
tween the Bloch term and the polarization term.!® This
could occur because the Bloch term in particular arises
from close impact-parameter projectile-electron collisions,
and is therefore substantially reduced in an axial channel-
ing experiment. Nevertheless it is intriguing that, at least
to the authors’ knowledge, no channeling experiment has
yet been reported which shows conclusive evidence of
higher-order Z,-dependent effects.

A second method by which charge-changing events can
be avoided in dE /dx experiments is to use random targets
which are thin compared with the mean free path for
charge exchange. This type of experiment was first used
by Allison and co-workers in early experiments with H
and He ions at intermediate velocities [v=(1.2—1.9)
X Z1e?/h), using thin gas targets.>>?° Their results show
remarkably large deviations from Z? dependence of
dE /dx for the fully stripped charge state of He, incom-
plete screening for partially stripped ions, and a large con-
tribution to thick-target dE /dx arising from individual
charge-changing events. Unfortunately this painstaking
work appeared long before higher-order corrections to
dE /dx became generally accepted, and has only rarely
been quoted in the literature.

Our present experiment uses this- same concept, al-
though the experimental technique is considerably dif-
ferent. Our objective is to extend present knowledge of
higher-order Z,-dependent effects away from the lightest
ion species, towards the heavy-ion region. This paper re-
ports a first step in this direction, which already raises
some significant questions about the role of charge-
changing energy losses in dE /dx for heavy ions. The
principle of our technique is to use target foils so thin that
the probability of charge exchange is reduced to a few
percent. Residual charge-changing effects are minimized
by charge-state selection of the emergent ions, using a
magnetic spectrometer. In addition to thin-target mea-
surements, thicker targets are also used to study the onset
of charge-changing processes and their effect on dE /dx.
Two averaging systems are employed which allow mea-
surements of fractional energy losses of ~10~* to be
made to a precision of 1%.

II. EXPERIMENT

A. Basic requirements for precision measurement

The systems.chosen for study are 3-MeV/u He, Li, and
C ions incident on thin C foils. Both He and Li ions are
essentially fully stripped of their electrons at this velocity,
but C ions possess a significant one-electron fraction
(~18%).?’7 To study higher-order Z,-dependent effects
for fully stripped He, Li, and C projectiles, and the stop-
ping for the one-electron C projectile, we require foil
thicknesses ranging down to about 2 ug/cm? This thick-
ness is small enough to permit almost complete charge-
state selectivity in the energy-loss measurement for C
ions. Carbon is chosen as the target material because it
can be manufactured as a self-supporting foil several mm
across, even at 2 pg/cm? thickness.

The energy loss for He in the thinnest foils is around
10~* of the incident energy, and to obtain useful experi-
mental observations on higher-order Z, effects we require
an experimental precision of ~1%. Our experiment is
therefore designed with a view to making energy-loss
measurements to a precision of about 10~° of the incident
beam energy. To allow direct detection of the beam with
solid-state detectors the beam intensity is reduced to about
10*° counts s~!. The total beam fluence on a foil
throughout the entire experiment is then around 10’ cm™2
which has the advantage that carbon buildup is reduced to
negligible levels. With an instrumental response function
whose standard deviation is o, the statistical error in an
energy measurement after detecting N particles is 0 /V'N .
Detector damage considerations limit the beam fluence on
the detector to around 107 particles, and we employ ~ 10?
foil changes per beam species during the experiment, so
limiting N to around 10°. Consequently our precision cri-
terion leads us to the requirement o /7T < 33X 10~* where
T is the incident beam energy, or o <1 keV/u. This cri-
terion is barely met by the theoretical resolution limit for
solid-state detectors.”® Since post-foil charge-state selec-
tion is required in any case to minimize residual charge-
changing effects in the thin C foils, it is convenient to use
a magnet-spectrometer—position-sensitive-detector (PSD)
system to provide both charge-state selection and im-
proved energy resolution. With this system, the PSD po-
sition signal is passed in the usual way to an analog-to-
digital converter—multichannel-analyzer and the foil-in,
foil-out results stored as separate spectra with centroid
channels X;, and X,y The magnet equation then deter-
mines the energy loss E as

%:(xom—xi,,)%%rouzz/ﬂz) , (5)
where f is the magnetometer frequency. The second-
order term is negligible because of the small value of
E/T.

A number of sources of systematic error exist in this
kind of experiment. One important class of errors arises
because the energy loss is determined from the difference
of two similar energies. Errors can arise from time-
dependent variations in any of the quantities shown in Eq.
(5), since an inevitable time delay occurs between measure-
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ments with foil in and foil out of the beam. In particular,
beam energy fluctuations on a Tandem accelerator are
likely to occur at the level of 10757, on a variety of time
scales. Magnet power supplies have similar limitations.
Rather than isolating every significant source of time-
dependent fluctuation and minimizing it, an averaging
system can be employed to smooth out any fluctuations.
This approach is adopted for the present experiment, and
proves to be highly successful.

A second class of systematic errors arises from the cali-
bration factor df /dX in Eq. (5). Various sources of dif-
ferential nonlinearity, notably the PSD position response,
can create difficulties in determining the correct value for
df /dX. Once again an averaging procedure is required to
smooth out nonlinearities by making a number of energy-
loss measurements along the length of the PSD.

Systematic errors can also occur as a result of beam
scattering from the edge of foil holders. This scattering is
only present when a foil is in position and would therefore
enhance the apparent energy loss in the foil when the peak
centroids are measured. The geometry of the experiment
and the data-collection system therefore have to be con-
trolled so that this type of error is ruled out.

Because of the single focusing nature of the Buechner
spectrometer?® used in this work (focusing in the disper-
sive plane only) a further possible scattering related source
of error must be considered. In the case of single col-
lisions the correlation between electronic energy transfer
(e.g., inner-shell ionization events) and angle of scatter
could lead to systematic errors if part of the distribution
is cut off. To eliminate this possibility the angular spread
of the energy-loss distribution in the nondispersive plane
is monitored to ensure it falls within the PSD acceptance
angle.

Finally, a subtle error can occur as a result of spectrom-
eter aberrations. The beam with foil out enters the spec-
trometer as a fine pencil, whereas the beam after passage
through a thin foil has a very small divergence angle of
~mrad. The magnet deflects the two beams differently
owing to a slight variation in the effective magnet radius
at different scattering angles. The magnitude of this error
is estimated for our Buechner spectrometer to be < 1075T
for a 3-MeV/u He, Li, or C ion in a 2-ug/cm? C foil.
Rather than attempt such a small correction to our data,
we shall neglect the effect. Since the spectrometer is
operated at its minimum aberration position,?* all other
aberrations are negligible.

B. Experimental systems

A schematic of the physical layout is shown in Fig. 1.
The beam emerges from the analyzing magnet of the 6.5-
MYV Harwell Tandem, which is stabilized by a generating
voltmeter system in order to permit transmission of low-
intensity beams (~nA). The beam passes through two
small collimators A4 and B, partly to attenuate the beam
to an intensity of ~ 10° counts sec™!, and partly to pro-
vide the fine pencil beam necessary for optimum energy
resolution in the spectrometer. Collimator B is placed
about 4 mm upstream from the foil position, located at
the object plane of the spectrometer. The beam then
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FIG. 1. Schematic of the experimental layout. Insets show
detail of the rotating foil wheel and the focal plane position sen-
sitive detector.

enters the spectrometer at 0°, and is detected in the image
plane by a 15-mm-long PSD with position resolution of
~100 pm.

The time-averaging system consists of a rotating target
wheel with eight target positions, driven by a dc motor.
The angular position of the wheel is measured by an opti-
cal shaft encoder with an angular resolution of 1600 units
per revolution, and the output is used to gate the signals
from the PSD and route them into 16 separate datasets
corresponding to the 8 foil positions and 8 intermediate
foil-out positions. Because a dc motor is used the rotation
speed is decoupled from time-varying quantities such as
the accelerator’s terminal potential or the analyzing mag-
net field, thereby avoiding correlation effects. To obtain a
reasonable average over time the wheel is run at speeds of
around 120 rpm. Thus 80 min data-collection time is suf-
ficient to perform essentially 10* successive measure-
ments.

A second averaging system deals with differential non-
linearity in the response of the PSD and associated elec-
tronics. This nonlinearity can be a particular problem in
the Buechner spectrometer; in the Harwell instrument the
beam is incident at 70° to the normal of the focal plane.
This magnifies the effect of any undulation in the PSD
front surface and may produce significant problems even
with an apparently planar detector. The averaging system
deals with the problem by stepping the spectrometer mag-
netic field and collecting data at up to 64 separate posi-
tions along the length of the detector. The system
operates automatically, dumping the data collected at
each detector position (eight foil-in and eight foil-out
spectra) on line to a VAX computer before initiating the
next data-collection step. The computer is subsequently
used to combine the data into a single spectrum for each
foil-in and foil-out position. The field-stepping system is
also a convenient means of performing the detector cali-
bration required to evaluate Eq. (5).

C. Experimental operation

Collimators 4, B, and C are optically aligned to the
beam-line axis with the spectrometer set at 0°. Collima-
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tors A and B are then withdrawn and the beam path is
steered as necessary to optimize the current in a Faraday
cup located downstream from the target position. This
beam path is constrained by collimator C. Collimators 4
and B are then placed on axis. The beam intensity
through A4 is reduced by adjusting accelerator parameters,
and is monitored by a scintillator placed a few cm down-
stream from A. A surface-barrier detector downstream of
the target position is used to monitor the final beam inten-
sity before exposing the detectors in the spectrometer.

In addition to PSD P1 which is used to measure energy
loss a second PSD P2 is mounted in the spectrometer fo-
cal plane, perpendicular to the dispersion direction, to
check the central position of P1 relative to the beam
plane. This check is performed each time a beam is set
up, and if necessary the lateral position of P1 and P2 is
slightly adjusted. P2 is also used to observe the scattering
width of the beam from each target. This information is
used to confirm calculations that the proportion of beam
scattered beyond the sides of P1 during an energy-loss
measurement is negligible.

To perform a full energy-loss measurement, the foil
wheel is set in motion and the routing system used to col-
lect 16 256-channel spectra on a 4096-channel analyzer.
Each 256-channel spectrum corresponds to the spectrum
from a foil-in or foil-out position. The spectrometer field
is cycled and then set to position the beam on the PSD,
about 10% of the PSD length away from one end. Data
is collected for a fixed number of counts before the field is
automatically stepped and the data dumped on-line to the
computer. Following a preset time delay of about 40 sec
for the magnetic field to stabilize ,the next data-
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acquisition period is started. An energy-loss measurement
typically comprises 64 such steps along the length of the
detector.

The PSD calibration is carried out in a similar manner.
Typically only nine steps are used, to minimize any drift
in the beam energy which is assumed constant for calibra-
tion purposes. Since such drifts could be a significant
source of error, calibrations are repeated to check repro-
ducibility, and are not always performed in the same
direction along the detector. With care, calibration errors
are reduced to the level of ~0.7%.

D. Data reduction

For each foil-in and foil-out position (16 in all) a com-
plete energy-loss measurement for a given ion species in-
volves 64 data sets taken along the length of the PSD.
The peak position for each of these data sets is found, us-
ing a computer program for ease of analysis. To mini-
mize the influence of the “tail” of the spectrum arising
from slit-scattered beam, the program then takes the cen-
troid of a region extending several standard deviations ei-
ther side of the peak position. Since the slit scattering is
present in both foil-in and foil-out spectra, its effect on
the centroid cancels when the difference X oy — Xy is cal-
culated. (Nevertheless, care is taken in the experiment to
minimize slit scattering as it can introduce significant sta-
tistical errors in the results.) The width of the region
chosen for calculating the centroid is also varied to check
for any systematic' effects. The eight foil-out centroids
are averaged to obtain a best estimate for the foil-out cen-
troid corresponding to each beam position on the PSD.
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FIG. 2. Summed spectra for foil in and foil out as described in text. As expected both peaks exhibit the same low slit-scattering
background. Foil-in spectrum (3-MeV/u C in a 7.5-ug cm~2 C foil) exhibits skewing characteristic of thin-foil energy loss. Inset
linear plot is an overlay of the two spectra illustrating the channel shift for this foil.
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The 64 separate data sets can now be combined into one
spectrum for each foil-in—foil-out position. This is done
by shifting each spectrum by the number of channels cor-
responding to the foil-out centroid, and summing the re-
sulting spectra. The result is illustrated in Fig. 2 which
shows an example of two summed spectra, foil in and foil
out.

The calibration of PSD channel number against magno-
tometer frequency is computed using spectrum data sets
obtained in a sequence of nine steps along the PSD. The
peak centroids X; are calculated as above, and the calibra-
tion curve generated as a sequence of eight straight-line
segments connecting the points (f;,X;) with slope
(dx/df);=X;—X; _)/(fi—fi—1)- To convert a given
channel shift (X, —X;,) obtained in an energy-loss mea-
surement into the required energy loss E using Eq. (5), the
appropriate calibration segment is chosen according to the
value of X,, =(Xou+Xin)/2. If X,, falls outside the cali-
bration region, the data is rejected. This procedure is fol-
lowed for each energy-loss measurement along the PSD,
and the resulting values of AE are averaged to obtain the
final estimate of E for each foil. The output also includes
a value of E for each of the eight foil-out positions, as a
check on the time-averaging system. If this system is
operating successfully, these E values should naturally be
zero to within the calculated statistical precision. This
has always been found to be the case in the present experi-
ment.

ITII. RESULTS AND DISCUSSION

A. Projectile-charge dependence of dE /dx

In order to examine any departures from Z? scaling of
dE /dx in our data, it is useful to present the energy-loss
result in the reduced form (E,,,/Ey.)(2/Z,)% as shown
in Fig. 3. The He data are chosen for normalization pur-
poses because for 3-MeV/u He ions, higher-order Z,-
dependent effects predicted by theory are small, and the
ions are essentially fully stripped of electrons. The foil
thicknesses used in the abscissa are estimates derived from
the He energy—loss data, using the stopping power compi-
lation of Ziegler.® The relative precision of our energy-
loss data is indicated by the error bars in Fig. 3.

The Li results are seen to scale approximately as Z? rel-
ative to the He data. This is consistent with the standard
theoretical prediction based on the Bloch correction plus a
polarization term, as shown in Table I. However, the data
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FIG. 3. Reduced energy losses for 3-MeV/u Li and C ions,
relative to measured He energy losses at the same velocity.
Departures from unity indicate deviations from Z? scaling in
dE /dx. In the case of carbon 5+ and 6+ the nonequilibrium
nature of the charge-state distribution is evident. Solid curves
represent least-squares fits to the C>* and C%* data. From this
we extract the stopping cross sections for the fixed charge states
54 and 6+, and the energy loss in charge-changing events.
(AE is denoted E in the text.)

for both C** and C>* ions show strong departures from
Z?% scaling. Three basic features appear.

(1) The data for the two charge states converge as the
foil thickness increases. This is a novel effect in an exper-
iment measuring energy loss in solids. The broad trend of
convergence may be understood in qualitative terms, as
the result of charge—state equilibration within the target.

(2) The data for C%* and C°* ions in thin foils, in
which charge exchange is suppressed, are significantly
lower than the scaled He value.

(3) The convergence towards an equilibrium stopping
power appears much more strongly in the 5+ than in the
64 data.

As will become apparent, features (2) and (3) of the data
are of fundamental importance.

To interpret the data in full, it is necessary to take into
account the processes of electron capture and loss which
the C projectile may undergo as it passes through a foil.
Recently, experimental data on charge-changing cross sec-
tions for 3-MeV/u C ions in C targets have been report-

TABLE I. Theoretical higher-order corrections for 3 MeV/u He, Li, and C®* ions in C targets, compared with our experimental
observations. Columns 2 and 3: polarization term. Column 4: Bloch term. Columns 5 and 6: sum of polarization and Bloch terms,
giving the theoretical higher-order correction. Columns 7 and 8: theoretical hlgher-order correction relative to He. Column 9: ob-

served higher-order effect relative to He.

Z\L/Lo (%)
Jackson and Lindhard and Z3L,/L, Aion (%) (Ajon—Ane) /Lo (%)
Ion McCarthy (A4) Esbensen (B) (%) Theory A Theory B Theory A Theory B Exp.
He 0.9 1.8 —0.9 0.9
Li 1.4 2.7 —1.9 —0.5 0.8 —0.5 —0.1 0+1
ctt 2.7 5.4 —6.5 —3.8 —1.1 —3.8 —2.0 —2.8+0.7
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ed.?” At this energy the charge states 5+ and 6+ are
found to account for over 98% of the charge-state distri-
bution at equilibrium, and the electron loss and capture
cross sections in typical evaporated C foils are found to be
010=0.052 A%/atom and 091=0.0102 A2/atom. These
cross sections describe the evolution of the observed 5+
and 6+ charge fractions as a function of target thickness,

- via the usual two-component charge-state model.>! Since
for such highly stripped ions post-foil Auger processes
can be neglected, one may reasonably claim that the ob-
served charge-state distribution truly reflects the degree of
projectile ionization within the target foil. The stopping
power should then vary as a function of the charge-state
distribution as this evolves with foil thickness, as deter-
mined by the cross sections oy; and o1.

B. Charge-exchange model for energy loss

A useful transport formalism for evaluating moments
of the energy-loss distribution in thin targets on the basis
of charge-changing cross sections has been described by
Winterbon.3> We adopt this formalism with the simplify-
ing assumption that the slowing down in a given charge
state is continuous. This assumption is good for present
purposes because we are not concerned with energy strag-
gling. Consider the probability distribution f;(x,E) for an
ion to have lost energy E and to be in charge state i, hav-
ing traveled distance x through a target. Let the energy
loss in the charge-change i —j have a mean value €;, and
let us neglect the distribution about €;. Furthermore, let
the stopping cross section for ions which do not change
their charge be given by Sj;, where the second subscript
indicates that the charge remains fixed. Then the evolu-
tion of f; as a function of x is given by the set of i partial
differential equations

aﬂ

o FSi aEz[a,,f,(xE g —oufixB]. (6

i

This set is conveniently solved in terms of the nth energy
moment for charge state i at depth x,

gi(x,n)= [ "dE E"f,(x,E) . )

From this definition the charge-state fraction at depth x
is ,

di(x)=g;(x,0), (8)
and the mean energy loss for charge state i at depth x is
E_'i=gi(x71)/gi(x70) . (9)

Expanding f;(x,E —€;) as a Taylor series about E, and
taking first moments of Egs. (6), yields the exact result
dgi (x, 1 )

= 18i1(x,0)+ X { 0:[g;(x,1)+€;8;(x,0)]

J#i
—0;8i(x,1)} . (10)

For two éharge states only, using the more familiar nota-

tion of ¢; and E; [Egs. (8) and (9)], this reduces to the two
simultaneous equations

%(QbaE_a):Saa‘pa +0ba¢b(E—b +€a)—w$a B, (11)
4By =Swbs +0abel Fa+E)—0wbsBy . (12

Defining a as the incident charge state, we have the initial
conditions

¢a(0)=l’ ¢b(0)=0 (13)
as well as
E,(0)=0, E,(0)=0. : (14)

Summing Egs. (11) and (12) and solving the resulting dif-
ferential equation leads to the result

¢a E,+¢sEp=[(Saa +0ap€ap N 0pax +¢5)
‘ +(Spp +Tba€ra N OapX — )]/t (15)
where a=0y+0g1, and
bo=(0ps +0pe ")/ . (16)

Equation (15) can now be used to decouple Egs. (11) and
(12), so obtaining

[:ld;_{—a (¢aE—a)=A+Bx+Ce_ax ’ amn
where
A=S,—C, (18)
Opg .
‘ B=—a——(SaaOba +Sop0ap + U0 0p,) (19
Oab
C= —a-i—(saao",b +Spp0pa — UG op0pa) » (20)

and U=€,, +&p,. ‘
The solution to Eq. (17) with the initial conditions (13)
and (14) is finally

1

¢aE_a= x + pe

g (1—e™)+Cxe—% . (1)

LB
a

This expresses the mean energy loss E, for ions at depth
x with the same charge state as the incident beam, pre-
cisely the quantity measured in the present experiment.
The solid curves shown in Fig. 3 are the result of fitting
Eq. (21) to our energy-loss data for 6+ (zero-electron) and
5+ (one-electron) C ions, with the quantities Sy, Sii,
and U=¢€+€o left as free parameters in the fit. The
quality of the fit (x?=0.6) suggests that the measured

. charge-changing cross sections do appropriately describe

the evolution of projectile ionization within the foil. In-
dependent evidence for this conclusion is also found in the
excited-state population studies of Woods.?” The fixed-
charge stopping cross sections Sy, and S;; relative to the
He stopping cross section are given by the x =0 intercepts
of the solid-line fits in Fig. 3. The fitted value of U is
2.310.22 keV. If U is set to zero in the fitting procedure
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-'and only S, and S, are allowed to be adjusted, the value
of X? increases by a factor of 5.

C. Comparison of observed stopping parameters
with theory

The basis from which higher-order corrections in stop-
ping theory have been developed is Bethe’s first-order
quantal perturbation theory.! In that treatment the ion is
considered as a time-dependent perturbing potential, and
the essence of the theory lies in evaluating the generalized
oscillator strength connecting initial and final states of the
target system.>3 To provide some continued basis for test-
ing higher-order corrections in partially stripped systems
(e.g., our present case of 3-MeV/u C ions in C targets),
the Bethe theory must be “stretched” in some way to ac-
count for the presence of charge-changing events. This is
true even when one deals only with the fully stripped
charge state within the charge-state distribution. For ex-
ample, the total stopping cross section for the fully
stripped C ion may be written as

So=S800+S01 =S00 +€01001 > (22)

where Sy, is the contribution arising from electron cap-
ture from the target system to the projectile. We must de-
cide whether S, or Sy is the more appropriate quantity
to associate with the Bethe theory. In our present discus-
sion we choose S, thereby including electron transfer to
the projectile simply as another form of target ionization. -

Approximate theoretical estimates for the quantities €y,
and €;o which make up our measured parameter U can be
attempted as follows. We adopt the convention of ac-
counting only the kinetic energy of the projectile nucleus
when calculating the energy lost by the projectile: The
temporary binding and kinetic energy associated with a
projectile’s bound electron is not included. Since velocity
matching ensures that K—K shell transfer is the major
electron capture channel in the 3-MeV/u C on C system,
we assume for present purposes a target atom ionization
potential of 284 eV (the C K-shell binding energy). The
kinetic energy given to the captured electron by the linear
motion of the projectile constitutes a further energy loss
of 1.63 keV. Hence we obtain €;;=1.91 keV. Regarding
electron loss from the projectile, we estimate €, from the
effective continuum level to which the projectile’s bound
electron is raised, following the approach of Janev and
Presnyakov.>* This procedure yields a value for the 3-
MeV/u C on C system of €,p=0.3 keV. From these re-
sults we obtain U =F¢€,;+€0=2.2 keV, in good agreement
with our experimental result of (2.3+0.2) keV. However,
we should note that, since our two-component charge-
state model neglects the small ( <2%) fraction of C*+
ions at equilibrium, our experimental value of U could be
too low by an amount <0.5 keV. Thus our estimate of
charge-changing energy losses is somewhat conservative.

Having obtained estimates for Sy, S11, €o1, and €9 we
are now in a position to calculate the total stopping cross
sections for the fully stripped and one-electron charge
states, Sy and S;.

1. Fully stripped C ions

We express the higher-order effect for a given fully
stripped ion as Aj,=(Ljo;n—Lg)/Ly. Thus the higher-
order effect relative to He ions will be given by
(Ajon—Ape) to sufficient precision for present purposes.
Including a generous 20% uncertainty in the value of &y,
Eq. (22) leads us to the result (So/Sg.)NZne/Zc)?
=0.9724+0.007, or in difference terms A;,,—Age
=(2.8+0.7)%. Table I compares this experimental result
with standard theoretical predictions based on the Bloch
term plus a polarization term. The observed higher-order
effect lies between the values obtained by using the polari-
zation theories of Jackson and McCarthy,* and Lindhard
and Esbensen® and is roughly consistent with the value
b =1.4 in the theory of Ashley, Ritchie, and Brandt. We
comment on the validity of the available theory in Sec.
IID.

2. One-electron C ions

For the one-electron ion, the total stopping cross sec-
tion is estimated from

S1=S11+€10010 » (23)

where the contribution of electron capture events to form
the He-like C ion is neglected. This yields the numerical
result (S1/Sye)(Zye/Zc)*=(0.703+0.007). This quanti-
ty is not easily related to standard stopping theory for two
reasons. First, at least part of € arises from projectile
ionization, not considered in standard stopping theory.
Second, the effective charges appropriate to the first-order
(Bethe) and polarization terms will be different from the
charge (~Z,) appropriate to the Bloch term. This is be-
cause the Bloch term is associated only with close
impact-parameter projectile-electron collisions. In view of
this complexity we await further data to be obtained using
heavier ions before attempting any detailed analysis for
the one-electron ion. It is however worth noting that the
screening of the projectile charge by its single bound elec-
tron appears to be nearly complete as regards the dom-
inant first-order stopping term.

D. Higher-order effects due to polarization
and electron capture

The present results for Sy, the total stopping cross sec-
tion for the fully stripped ion, are consistent with previous
data on S, obtained with H, He, and Li ions.!* All of
these data are described, at least in a phenomenological
way, by Eq. (4) with L, as given by the theory of Ref. 4
with b~1.4. In the absence of further information, this
would have appeared to provide continued support for a
straightforward polarization model coupled with the
Bethe-Bloch stopping power.

It is here that the more microscopic approach taken in
the present study is useful. We observe that energy losses
associated with charge-changing events contribute to the
stopping cross section a term of similar magnitude to the
theoretical polarization term. This immediately casts
doubts on the general validity of Eq. (4) in describing even
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the stopping cross section for bare incident ions, Sy. Po-
larization effects cannot be the whole story.

We may formally include charge-changing effects by
writing (for the bare-ion example)

L=Lo+Z\L+Z3L,+L4(Z,Z5,v) .

The new term L; represents a higher-order correction as-
sociated with electron transfer to bound states of the one-
electron ion.

Since electron transfer cross sections display a highly
complex behavior as a function of Z,, Z,, and v, L; is
likely to be correspondingly complex. For light ions (H,
He, Li) at MeV/u energies, L3 is probably negligible at
least in heavy targets. However, for heavier ions at
MeV/u energies, L; may become significant. For exam-
ple, the present experiment which makes an initial step to-
wards the heavy-ion regime, shows that about 2% of the
energy loss for 3-MeV/u C ions in C arises from charge-
changing events. This proportion is likely to increase for
ions heavier than C, and the term L; may ultimately
exceed the polarization term. We expect further experi-
mental studies on charge-state-specific stopping powers
for heavy ions will prove fruitful.

IV. CONCLUSIONS

In order to describe the stopping power for partially
stripped heavy ions in matter the energy loss involved in
charge-changing collisions has to be accounted for in a
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