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Direct measurements of the stopping power for antiprotons of light and heavy targets
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Measurements of antiproton stopping powers around the stopping-power maximum are presented for targets
of Al, Si, Ti, Cu, Ag, Ta, Pt, and Au. The Low Energy Antiproton Ring antiproton beam of 5.9 MeV is
degraded to 50–700 keV, and the energy loss is found by measuring the antiproton velocity before and after
the target. Target thicknesses have been determined accurately by weighing and Rutherford backscattering
techniques. The antiproton stopping powers are found to be reduced by around 35% for both light and heavy
elements near the electronic stopping-power maximum as compared to the equivalent proton stopping power.
The antiproton stopping powers and the Barkas effect; that is, the difference in stopping power between
protons and antiprotons is compared to theoretical estimates, based on a harmonic-oscillator model and an
electron-gas model, and good agreement is obtained.@S1050-2947~97!09410-9#

PACS number~s!: 34.50.Bw, 61.85.1p, 79.20.Rf
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I. INTRODUCTION

The stopping power of matter for charged particles is
quantity of large fundamental and applied relevance. T
understanding of the slowing down of fast particles in ma
has played a significant role in the discoveries and und
standing of the constituents of matter ever since the be
ning of the century. Generally, it is of great importance
know accurately the stopping power for a broad range
materials in order to interpret a variety of contemporary
periments. For example, ion implantation and ion-be
analysis, which are used extensively today in materials
ence, require accurate knowledge of stopping powers.
use of proton and heavy ion beams in radiotherapy also re
on this quantity. Experimental stopping powers for proto
were reviewed recently@1#.

Theoretically, stopping power has been considered s
the early days of atomic physics starting with Bohr, Tho
son, and Rutherford. The interest was motivated by sev
factors. It was necessary to have a good theoretical un
standing of the stopping process in order to extract inform
tion about the atomic particles studied. Furthermore
analysis of penetration phenomena offered a testing gro
for the theoretical treatments being developed, starting w
classical methods and subsequently turning to quant
mechanical methods. In this respect, the understandin
stopping phenomena is an iterative dialogue between th
and experiment, as in most areas of physics.

Nevertheless, even today there is good agreement
tween calculations and experiments only for high energ
~the Bethe formula!. Around the stopping power maximum
calculations are difficult and only for simple targets like H2
and He are calculations able to give quantitative results@2#.
One general approach to stopping powers involves mod
where the stopping material is approximated by simpler s
561050-2947/97/56~4!/2930~10!/$10.00
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tems like an electron gas or sets of harmonic oscillators.
theory for stopping of light ions near the maximum has a
been reviewed recently@2#.

One of the recent testing grounds of such models is
measurements of the stopping power for antiprotons, or m
generally particles of negative charge. This not only allo
tests of the models under charge conjugation, i.e., revers
the sign of the force responsible for the stopping, but the
of negative particles also excludes reaction channels diffi
to treat in some models, like electron capture, which cont
ute significantly to the stopping power for slow protons.
this respect, the antiproton has been named ‘‘the theor
favorite low-energy projectile’’@3#. Furthermore, the uneve
terms in a Born expansion of the stopping power, and
particular the term proportional the cube of the project
charge, can be elucidated by comparisons of measurem
with projectiles of positive and negative charge.

II. BETHE THEORY WITH CORRECTIONS

The collisions between the projectile and the target
usually divided into inelastic collisions, referred to as ‘‘ele
tronic,’’ where atoms are excited or ionized, and elastic c
lisions, referred to as ‘‘nuclear,’’ where the atom as a wh
recoils. The nuclear stopping only contributes significantly
the stopping power at very low projectile velocities, and c
be neglected in the present experiment. For protons, the e
tronic stopping power has a maximum at a proton veloc
corresponding to the typical electron velocity. For lower pr
jectile velocities, the stopping power is approximately velo
ity proportional as it emerges in an electron-gas calculati
and, above the maximum, the stopping power decrease
versely proportional to the velocity squared as predicted
the first Born approximation. The Bethe formula resulti
from this first Born approximation reads@4#.
2930 © 1997 The American Physical Society
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2
dE

dx
5

4pe4NZ2

mn2 Z1
2L, ~1!

wheren is the projectile velocity,N the target density andZ2
the target atomic number. As a result of the first Born a
proximation, the stopping power is proportional to the squ
of the projectile chargeZ1 . The Bethe stopping functionL,
which is independent ofZ1 , may be written nonrelativisti-
cally as

L5 ln~2mn2/I !2C/Z2 . ~2!

Here I is the so-called mean ionization potential which, t
gether with the so-called shell correctionsC/Z2 , is the only
quantity depending on the internal structure of the target
oms. The shell corrections originate from the non-negligi
target-electron velocities. The mean ionization potential a
the shell corrections can only be calculated with reasona
accuracy for the very simplest atoms, and are hence norm
extracted from comparisons of the Bethe formula with e
perimental data.

Formally, one may generalize the Bethe equation to
clude the higher-orderZ1 terms in the stopping function,

L5L01Z1L11Z1
2L21••• , ~3!

whereL0 , L1 , andL2 are theZ1-independent coefficients o
the Z1

2, Z1
3 and Z1

4 terms in the stopping power. The sam
expression also emerges from a Born expansion of the s
ping power.

A Z1
3 ~Barkas! correction to the Bethe formula for th

harmonic oscillator was first calculated using classical me
ods by Ashley, Ritchie, and Brandt@5#, and by Jackson and
McCarthy @6#, allowing the target electrons to move durin
the collision. It was argued that close projectile-electron c
lisions were essentially collisions between free particles, g
ing an exactZ1

2 dependence. Hence the calculation was p
formed for distant collisions only, with an impact parame
discriminating between close and distant collisions of
order of the radius of the harmonic oscillator. The Jacks
and McCarthy result can be written in the form

L15F~n/AZ2n0!/AZ2, ~4!

whereF(x) is a numerically given function with a maximum
of 0.3 aroundx;1, and wheren05ac is the Bohr velocity,
a'1/137 being the fine-structure constant.

This distant-collision Barkas effect is related to the pol
ization of the medium induced by the projectile. This e
plains qualitatively why negatively charged particles hav
lower stopping power than positively charged ones. S
polarization effects are also seen in measurements of si
ionization cross sections@7#. Later Lindhard@8# argued that
close collisions contribute to the Barkas effect with an eq
amount, since the dynamical screening of the projec
charge by the atomic electrons makes the close collis
deviatefrom Coulomb collisions. It was also shown that th
Z1

4 correction~the so-called Bloch term! is as significant as
the Z1

3 correction. TheZ1
4 correction was obtained as th

lowest-order term in the difference between the Bethe
the Bloch stopping formulas,
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L2521.2~n0 /n!2. ~5!

Reviews of the Barkas effect can be found in Refs.@9#, @10#,
and @11#.

The deficiencies of the Bethe-Bloch formula~including
corrections! lead to the use of models, where the target ato
are modeled by a less realistic system, e.g., an ensemb
harmonic oscillators or an electron gas. The advantag
then that these systems can be treated mathematically
high accuracy and without restrictive approximations. Su
model calculations have been used extensively in the qu
tative understanding of the slowing-down process. Clea
the results obtained should be applied quantitatively w
caution, sincea priori it is not clear to what extent suc
simple systems can describe the properties of real phys
systems.

A. Quantal harmonic-oscillator model

The classical harmonic oscillator was used to model
stopping medium, starting with Bohr@12#. Only recently has
the quantal harmonic oscillator been treated even in the
the theory@13#. Also, higher-order terms have been deriv
and calculated recently@14#. These calculations are rigorou
for the harmonic oscillator, i.e., no approximations are ma
Finally, an exact calculation solving the time-depende
Schrödinger equation for the harmonic oscillator has a
appeared@15#.

The calculations of the stopping properties of the quan
harmonic oscillator are carried out in the straight-line traje
tory approximation as a function of impact parameter. Hen
Coulomb deflection effects are ignored, and consequently
results are not applicable at very low energies. These ca
lations result in a significant contribution to theZ1

3 term for
all impact parameters, thus supporting Lindhard’s argum
that close collisions also contribute to theZ1

3 term. In the
present context, we are only interested in the average s
ping power corresponding to integration over all impact p
rameters.

For the harmonic oscillator,L0 , L1 andL2 are calculated
numerically as function of the scaled energy variab
2mn2/\v. The tabulated values ofL0 , L1 andL2 are given
in units of (n0 /n)0, (n0 /n)1, and (n0 /n)2, respectively, in
Refs.@13# and @14#. Since this is an experimental paper, w
will not reproduce the theoretical result in these variabl
but instead we compareL0 , L1 , andL2 for the M shell in
silicon in Fig. 1 in the energy region 20–4000 keV releva
for the present experiment. We point out here that the ab
lute value ofL2 is shown, since it it positive at small ene
gies and turns into the Bloch expression21.2(n0 /n)2 in the
large energy limit. We note the decrease ofL1 andL2 with
increasing energy, as compared to the slow logarithmic
crease inL0 reflecting the improved accuracy of the Beth
formula for high energies.

In Fig. 2 we plotL0 , L1 andL2 for theK, L andM shell
in silicon as function of energy. Furthermore the total valu
of L0 , L1 , andL2 are presented. The total values ofLn are in
the harmonic-oscillator model calculated as

Ln5( wi0LnS Ei2E0

\ D , ~6!
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2932 56S. P. MO” LLER et al.
whereEi is the energy of thei th excitation states andwi0 are
the dipole oscillator strengths from the ground state, a
whereLn(v) is theLn value of the spherical, harmonic os
cillator with a resonance frequencyv. Some of the element
used in the present experiment, Al, Si, Cu, Ta, Pt, and
are modeled by a number of harmonic oscillators cor
sponding to the atomic shells. The oscillator energies
strengths used are given in Table I. These values are
tained from shell-wise integration of the oscillator streng
given in Ref. @16#. These oscillator strengths and energ
also satisfy the sum rules

( wi051, lnI 5( wi0 ln Ei , ~7!

In Fig. 2 we observe that in the low-energy region t
energy loss in silicon is dominated by theM shell, whereas
in the high-energy region both theL and M shells are sig-
nificant. Even at the highest energies considered in this p
the K-shell contribution is at the level of a few percent. A
the highest energies in the plot,L1 contributes around 2% to
the energy loss, whereas at the lowest energies the c

FIG. 1. Z1
2, Z1

3, and Z1
4 terms L0 ~solid curves!, L1 ~dashed

curves!, and L2 ~dotted curve! calculated using the harmonic
oscillator model for theM shell in silicon.

FIG. 2. Z1
2, Z1

3, and Z1
4 terms L0 ~solid curves!, L1 ~dashed

curves!, and L2 ~dotted curves!, calculated using the harmonic
oscillator model for theK, L, and M shells in silicon. Also, the
total values ofL0 , L1 , andL2 are shown.
d
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sponding number is 60%. ForL2 , the contribution to the
energy loss is around 0.3% and 25% at high and low en
gies, respectively.

The lowest-order termL0 in the stopping power for sili-
con, represented by the same ensemble of harmonic osc
tors, is shown in Fig. 3 together with the stopping powe
based onL01L11L2 andL02L11L2 corresponding to the
stopping powers for protons and antiprotons. This figure
veals the Barkas effect, i.e., the difference between the s
ping power for protons and antiprotons. We see that the B
kas effect is a very significant effect at the stopping pow
maximum and below, which means that higher-order ter
are needed at these energies in order to get a good esti
of the stopping power.

B. Electron-gas model

Another model that has been extensively used in calc
tions of stopping powers is the electron-gas model, in wh
case the target electrons are described as an electron g
varying complexity. An electron gas is expected to repres

FIG. 3. The lowest-order term, theZ1
2 term, in the stopping

power for silicon in the harmonic-oscillator model~solid curve!, is
here compared to the stopping power for protons~dashed curve!
and antiprotons~dotted curve! calculated by inclusion of theZ1

3 and
the Z1

4 terms.

TABLE I. Oscillator strengthsw and energiesE used in the
harmonic-oscillator model calculations.

Al Si Cu Ta Pt Au

wK 0.1349 0.1222 0.0505 0.0126 0.0129 0.01
EK ~keV! 2.795 3.179 16.931 88.926 95.017 96.23
wL 0.6387 0.5972 0.2561 0.0896 0.0745 0.08
EL ~keV! 0.202 0.249 1.930 18.012 25.590 25.918
wM 0.2264 0.2806 0.4913 0.2599 0.2295 0.24
EM ~keV! 0.0169 0.0203 0.199 3.210 4.063 4.116
wN 0.2021 0.3413 0.4627 0.423
EN ~keV! 0.0396 0.575 0.576 0.599
wO 0.2057 0.1324 0.1124
EO ~keV! 0.1087 0.0819 0.0873
wP 0.0908 0.0879 0.1231
EP ~keV! 0.0308 0.0314 0.0369
I ~keV! 0.164 0.168 0.322 0.709 0.764 0.800
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56 2933DIRECT MEASUREMENTS OF THE STOPPING POWER . . .
a metallic target very well at low energies, since here o
valence electrons~conduction electrons! contribute to the
stopping; see Fig. 2. A recent calculation, valid for low pr
jectile velocities, appeared in Ref.@17# using a degenerate
homogenous Fermi gas. Here the stopping power emerge

2
dE

dx
5

4

3p
Z1

2C~x!
n

n0

e2

a0
2 , ~8!

where the density parameter is given asx5(v0 /pvF)1/2 and
where the Fermi velocity is given by the electron densityn,
nF5(3p2n)1/3\/m. The Bohr radiusa0 is given as a0
5\2/me2. The stopping functionC is only dependent on the
density parameterx and Z1 . We observe a velocity propor
tional stopping power. The actual stopping power for a giv
material can subsequently be found in the local-density
proximation by averagingC over the actual electron dens
ties encountered in the target.

The stopping functionC was calculated in Ref.@17# in
different approximations for different values ofx, i.e., dif-
ferent electron densities, for protons and antiprotons. F
an analytical second-order Born expression forC is given as
C5C11C2 , whereC1 is independent ofZ1 andC2 is pro-
portional to Z1 . The second-order termC2 appears to be
only slightly lower thanC1 , and hence even a second-ord
Born approximation seems too crude for an accurate estim
of the stopping power. Hence a self-consistent quantu
mechanical calculation was performed in Ref.@17#. The
stopping powers found for protons and antiprotons are t
^C&'0.9̂ C1& and ^C&'^C113C2/2&, respectively, where
the averages refer to the local-density approximation,
whereC1 andC2 refer to the second-order Born calculatio
The results for antiprotons are expected to be quite relia
whereas the results for protons are more problematic ow
to the problems of electron capture. The first order res
obtained in Ref.@17# are^C1&50.31, 0.30, 0.28, 0.39, 0.40
and 0.38 for Al, Si, Ge, Cr, Cu, and Ag, respectively. W
notice here the very weak dependence of the electron
calculation to the electron density; the density actually
pears in the stopping power to the power1

6 in a logarithm.
A calculation of the Barkas term for energy loss in

electron gas in the high-energy region has also appe
@18#. Here solid silicon is represented as astaticelectron gas
both for the local-density case and for the homogene
case.

III. INTRODUCTION TO EXPERIMENTS

For positive particles, a large amount of experimental d
is available at energies both below and above the stopp
power maximum@1#. Deviations from aZ1

2 scaling of the
stopping power were first signaled from observed range
ferences between positive and negative pions of equal ve
ity @19#. The idea that this range difference originated from
difference in stopping power for positive and negative p
ticles was, however, not obvious@20#. Later these departure
were also seen using beams of sigma hyperons and p
@20,21#. However, the experiments suffered from the lo
quality of the secondary beams used.

Deviations from a pureZ1
2 scaling of the stopping powe

will also show up in comparisons of stopping powers
y

-

as

n
p-

t,

r
te
-

n

d

e,
g

ts

as
-

ed

s

ta
g-

f-
c-

a
-

ns

r

light, bare nuclei. This deviation was first observed
Andersenet al. @22# in comparisons between stopping pow
ers for protons anda particles. Later lithium nuclei were als
included as projectiles@23#, whereby it became possible t
extract theZ1

2, Z1
3, andZ1

4 terms in the stopping power~ne-
glecting higher-order terms!. Such measurements of th
higher-order terms are restricted to the high energie
(.1 MeV/amu) owing to electron-capture effects for th
lithium nuclei. However, many measurements of theZ1

3 term
have over the years been derived from proton anda particle
measurements assuming theZ1

4 term to be given by the
Bloch term, Eq.~5!.

Clearly, such experiments do not directly prove the ex
tence of a close-collision contribution to the Barkas effe
and although, e.g., the measurements made by Ande
et al. essentially agreed with Lindhard’s assessment, equ
good agreement was obtained by Ritchie and Brandt@24#
without recourse to a close-collision contribution by adju
ment of the impact-parameter cutoff.

For negative particles, several more or less indirect st
ping power measurements have been made after the in
experiments by Barkas and co-workers. These measurem
have been performed using muons in solids@25# and in light
gases@26#, and antiprotons in light gases@27#. The stopping
powers in these experiments were derived from the obtai
distribution of slowing-down times, possibly combined wi
simultaneous projectile-range distributions. Trial functio
for the stopping power are used to simulate these distr
tions, which subsequently are compared to the experime
distributions. Furthermore, several experimental correcti
are made in these experiments.

In contrast to those measurements, the present experim
is direct, in the sense that the stopping power is obtai
from a measured change in velocity of the projectiles due
their penetration of a target of known thickness, and m
sures as such directly ‘‘the decrease of velocity of mov
electrified particles on passing through matter’’ described
Bohr in 1913@12#. These measurements are an extension
a previous demonstration of the time-of-flight technique
combination with a degraded antiproton beam@28#, and part
of the data have already been published in a recent le
@29#. Time-of-flight techniques are usually not used for sto
ping power measurements in the 10–1000-keV regime, s
high-quality beams of protons and other ions are read
available, and hence more accurate methods exist. Howe
it seems to be the best choice for the antiproton beam of
MeV available.

We have previously also used the antiproton beam fr
the Low-Energy Antiproton Ring~LEAR! at CERN to mea-
sure the Barkas effect in silicon via a comparison of stopp
powers for protons and antiprotons accurately@30,31#. The
method developed was limited to silicon, since the ene
loss was inferred from the energy deposited in an active
con detector. Owing to the difficulties inherent in the produ
tion of thin detectors, this method cannot easily be exten
to energies below 200 keV. However, it was also used
higher energies~up to 3 MeV!, where the short flight times
make the present time-of-flight technique inaccurate.

IV. EXPERIMENTAL METHOD

The present experiment used a 5.9-MeV antiproton be
from LEAR with an intensity around 105/s. As shown in Fig.
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FIG. 4. Schematic drawing of the experimental setup. The numbers refer to~1! beam line vacuum chamber with beryllium window,~2!
start scintillator,~3! absorber foil,~4! and ~5! electrical mirror,~6! channel-plate detector,~7! stop scintillator, and~8! target ladder with
degrader foils.
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4, the beam exits the LEAR vacuum system through
100-mm beryllium window~1! and enters after passing 1 c
of air the experimental-vacuum chamber through a 20-mm
mylar foil. Here the beam traverses a 100-mm scintillator~2!
before passing the degrader consisting of beryllium foils~8!;
beryllium is chosen to reduce multiple scattering, and he
increase the count rate. The degrader foils were mounte
a turnable target ladder with four positions containing~1! no
degrader~resulting in an energy of 2.53 MeV!, ~2! 25-mm Be
~giving 1.96 MeV!, ~3! 50-mm Be ~giving 1.31 MeV!, and
~4! 50-mm Be and 5-mm Al ~giving 1.05 MeV!. By turning
this last degrader 45°, we obtained a beam with ener
between roughly 50 and 700 keV. After the degrader and
first flight path, the beam traversed the target foil~3! whose
stopping power was to be measured, and the beam wa
nally stopped in the stop scintillator~7! after the second
flight path. Since both the incident and exit energies are
quired, we measure the time of flight~TOF! of the particles
from the 100-mm-thick start scintillator to the absorber fo
and from the foil to the 1-mm-thick stop scintillator. Th
data, i.e., the two TOF times together with the amplitudes
the signals and other relevant information, are accumula
on an event-by-event basis using a CAMAC system c
nected to a personal computer. The timing signal from
absorber foil is obtained from the emitted secondary e
trons. These electrons are accelerated from the foil~3! re-
flected by an electrical mirror~5! and further accelerate
towards a micro-channel plate detector~6!, Fig. 4.

The time resolution as obtained with the high-ener
beam of 2.53 MeV is 1.1 and 0.7 ns~rms! on the incident
and exit sides respectively. This corresponds to an ene
resolution of 1.5 keV at 100 keV. Several important me
sures were needed to obtain this resolution. First of all, w
adjusted constant-fraction discriminators were used to red
time jitter from varying pulse heights. Furthermore, the m
degrader was placed after the first scintillator to achiev
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small spread in the pulse heights from this scintillator.
nally, the energy deposited in the last scintillator varied fro
a few tens of keV to a few tens of MeV owing to the ann
hilation products from the annihilating antiproton. Hence t
timing resolution could be improved considerably with
rather high discriminator level for this last scintillator, corr
sponding to a few MeV. Clearly, this led to a reduction in t
efficiency.

Standard delays were used to calibrate the time-to-dig
converters~TDC’s!. The energies of the four monoenerge
degraded beams obtained with the four degraders descr
above were deduced from flight times measured for two
ferent flight paths differing by a well-known distance
around 0.5 m. Finally, the two calibration constants we
obtained by a fit to these four energies and the correspon
TDC channel numbers. Drift in the timing was checked
peatedly during the experiment via measurements of
TOF peaks without degrader. The drifts observed were u
0.4 ns during the whole run, and are the major contributo
the uncertainty in the TOF determination.

The total efficiency of the system is rather lo
(1024– 1025), owing to the low efficiency of the secondar
electron detection~a few percent!, the high-energy cut on the
last scintillator, and also because of the large multiple sc
tering of the antiprotons when they are degraded to ener
below 1 MeV.

The targets used in the experiment were 0.3–3-mm foils
of Al, Si, Ti, Cu, Ag, Ta, Pt, and Au. The thicknesses of t
foils have been measured carefully by weighing and by R
therford backscattering~RBS! using 2-MeVa particles, and
1.2-MeV protons for the very thickest foils. As an examp
in Fig. 5 we show the RBS spectrum for the 0.36-mm Al
target together with a simulation of the same spectrum. T
two small peaks to the left stem from oxygen on the tw
surfaces. The uncertainty in the RBS measurements are
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56 2935DIRECT MEASUREMENTS OF THE STOPPING POWER . . .
than 6100 Å for thin foils, and6200 Å for thick foils,
whereas the uncertainty in the weighing procedure is con
erably larger. The two methods give consistent results wit
the uncertainties, but significant deviations from the thic
nesses specified by the manufacturer were found. The re
of the foil-thickness determinations are given in Table II.

Using the degrader consisting of 50-mm beryllium and
5-mm aluminum turned 45°, a beam with energies betwe
50 and 700 keV is obtained. For illustration, in Fig. 6 w
show a scatter plot of the two flight times for the degrad
beam and for the 0.36-mm Al target. A small background
from accidentials are seen together with the ‘‘banana
shaped distribution. Three incident and exit energies
marked. ‘‘Monoenergetic’’ beams are then selected in
analysis by software cuts on the incident TOF. The stopp
power is subsequently determined asdE/dx5DE/Dx5(E1

FIG. 5. Rutherford backscattering plot for the 0.36-mm Al tar-
get.

TABLE II. Measured thicknesses of the foils used in the expe
ment.

Element

Weighted
thickness

~mm!

Nominal
thickness

~mm!

RBS
thickness

~mm!

Al 0.52 0.30 0.36
Al 0.68 0.80 0.63
Al 3.30 3.00 3.78
Si 0.50 0.48
Ti 0.85 0.80 0.84
Ti 2.11 2.50 2.08
Cu 0.34 0.50 0.33
Cu 2.44 2.00 2.33
Ag 0.75 0.50 0.55
Ag 2.09 2.00 1.90
Ta 1.45 1.50 1.43
Ta 2.62 2.50 2.87
Pt 1.40 1.25 1.40
Pt 2.56 2.50 2.60
Au 0.37 0.50 0.31
Au 1.95 2.00 2.05
d-
in
-
lts

n

d

-
re
e
g

2E2)/Dx at the energyE12DE/2, whereE1 is the incident
energy,E2 is the exit energy andDx the absorber thickness

V. RESULTS

Figures 7~a!–7~h! show that the measured antiproto
stopping power for the eight different elements used. T
error bars correspond to an uncertainty of 0.5 ns in the
termination of the TOF, and a 200-Å uncertainty in the thic
ness of the foils used. This gives rise to an uncertainty
creasing with impact energy owing to the decreasing T
and energy loss. Hence this uncertainty is systematic and
statistical, as also reflected in the scatter of the data. St
tical errors contribute much less. Only measurements w
total uncertainties less than 25% are plotted.

Solid targets are inevitably crystalline/polycrystalline, a
directional effects, channeling, are known to alter the ene
loss drastically for positive particles. Hence we have a
checked for directional effects in the energy loss of antip
tons, but the result was negative. It should be mentioned
channeling effects exist for antiprotons, as seen in transm
sion experiments@32#.

First we give some comments relating to the previo
measurements on silicon and gold. Our previous data for
@28# show stopping powers slightly lower than the prese
results. Motivated by the discrepancies found in the pres
experiment between the specified and the actual thickne
of our targets, we also measured the thicknesses of the
used in the first experiment. The thicknesses were foun
be up to 17% thinner than specified by the manufactu
which brings the results into agreement with the present
sults. These old data have been renormalized accordin
these new thickness measurements, and included in Fig.~h!.
Also the silicon data are consistent with the old data@30,31#
in the overlap region, although the old data seem to extra
late to lower values than the new measurements. This is

FIG. 6. Scatter plot of the two time-of-flight times for the d
graded beam used, and for the 0.36-mm Al absorber foil.

-
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FIG. 7. Measured antiproton-stopping power,j, d, andm in aluminum~a!, silicon ~b!, titanium~c!, copper~d!, silver ~e!, tantalum~f!,
platinum~g!, and gold~h! compared to proton data@1# ~full-drawn curves!. The dashed curves are the antiproton-stopping powers pred
by the electron-gas model@17#. The dotted curves are the antiproton-stopping powers predicted by the harmonic-oscillator model. Th
symbols,h, n, ands, in ~b! and ~h! are from our previous LEAR experiment, Refs.@30#, @31# and @28#, respectively.
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FIG. 8. Extracted values for12 (L12L2), j, d, andm, and 1
2 (L11L2), h, s, andn, for aluminium ~a!, silicon ~b!, titanium ~c!,

copper~d!, silver ~e!, tantalum~f!, platinum~g!, and gold~h! as functions of velocity relative to the Bohr velocity. The circles in~b!, d and
s, and the filled up-trianglesm in ~h! are from our previous LEAR experiment, Refs.@30#, @31#, and @28#, respectively. The full-drawn
curves are the result of the oscillator-model calculation forL1 , whereas the dashed lines are the Lindhard estimate, Ref.@8#. Finally, the
filled down triangles~.! are from Ref.@23#.
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sumably due to a systematic error in the energy calibrat
but we point out that the discrepancies are well within
error bars. We also remark that these previous measurem
were obtained using active silicon detectors, where the
ergy loss is inferred from the energy deposited in the tar
Finally, we observe that results for a given element fro
foils of different thickness merge well in the overlap region

The foils used have a diameter of 15 mm, and cover s
tering angles~in the start scintillator and the degrader! less
than 1°, whereas a beam degraded to an energy of aroun
MeV has an angular spread of several degrees~rms!. On the
exit side of the foils, the stop scintillator accepts scatter
angles less than 14°. This relatively small acceptance an
less than the multiple scattering angle for the lowest en
gies, ensures that angle-dependent effects and correc
from the difference between the actual path length of
projectiles and the target thickness, the projected path len
can be neglected.

All proton-stopping powers shown in Fig. 7 are from Re
@1#. The present data exhibit a stopping power maximum
antiprotons, which for Al and Si appears at a slightly high
energy than for protons. For Cu, Ag, and Au a rather
maximum is seen. For Ti, Ta, and Pt, the foils used were
thick for stopping-power measurements at or below
maximum. The antiproton stopping power around the ma
mum appears to be reduced, as compared to protons, by
40% for all materials.

The stopping power for antiprotons from the harmon
oscillator model, described in Sec. II A, are calculated for
Al, Si, Cu, Ta, Pt, and Au targets and plotted on the cor
sponding figures. We observe, that for the light targets,
and Si, the model reproduces the measurements very we
the high-energy side of the maximum. For the same targ
the model calculations, however, gives a maximum of
right value but at too high an energy. For the heavy eleme
Cu, Ta, Pt, and Au, the model does not even reproduce
measurements at high energy. We also point out that
same harmonic-oscillator model overestimates the stop
power for protons with around 50% for all targets.

The data for Si, Al, Cu, and Au are also compared to
electron-gas model, as described in Sec. II B. The elect
gas calculation is only plotted for energies below the ma
mum, where the stopping power seems to be velocity p
portional. The electron-gas calculation gives very go
agreement with the measurements at the lowest energie
tainable.

Another way of relating the experimental data with theo
is to compare the difference in the experimental stopp
power between protons and antiprotons with the theoretic
obtainedZ1

3 term,L1 . Neglecting terms of order higher tha
3, L1 can be extracted as half the difference between
stopping functions for protons (L1) and antiprotons (L2),
i.e.,L15 1

2 (L12L2). In Figs. 8~a!–8~h!, the deduced value
of 1

2 (L12L2) are shown for all the targets, together wi
1
2 (L11L2), which representsL01L2 . The proton stopping
function L1 is extracted from Ref.@1#. Error bars stemming
from the uncertainties on the antiproton measurements
drawn on the extracted values of1

2 (L12L2). We have also
shown the value of12 (L12L2) deduced from the old anti
proton measurements, Refs.@28#, @30#, and @31#, and using
the new proton stopping powers from Ref.@1#.
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In Fig. 8, for Al, Si, Cu, Ta, Pt, and Au, we have als
plotted the result from the oscillator model. These theoret
calculations are slightly different from those used in R
@29# based on the same model. The reason is that anothe
of oscillator strengths and energies, which are believed
better than those used in Ref.@29#, are used in this paper
Also the old estimate by Lindhard of theL1 term is shown in
Figs. 8~b! and 8~h!. We see that this estimate agrees qu
well with the experiment and the oscillator model at hi
velocities. Also, at lower velocities, the oscillator calcul
tions reproduce the experimental values remarkably well
all targets, although the decrease inL1 appears at a lowe
velocity in the model than the experimental1

2 (L12L2).
This could be due to the poor convergence of the Born se
at low energies. The high-energy measurements ofL1 from
Ref. @23# are also shown in the figure, and they agree v
well with the model calculations.

We notice that the agreement between calculated and
perimental stopping powers is much better for antiproto
than for protons for both the harmonic-oscillator a
electron-gas models. This can, at least partly, be explai
by the absence of electron capture for negative partic
since electron capture is not included in any of the mod
Furthermore we point out that the results for the harmon
oscillator model depend on the convergence of the Born
ries. This convergence is known to be slow at low velocit
@15#.

VI. CONCLUSIONS

In conclusion, accurate direct measurements of the s
ping power for antiprotons around the stopping power ma
mum have been presented for several targets. The maxim
stopping power for antiprotons is found to be around 65%
the equivalent stopping power for protons for both light a
heavy elements. The harmonic-oscillator model seems to
produce the measured stopping powers for the light e
ments. The stopping-power measurements at very low
ergy are seen to agree with the asymptotic behav
calculated in the electron-gas model. Above the stopp
power maximum, the Barkas effect~or theL1 term! is well
reproduced by the oscillator model calculation, but the stro
decrease in the Barkas term seen experimentally occurs
higher energy than in the model. An extension of the pr
ently used technique to even smaller energies seems feas
This would allow a test of the velocity proportionality of th
stopping power at low energies for negatively charged p
ticles. The present low-energy antiproton beams will, ho
ever, not be available after the closure of LEAR at the end
1996.
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