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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 obta{i®&tD50-294{®7)09410-9

PACS numbeps): 34.50.Bw, 61.85tp, 79.20.Rf

I. INTRODUCTION tems like an electron gas or sets of harmonic oscillators. The
theory for stopping of light ions near the maximum has also
The stopping power of matter for charged particles is aeen reviewed recentfy2].
quantity of large fundamental and applied relevance. The One of the recent testing grounds of such models is the
understanding of the slowing down of fast particles in mattemmeasurements of the stopping power for antiprotons, or more
has played a significant role in the discoveries and underdenerally particles of negative charge. This not only allows
standing of the constituents of matter ever since the begirt€sts of the models under charge conjugation, i.e., reversal of
ning of the century. Generally, it is of great importance tothe sign of the force responsible for the stopping, but the use
know accurately the stopping power for a broad range oPf nega’gve particles also _excludes reaction chanr_1e|s d|ff|qult
materials in order to interpret a variety of contemporary ex-0 treatin some models, like electron capture, which contrib-
periments. For example, ion implantation and ion-beant/te significantly to the stopping power for slow protons. In
analysis, which are used extensively today in materials scithis respect, the antiproton has been named “the theorist's
ence, require accurate knowledge of stopping powers. Thigvorite low-energy projectile’{3]. Furthermore, the uneven
use of proton and heavy ion beams in radiotherapy also relid§fms in a Born expansion of the stopping power, and in
on this quantity. Experimental stopping powers for pro»[Onsoartlcular the term proporuonal the c_ube of the projectile
were reviewed recentlj]. cr_\arge, can be eIumda_ted by comparisons of measurements
Theoretically, stopping power has been considered sinc¥ith projectiles of positive and negative charge.
the early days of atomic physics starting with Bohr, Thom-
son, and Rutherford. The interest was motivated by several Il. BETHE THEORY WITH CORRECTIONS
factors. It was necessary to have a good theoretical under-
standing of the stopping process in order to extract informa- The collisions between the projectile and the target are
tion about the atomic particles studied. Furthermore thausually divided into inelastic collisions, referred to as “elec-
analysis of penetration phenomena offered a testing grountdonic,” where atoms are excited or ionized, and elastic col-
for the theoretical treatments being developed, starting witlisions, referred to as “nuclear,” where the atom as a whole
classical methods and subsequently turning to quantunrecoils. The nuclear stopping only contributes significantly to
mechanical methods. In this respect, the understanding dhe stopping power at very low projectile velocities, and can
stopping phenomena is an iterative dialogue between theotye neglected in the present experiment. For protons, the elec-
and experiment, as in most areas of physics. tronic stopping power has a maximum at a proton velocity
Nevertheless, even today there is good agreement beorresponding to the typical electron velocity. For lower pro-
tween calculations and experiments only for high energiegectile velocities, the stopping power is approximately veloc-
(the Bethe formula Around the stopping power maximum, ity proportional as it emerges in an electron-gas calculation,
calculations are difficult and only for simple targets like H and, above the maximum, the stopping power decreases in-
and He are calculations able to give quantitative re§@lts  versely proportional to the velocity squared as predicted in
One general approach to stopping powers involves modelshe first Born approximation. The Bethe formula resulting
where the stopping material is approximated by simpler sysfrom this first Born approximation read4].
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Reviews of the Barkas effect can be found in Rg®, [10],
wherev is the projectile velocityN the target density and,  and[11].
the target atomic number. As a result of the first Born ap- The deficiencies of the Bethe-Bloch formuliacluding
proximation, the stopping power is proportional to the squarecorrectiong lead to the use of models, where the target atoms
of the projectile charg&@,. The Bethe stopping function,  are modeled by a less realistic system, e.g., an ensemble of
which is independent oZ;, may be written nonrelativisti- harmonic oscillators or an electron gas. The advantage is
cally as then that these systems can be treated mathematically with
high accuracy and without restrictive approximations. Such
L=In(2mv?/1)—ClZ,. 2 model calculations have been used extensively in the quali-
tative understanding of the slowing-down process. Clearly,
Herel is the so-called mean ionization potential which, to-the results obtained should be applied quantitatively with
gether with the so-called shell correctioB$Z,, is the only  caution, sincea priori it is not clear to what extent such
quantity depending on the internal structure of the target atsimple systems can describe the properties of real physical
oms. The shell corrections originate from the non-negligiblesystems.
target-electron velocities. The mean ionization potential and
the shell corrections can only be calculated with reasonable
accuracy for the very simplest atoms, and are hence normally
extracted from comparisons of the Bethe formula with ex- The classical harmonic oscillator was used to model the

A. Quantal harmonic-oscillator model

perimental data. stopping medium, starting with Bolit2]. Only recently has
Formally, one may generalize the Bethe equation to inthe quantal harmonic oscillator been treated even in the Be-
clude the higher-ordeZ, terms in the stopping function, the theory[13]. Also, higher-order terms have been derived
and calculated recentlyl4]. These calculations are rigorous
L=Lo+ZL+Z5L,+ -, (3)  for the harmonic oscillator, i.e., no approximations are made.

Finally, an exact calculation solving the time-dependent
whereL, L;, andL, are theZ,-independent coefficients of Schralinger equation for the harmonic oscillator has also
the 2, z3 and Z$ terms in the stopping power. The same appeared15].
expression also emerges from a Born expansion of the stop- The calculations of the stopping properties of the quantal
ping power. harmonic oscillator are carried out in the straight-line trajec-

A zf (Barkag correction to the Bethe formula for the tory approximation as a function of impact parameter. Hence
harmonic oscillator was first calculated using classical methCoulomb deflection effects are ignored, and consequently the
ods by Ashley, Ritchie, and Branff], and by Jackson and results are not applicable at very low energies. These calcu-
McCarthy[6], allowing the target electrons to move during lations result in a significant contribution to tZg term for
the collision. It was argued that close projectile-electron col-all impact parameters, thus supporting Lindhard’s argument
lisions were essentially collisions between free particles, givthat close collisions also contribute to tZ§ term. In the
ing an exacZ? dependence. Hence the calculation was perpresent context, we are only interested in the average stop-
formed for distant collisions only, with an impact parameterping power corresponding to integration over all impact pa-
discriminating between close and distant collisions of thegameters.
order of the radius of the harmonic oscillator. The Jackson For the harmonic oscillatot,,, L; andL, are calculated

and McCarthy result can be written in the form numerically as function of the scaled energy variable
2mv?/fiw. The tabulated values &fy, L; andL, are given
L,=F(vINZyve)INZ,, (4)  in units of (vg/v)°, (vo/v)t, and (vo/v)?, respectively, in

Refs.[13] and[14]. Since this is an experimental paper, we
whereF(x) is a numerically given function with a maximum will not reproduce the theoretical result in these variables,
of 0.3 aroundx~ 1, and wherevy= ac is the Bohr velocity, but instead we compare,, L,, andL, for the M shell in
a~1/137 being the fine-structure constant. silicon in Fig. 1 in the energy region 20—4000 keV relevant

This distant-collision Barkas effect is related to the polar-for the present experiment. We point out here that the abso-
ization of the medium induced by the projectile. This ex-lute value ofL, is shown, since it it positive at small ener-
plains qualitatively why negatively charged particles have agies and turns into the Bloch expressieri.2(vy/v)? in the
lower stopping power than positively charged ones. Sucharge energy limit. We note the decreaselLgfandL, with
polarization effects are also seen in measurements of singlacreasing energy, as compared to the slow logarithmic in-
ionization cross sectior[§]. Later Lindhard8] argued that crease inL, reflecting the improved accuracy of the Bethe
close collisions contribute to the Barkas effect with an equaformula for high energies.
amount, since the dynamical screening of the projectile In Fig. 2 we plotL,, L, andL, for theK, L andM shell
charge by the atomic electrons makes the close collisionin silicon as function of energy. Furthermore the total values
deviatefrom Coulomb collisions. It was also shown that the of L, L,, andL, are presented. The total values.gfare in
Z‘l1 correction(the so-called Bloch terjnis as significant as the harmonic-oscillator model calculated as
the Z3 correction. TheZj correction was obtained as the
lowest-order term in the difference between the Bethe and L= wl (Ei_EO) ©)
the Bloch stopping formulas, n S U
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TABLE |. Oscillator strengthsy and energie€ used in the
harmonic-oscillator model calculations.

Al Si Cu Ta Pt Au
Wy 0.1349 0.1222 0.0505 0.0126 0.0129 0.0139
Ex (keV) 2.795 3.179 16.931 88.926 95.017 96.235
<P wy 0.6387 0.5972 0.2561 0.0896 0.0745 0.0803
""""""""""""""""""""""" E, (keV) 0.202 0.249 1.930 18.012 25.590 25.918
0.01k+ \ .......... Wy 0.2264 0.2806 0.4913 0.2599 0.2295 0.2473

Ey (keV) 0.0169 0.0203 0.199

3.210

4.063

4.116

H . Wy 0.2021 0.3413 0.4627 0.423

100 1000 Ey (keV) 0.0396 0.575 0.576 0.599

E [keV] Wo 0.2057 0.1324 0.1124

Eo (keV) 0.1087 0.0819 0.0873

FIG. 1. Z3, Z3, and Z} termsL, (solid curve$, L, (dashed Wp 0.0908 0.0879 0.1231
curves, and L, (dotted curve calculated using the harmonic- Ep (keV) 0.0308 00314 0.0369
oscillator model for theM shell in silicon. | (keV) 0.164 0.168 0.322 0.709 0.764 0.800

whereE; is the energy of théth excitation states anat;, are

the dipole oscillator strengths from the ground state, an@ponding number is 60%. Fdr,, the contribution to the
wherel () is theL, value of the spherical, harmonic 0s- energy loss is around 0.3% and 25% at high and low ener-
cillator with a resonance frequeney Some of the elements gijes, respectively.

used in the present experiment, Al, Si, Cu, Ta, Pt, and Au, The lowest-order terni, in the stopping power for sili-

are modeled by a number of harmonic oscillators correron, represented by the same ensemble of harmonic oscilla-
sponding to the atomic shells. The oscillator energies angprs, is shown in Fig. 3 together with the stopping powers
strengths used are given in Table |. These values are obased orl,+L,+L, andL,—L,+L, corresponding to the
tained from shell-wise integration of the oscillator strengthsstopping powers for protons and antiprotons. This figure re-
given in Ref.[16]. These oscillator strengths and energiesyeals the Barkas effect, i.e., the difference between the stop-
also satisfy the sum rules ping power for protons and antiprotons. We see that the Bar-
kas effect is a very significant effect at the stopping power
maximum and below, which means that higher-order terms
are needed at these energies in order to get a good estimate
of the stopping power.

Inl=>, Wi In E;, 7

Z Wio=1,

In Fig. 2 we observe that in the low-energy region the
energy loss in silicon is dominated by th shell, whereas
in the high-energy region both tHe and M shells are sig- Another model that has been extensively used in calcula-
nificant. Even at the highest energies considered in this plotions of stopping powers is the electron-gas model, in which
the K-shell contribution is at the level of a few percent. At case the target electrons are described as an electron gas of
the highest energies in the pldt; contributes around 2% to varying complexity. An electron gas is expected to represent
the energy loss, whereas at the lowest energies the corre-

B. Electron-gas model
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FIG. 3. The lowest-order term, théi term, in the stopping

FIG. 2. Z3, Z3, and Z] termsL, (solid curve$, L, (dashed power for silicon in the harmonic-oscillator modeblid curve, is
curves, and L, (dotted curves calculated using the harmonic- here compared to the stopping power for protédashed curve
oscillator model for theK, L, andM shells in silicon. Also, the and antiprotongdotted curvé calculated by inclusion of tth and
total values ofL,, L,, andL, are shown. the Z‘l‘ terms.
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a metallic target very well at low energies, since here onlfight, bare nuclei. This deviation was first observed by
valence electrongconduction electronscontribute to the Andersenet al.[22] in comparisons between stopping pow-
stopping; see Fig. 2. A recent calculation, valid for low pro-ers for protons and particles. Later lithium nuclei were also
jectile velocities, appeared in Rdfl7] using a degenerate, included as projectilef23], whereby it became possible to
homogenous Fermi gas. Here the stopping power emerges @xtract thez?, Z3, andZ7 terms in the stopping powene-
glecting higher-order terms Such measurements of the
de 4 _, v e higher-order terms are restricted to the high energies
T dx 3w ZiC(x) V_o 22’ ) (>1 MeV/amu) owing to electron-capture effects for the
0 lithium nuclei. However, many measurements of Hieterm
where the density parameter is givenyas (v,/mvg)¥2and ~ have over the years been derived from proton amirticle

where the Fermi velocity is given by the electron density Measurements assuming t#4 term to be given by the
ve=(372n)¥%/m. The Bohr radiusa, is given asa, B/och term, Eq(5). _ .
=#%2/mée’. The stopping functio is only dependent on the Clearly, such experiments d(.) not directly prove the exis-
density parametey and Z,. We observe a velocity propor- tendce Io;‘] a cLose—coIhshmn contribution to thedBaLkas egfect,
tional stopping power. The actual stopping power foragivenan although, e.g., the measurements made by Andersen

] ' : . et al. essentially agreed with Lindhard’s assessment, equally
material can subsequently be found in the local-density a

‘mation b i h el densi pQood agreement was obtained by Ritchie and Brd2di
proximation by averaging over the actual electron densi- iyt recourse to a close-collision contribution by adjust-

ties encountered in the target. _ _ ment of the impact-parameter cutoff.

_The stopping functiorC was calculated in Ref17] in For negative particles, several more or less indirect stop-
different approximations for different values gf i.e., dif-  ping power measurements have been made after the initial
ferent electron densities, for protons and antiprotons. Firsiexperiments by Barkas and co-workers. These measurements
an analytical second-order Born expressionGois given as  have been performed using muons in so[i2s] and in light
C=C;+C,, whereC; is independent oZ; andC, is pro-  gaseg26], and antiprotons in light gas¢&7]. The stopping
portional to Z,. The second-order terr@, appears to be powers in these experiments were derived from the obtained
only slightly lower thanC,, and hence even a second-orderdistribution of slowing-down times, possibly combined with
Born approximation seems too crude for an accurate estimagimultaneous projectile-range distributions. Trial functions
of the stopping power. Hence a self-consistent quantumfor the stopping power are used to simulate these distribu-
mechanical calculation was performed in Rgf7]. The tions, which subsequently are compared to the experimental
stopping powers found for protons and antiprotons are theﬁlstrlbutloqs. Furthermorg, several experimental corrections
(CY~0.9C;) and (C)~(C,+3C,/2), respectively, where aré made in these experiments. _
the averages refer to the local-density approximation, and [N contrast to those measurements, the present experiment
whereC, andC, refer to the second-order Born calculation. IS direct, in the sense that the stopping power is obtained
The results for antiprotons are expected to be quite reliabldrom a measured change in velocity of the projectiles due to
whereas the results for protons are more problematic owin§'€ir penetration of a target of known thickness, and mea-
to the problems of electron capture. The first order result§ures as such directly “the decrease of velocity of moving
obtained in Ref[17] are(C;)=0.31, 0.30, 0.28, 0.39, 0.40, electr!ﬂed particles on passing through matter” descrlb_ed by
and 0.38 for Al, Si, Ge, Cr, Cu, and Ag, respectively. We Bohr in 1913(12]. These measurements are an extension of
notice here the very weak dependence of the electron-gd Previous demonstranon of the.t|me-of-fl|ght technique in
calculation to the electron density; the density actually apCombination with a degraded antiproton beg8], and part
pears in the stopping power to the powein a logarithm. of the_data hqve aIread'y been published in a recent letter

A calculation of the Barkas term for energy loss in an[2_9]. Time-of-flight technlqu_es are usually not used_for stop-
electron gas in the high-energy region has also appeardind pPower measurements in the 10—1000-keV regime, since

[18]. Here solid silicon is represented astaticelectron gas ~Nigh-quality beams of protons and other ions are readily
both for the local-density case and for the homogeneougVvailable, and hence more accurate methods exist. However,

case. it seems to be the best choice for the antiproton beam of 5.9
MeV available.
We have previously also used the antiproton beam from
lil. INTRODUCTION TO EXPERIMENTS the Low-Energy Antiproton RingLEAR) at CERN to mea-

For positive particles, a large amount of experimental datgure the Barkas effect in silicon via a comparison of stopping
is available at energies both below and above the stopping2owers for protons and antiprotons accurafed9,31. The
power maximum[1]. Deviations from az? scaling of the method d_eveloped was limited to S|I|con, since the energy
stopping power were first signaled from observed range difloss was mferred_from the e_ne_zrgy_deposned in an active sili-
ferences between positive and negative pions of equal velo€2N dete(_:tor. Owing to the difficulties mherent_ln the produc-
ity [19]. The idea that this range difference originated from gtion of th!n detectors, this method canno_t easily be extended
difference in stopping power for positive and negative par!C energies below 200 keV. However, it was also used at
ticles was, however, not obvio{ig0]. Later these departures Nigher energiesup to 3 MeV), where the short flight times
were also seen using beams of sigma hyperons and pioﬁgake the present time-of-flight technique inaccurate.
[20,21. However, the experiments suffered from the low
quality of the secondary beams used.

Deviations from a purczf scaling of the stopping power The present experiment used a 5.9-MeV antiproton beam
will also show up in comparisons of stopping powers forfrom LEAR with an intensity around £0s. As shown in Fig.

IV. EXPERIMENTAL METHOD
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FIG. 4. Schematic drawing of the experimental setup. The numbers refér beam line vacuum chamber with beryllium windof&)
start scintillator,(3) absorber foil,(4) and (5) electrical mirror,(6) channel-plate detecto¢7) stop scintillator, and8) target ladder with
degrader foils.

4, the beam exits the LEAR vacuum system through asmall spread in the pulse heights from this scintillator. Fi-
100-um beryllium window(1) and enters after passing 1 cm nally, the energy deposited in the last scintillator varied from
of air the experimental-vacuum chamber through au®®- a few tens of keV to a few tens of MeV owing to the anni-
mylar foil. Here the beam traverses a 106t scintillator(2) hilation products from the annihilating antiproton. Hence the
before passing the degrader consisting of beryllium f@)s  timing resolution could be improved considerably with a
beryllium is chosen to reduce multiple scattering, and henceather high discriminator level for this last scintillator, corre-
increase the count rate. The degrader foils were mounted ashonding to a few MeV. Clearly, this led to a reduction in the
a turnable target ladder with four positions containidgno  efficiency.

degrade(resulting in an energy of 2.53 MeM2) 25-um Be Standard delays were used to calibrate the time-to-digital
(giving 1.96 MeV), (3) 50-um Be (giving 1.31 MeV}, and  conyertergTDC's). The energies of the four monoenergetic

(4) 50-um Be and 5um Al (giving 1.05 MeV). By tuming  gegraded beams obtained with the four degraders described
this last degrader 45°, we obtained a beam with energie

Sbove were deduced from flight times measured for two dif-
between roughly 50 and 700 keV. After the degrader and th : e ) :
first flight path, the beam traversed the target {8)l whose ferent fight paths differing by a well-known distance of

. faround 0.5 m. Finally, the two calibration constants were
stopping power was to be measured, and the beam was Gbtained by a fit to these four energies and the correspondin
nally stopped in the stop scintillatqi7) after the second Y g P 9

flight path. Since both the incident and exit energies are re] DC channel numbers. Drift in the timing was checked re-

quired, we measure the time of fligfftOF) of the patrticles peatedly duripg the experiment vig measurements of the
from the 100xm-thick start scintillator to the absorber foil | OF Peaks without degrader. The drifts observed were up to
and from the foil to the 1-mm-thick stop scintillator. The 0.4 ns during the whole run, and are the major contributor to

data, i.e., the two TOF times together with the amplitudes ofh€ uncertainty in the TOF determination.
the signals and other relevant information, are accumulated The total efficiency of the system is rather low
on an event-by-event basis using a CAMAC system con{10” *-~10"°), owing to the low efficiency of the secondary
nected to a personal computer. The timing signal from theelectron detectiota few percent the high-energy cut on the
absorber foil is obtained from the emitted secondary eleclast scintillator, and also because of the large multiple scat-
trons. These electrons are accelerated from the(8ilre-  tering of the antiprotons when they are degraded to energies
flected by an electrical mirrof5) and further accelerated below 1 MeV.
towards a micro-channel plate detec(6y, Fig. 4. The targets used in the experiment were 0.33foils

The time resolution as obtained with the high-energyof Al, Si, Ti, Cu, Ag, Ta, Pt, and Au. The thicknesses of the
beam of 2.53 MeV is 1.1 and 0.7 fem9) on the incident foils have been measured carefully by weighing and by Ru-
and exit sides respectively. This corresponds to an energyerford backscatteringRBS) using 2-MeV « particles, and
resolution of 1.5 keV at 100 keV. Several important mea-1.2-MeV protons for the very thickest foils. As an example,
sures were needed to obtain this resolution. First of all, wellin Fig. 5 we show the RBS spectrum for the 0,36 Al
adjusted constant-fraction discriminators were used to redudarget together with a simulation of the same spectrum. The
time jitter from varying pulse heights. Furthermore, the maintwo small peaks to the left stem from oxygen on the two
degrader was placed after the first scintillator to achieve surfaces. The uncertainty in the RBS measurements are less
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FIG. 5. Rutherford backscattering plot for the 0,36t Al tar-
get.

than =100 A for thin foils, and+200 A for thick foils, Incident Energy [keV]
whereas the uncertainty in the weighing procedure is consid-
erably larger. The two methods give consistent results Withirb|r
the uncertainties, but significant deviations from the thick-

nesses specified by the manufacturer were found. The results

of the foil-thickness determinations are given in Table Il.  _g y/Ax at the energyE; — AE/2, whereE, is the incident

Using the degrader consisting of a0 beryllium and  gnergy E, is the exit energy andx the absorber thickness.
5-um aluminum turned 45°, a beam with energies between

50 and 700 keV is obtained. For illustration, in Fig. 6 we
show a scatter plot of the two flight times for the degraded
beam and for the 0.3@m Al target. A small background Figures Ta)—7(h) show that the measured antiproton
from accidentials are seen together with the “banana’-stopping power for the eight different elements used. The
shaped distribution. Three incident and exit energies arerror bars correspond to an uncertainty of 0.5 ns in the de-
marked. “Monoenergetic” beams are then selected in theermination of the TOF, and a 200-A uncertainty in the thick-
analysis by software cuts on the incident TOF. The stoppingiess of the foils used. This gives rise to an uncertainty in-
power is subsequently determinedds/dx=AE/Ax=(E;  creasing with impact energy owing to the decreasing TOF
and energy loss. Hence this uncertainty is systematic and not
TABLE II. Measured thicknesses of the foils used in the experi-Statistical, as also reflected in the scatter of the data. Statis-

FIG. 6. Scatter plot of the two time-of-flight times for the de-
aded beam used, and for the 088 Al absorber foil.

V. RESULTS

ment. tical errors contribute much less. Only measurements with
total uncertainties less than 25% are plotted.
Weighted Nominal RBS Solid targets are inevitably crystalline/polycrystalline, and
thickness thickness thickness directional effects, channeling, are known to alter the energy
Element (um) (pm) (um) loss drastically for positive particles. Hence we have also
checked for directional effects in the energy loss of antipro-
Al 0.52 0.30 0.36 - .
Al 0.68 0.80 0.63 tons, bu_t the result was negative. It should be me_ntloned th_at
channeling effects exist for antiprotons, as seen in transmis-
A'_ 3.30 3.00 3.78 sion experiment$32].
S_' 0.50 0.48 First we give some comments relating to the previous
Tf 0.85 0.80 0.84 measurements on silicon and gold. Our previous data for Au
Ti 2.11 2.50 2.08 [28] show stopping powers slightly lower than the present
Cu 0.34 0.50 0.33 results. Motivated by the discrepancies found in the present
Cu 2.44 2.00 2.33 experiment between the specified and the actual thicknesses
Ag 0.75 0.50 0.55 of our targets, we also measured the thicknesses of the foils
Ag 2.09 2.00 1.90 used in the first experiment. The thicknesses were found to
Ta 1.45 1.50 1.43 be up to 17% thinner than specified by the manufacturer,
Ta 2.62 2.50 2.87 which brings the results into agreement with the present re-
Pt 1.40 1.25 1.40 sults. These old data have been renormalized according to
Pt 2.56 2.50 2.60 these new thickness measurements, and included in ¢fg. 7
Au 0.37 0.50 0.31 Also the silicon data are consistent with the old d&@,31]
Au 1.95 2.00 2.05 in the overlap region, although the old data seem to extrapo-

late to lower values than the new measurements. This is pre-
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sumably due to a systematic error in the energy calibration, In Fig. 8, for Al, Si, Cu, Ta, Pt, and Au, we have also
but we point out that the discrepancies are well within theplotted the result from the oscillator model. These theoretical
error bars. We also remark that these previous measuremer@glculations are slightly different from those used in Ref.
were obtained using active silicon detectors, where the er29] based on the same model. The reason is that another set
ergy loss is inferred from the energy deposited in the targe©f oscillator strengths and energies, which are believed to
Finally, we observe that results for a given element frombetter than those used in R¢29], are used in this paper.
foils of different thickness merge well in the overlap regions.Also the old estimate by Lindhard of thg term is shown in
The foils used have a diameter of 15 mm, and cover scafFigs. 8b) and 8h). We see that this estimate agrees quite
tering ang|eiin the start scintillator and the degrabjdeS well with the experiment and the oscillator model at h|gh
than 1°, whereas a beam degraded to an energy of around ovslocities. Also, at lower velocities, the oscillator calcula-
MeV has an angular spread of several degte®s). On the tions reproduce the experimental values remarkably well for
exit side of the foils, the stop scintillator accepts scattering?ll targets, although the decreaselip appears at a lower
angles less than 14°. This relatively small acceptance angl¥€locity in the model than the experimenta(L , —L ).
less than the multiple scattering angle for the lowest enerThis could be due to the poor convergence of the Born series
gies, ensures that angle-dependent effects and correctiofit low energies. The high-energy measurements,ofrom
from the difference between the actual path length of théRef.[23] are also shown in the figure, and they agree very
projectiles and the target thickness, the projected path lengthvell with the model calculations.
can be neglected. We notice that the agreement between calculated and ex-
All proton-stopping powers shown in Fig. 7 are from Ref. perimental stopping powers is much better for antiprotons
[1]. The present data exhibit a stopping power maximum fothan for protons for both the harmonic-oscillator and
antiprotons, which for Al and Si appears at a slightly higherelectron-gas models. This can, at least partly, be explained
energy than for protons. For Cu, Ag, and Au a rather flay the absence of electron capture for negative particles,
maximum is seen. For Ti, Ta, and Pt, the foils used were to&ince electron capture is not included in any of the models.
thick for stopping-power measurements at or below thé~urthermore we point out that the results for the harmonic-
maximum. The antiproton stopping power around the maxioscillator model depend on the convergence of the Born se-
mum appears to be reduced, as compared to protons, by 3@ies. This convergence is known to be slow at low velocities
40% for all materials. [15].
The stopping power for antiprotons from the harmonic-
oscillator model, described in Sec. Il A, are calculated for the
Al, Si, Cu, Ta, Pt, and Au targets and plotted on the corre-
sponding figures. We observe, that for the light targets, Al VI. CONCLUSIONS
and Si, the model reproduces the measurements very well on

the high-energy side of the maximum. For the same targets In conclusion, accurate direct measurements of the stop-

the model calculations, however, gives a maximum of the[jlng power for antiprotons around the stopping power maxi-

right value but at too high an energy. For the heavy clementd’UM have been presented for several targets. The maximum
. ; . ; o
Cu, Ta, Pt, and Au, the model does not even reproduce thStopplng power for antiprotons is found to be around 65% of

measurements at high energy. We also point out that thtﬁ%e equivalent stopping power for p.rotons for both light and
; ) X . Neavy elements. The harmonic-oscillator model seems to re-
same harmonic-oscillator model overestimates the stoppin

power for protons with around 50% for all targets. Sroduce the measured stopping powers for the light ele-

i ments. The stopping-power measurements at very low en-
The data for Si, Al, Cu, anql Au are also compared to theergy are seen to agree with the asymptotic behavior
electron-gas model, as described in Sec. Il B. The electron: : :
o ) . calculated in the electron-gas model. Above the stopping
gas calculation is only plotted for energies below the maxi- : )
! . power maximum, the Barkas effe@r thelL, term) is well
mum, where the stopping power seems to be velocity pro® . .
. . . eproduced by the oscillator model calculation, but the strong
portional. The electron-gas calculation gives very goo . ;
. . ecrease in the Barkas term seen experimentally occurs at a
agreement with the measurements at the lowest energies L

tainable. ently used technique to even smaller energies seems feasible
Another way of relating the experimental data with theoryThis would allow a test of the velocity proportionality of the

is to compare the difference N the exp(_enmental S‘toppm%topping power at low energies for negatively charged par-
power between protons and antiprotons with the theoretlcallyﬁclesl The present low-energy antiproton beams will, how-

obtainedz; term,L,. Neglecting terms_of order higher than ever, not be available after the closure of LEAR at the end of
3, L, can be extracted as half the difference between th‘igge

stopping functions for protonsL(,) and antiprotonsli{_),
i.e.,L;=3(L,—L_). InFigs. §a)—8(h), the deduced values
of 3(L,—L_) are shown for all the targets, together with
3(L,+L_), which represents,+L,. The proton stopping
functionL . is extracted from Ref.1]. Error bars stemming
from the uncertainties on the antiproton measurements are We are grateful to Henning H. Mikkelsen for providing
drawn on the extracted values $fL ., —L_). We have also the oscillator strengths and oscillator energies used in the
shown the value of (L, —L_) deduced from the old anti- harmonic-oscillator model calculations. We also appreciate
proton measurements, Ref&8], [30], and[31], and using the discussions with Henning H. Mikkelsen and Allan H.
the new proton stopping powers from RET]. Strensen on the issues discussed in the present paper.

igher energy than in the model. An extension of the pres-
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