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The simultaneous measurement of the spatial coordinates and times of ps annihilating at rest in a H,
target at very low density p (p/po < 1072, p, being the STP density) gives the possibility of evaluating the
behavior of the p stopping power in H, at low energies (below 120 keV). It is different from that of pro-
tons (the Barkas effect). Moreover, it is shown that a rise at low-energy values ( S 1 keV) is needed to

agree with experimental data.

PACS number(s): 34.50.Bw

Following the original work of Bohr [1] the high-
energy (projectile velocity >>e?/#) behavior of the stop-
ping power is very well described by the Bethe [2] formu-
la for a point charge penetrating through matter at non-
relativistic speed; it is proportional to the projectile
charge squared (Z?%). Focusing on protons and antipro-
tons (p) as projectiles at low velocity (v ~e?/#) the Born
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series is generally assumed to fail and other methods of
calculating the consequences of collision are required. At
very low velocity (v <e?/#) a proton loses energy not
only in electronic collisions which lead to excitation and
ionization; elastic scattering by the screened nuclei is also
important. For protons, the electronic stopping power
has a maximum around the typical electron velocity, i.e.,
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=55 keV for H,. Around and below the maximum, mea-
surements are not well reproduced by theoretical esti-
mates. The electronic contribution to the total energy
loss in hydrogen is commonly assumed (e.g., in published
tabulations [3]) to decrease linearly with the proton ve-
locity for energies below 10 keV; see also Ref. [4].

For antiprotons, even the qualitative behavior of the
stopping power is only poorly evaluated [5-9]. For p’s
at very low velocities, the energy loss due to excitation
and ionization is expected to be considerably enhanced
due to the so-called adiabatic ionization processes (see
Refs. [5-7]). For close collisions the passage of a p inside
the orbital radius of a target electron will reduce the
effective nuclear charge seen by the electron which will
lead to a release of the electron. This fact was first point-
ed out by Fermi and Teller [10], who specifically con-
sidered the ground state of a system consisting of a nega-
tive muon and a molecule. The molecular mechanism
peculiar to the case of hydrogen has been worked out by
Wightman [5]. For antiprotons colliding with atomic hy-
drogen, Kimura and Inokuti [6] used a molecular-orbital
expansion method to show that if the antiproton comes
within a distance R, =0.64a, (a, is the Bohr radius,
0.053 nm) from the proton, then the target is ionized (the
same R, was found by Fermi and Teller).

Furthermore, a difference in the stopping power for
positive and negative particles (the Barkas effect) [11] has
been known for a long time, but lack of suitable antiparti-
cle beams has prohibited quantitative studies [12-23] of
the effect until recent years [24-26].

With the advent of LEAR (low-energy antiproton ring)
at CERN, a high-quality beam of antiprotons at low en-
ergies became available, permitting accurate measure-
ments of the stopping power for antiprotons down to 200
keV [24-26] and their ionization [27-29].

To study pp annihilations at rest, the OBELIX colla-
boration [30] has realized a very low-density hydrogen
target, the ratio between the experimental density p and
the STP density p, ranging from 10~ % to 10~ 3, and a to-
tal of some 10° annihilation events has been collected.
These data are of great interest for the evaluation of the p
stopping power particularly from the energy region just
above the maximum down to some hundreds of eV.

The LEAR machine delivers to our experiment a
monochromatic 105-MeV/c p beam, which passes
through some materials (a Be window closing the beam
pipe, a thin scintillator detector S, variable air, and My-
lar sheets) before entering the ultrapure (less than 1 ppm
of other gases) hydrogen target, 75 cm long and 30 cm in
diameter. To maximize the fraction of ps annihilating at
rest in the target it is desirable that the largest number of
Ds enter the target volume with a narrow momentum bite
and the appropriate nominal momentum. In the best ar-
rangement ~45% of ps are stopped in the Mylar window
at the entrance of the target and the remaining ones enter
the target volume with a momentum spectrum ranging
from O to =43 MeV/c. We measure this value with an
empty target ( <10~ > mbar) by time of flight. More de-
tails of the experimental technique are given in Ref. [30].
We have used three H, pressure values (p, =8.20+0.05,
p,=4.10£0.05, p;=2.10£0.05 mbar) to which corre-
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spond three different E™(p;) for the kinetic energy of ps
stopping and annihilating in the H, gas just before the
end of the target. More important, the energy spread
(from the minimum zero energy at the entrance) produces
a distribution of the stopping points of the ps in the (z,¢)
plane.

Figure 1 shows the distribution of the experimental
mean annihilation times (z,) in the target as a function of
the path length (along the z beam direction) for the three
values of the pressure. Experimentally, ¢, for each event
is measured by the time at which the charged particles
produced in the annihilation hit the scintillator barrel
surrounding the target, relative to the starting time ¢,
given by the p crossing the beam scintillator counter.
The time resolution is better than 1 ns. The annihilation
times distributions are convolutions between the times of
moderation (¢) until the ps capture and the cascade times
(t.,) of the protonium atoms. We plotted the distribu-
tion of ¢, corresponding to a bin in z of 2 cm, the experi-
mental spatial resolution being 1 cm. We found that all
the distributions obtained in this way, well populated sta-
tistically, had a constant width and were fully consistent
with Gaussian distributions (see Fig. 2). As discussed in
Ref. [30], this circumstance allowed us to determine the
(p-p) atom cascade widths. Furthermore, it indicates
that a continuous slowing down picture for the p stop-
ping power, S (E), may well be adopted. The error on the
experimental mean values of 7, for each bin in z is negligi-
ble.

The experimental information contained in Fig. 1 may
well be related to S of p. In fact the p total path length R
is evaluated by integration of S,
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FIG. 1. Bidimensional distributions of the mean pp annihila-
tion times (z,) in the target as a function of the annihilation
coordinate z for 8.2 mbar, curve a, 4.2 mbar, curve b, and 2.1
mbar, curve ¢ H, pressure values compared with the results of
our best-fitting function; see Fig. 3.
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FIG. 2. A typical experimental annihilation time distribution
for a 2-cm-wide bin for events in the target at a H, pressure of
2.1 mbar.

_r% dE
R—ffmp———s(E) (1)

and, analogously, the mean moderation time ¢ by

_ _rE dE
t=1i, tcas—ficap vS(E) ’

(2)

E; being the variable kinetic energy of each p at the be-
ginning of the target.

Two parameters enter in the annihilation distributions
in the target, apart from S: (i) the mean kinetic energy of
Ps captured by protons (E, cap) @nd (ii) the mean cascade
time of the (p-p) atom, (¢, —t), which is different at the
three pressures; see Ref. [30]. The experimental data are
the (R;,t;+t,,) mean values for the three situations;
O<E,SE™(p;) with E™p3)<E™(p,)<E™p,).
We outline that, contrary to what was done with different
probes (e.g., u¥), S is determined, with our technique, by
the simultaneous solution of both space and time relation-
ships (1) and (2). This is possible only with ps, due to
their specific feature of the annihilation and with a so-
phisticated and complete apparatus like OBELIX. In
particular, the use of (2) allows us to avoid ambiguities or
corrections inevitable in measurements in which only the
spatial coordinate relationship (1) is used, and then S is
derived from the projected range and not from the total
range. Moreover, even if we suppose that around 10% of
events (typically with the higher annihilations times in
any 2-cm-wide bin) are characterized by a greater total
path length and the proper positioning would be in the
neighboring bin, our distributions in practice do not
change.

By numerical integration and with Ecap <10 eV (see,
e.g., Ref. [31]), we have obtained the best fit to the data
(solid line in Fig. 1) by means of the well-known parame-
trization [3] ST'=Sl+S5k, with S, =aEf and
Shigh =(242.6/E)In(1+1.2X 10°/E +0.1159E), E being
measured in keV. The fit was performed for the data be-
tween 0.7 and 120 keV and we obtained y;=0.57 (99 de-
grees of freedom). Other parametrization functions fur-
nished bad values of ¥2. So, our methodology makes it
possible to argue quantitatively that the present result is a
good approximation to the real stopping power. Figure 3
shows a comparison of the best-fitting function (curve b)
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FIG. 3. Comparison between the proton stopping power in
H,, curve a from Ref. [3], and the region (the dotted area) of ac-
ceptable behaviors for the antiproton one. Curve b is our best-
fitting function and curves ¢ and d are examples of limiting ac-
ceptable behaviors. A fast rise below 0.7 keV, necessary to ex-
plain the data but not used in the fit, is indicated by a dotted
line.

with that for the proton (curve a).

The best-fitting value for S,,,, did not affect the behav-
ior of S at high energies. Its relative importance is, e.g.,
1% at 10 MeV.

Furthermore, an increase of .S below 0.7 keV is neces-
sary in order to explain the experimental data. This is
clearly shown in Fig. 4. It appears that, even by assum-
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FIG. 4. Comparison between experimental data at 2.1 mbar
hydrogen pressure and proton behavior after Andersen and
Ziegler [3], with l*—?cap <10eV, t.,,=200 ns, curve a;, and #,,=0
ns, curve a,.
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ing t.,,=0, no agreement with the data can be obtained
by using an extrapolation down to zero proportional to v,
as used for protons by Andersen and Ziegler [3]. This
conclusion is independent from the circumstance that in
(1) we use R projected, that we measure, instead of R. In
order to explain the experimental data without a fast rise
of S we would need a reduction (and not an increase) of R
by a factor 10.

The following remarks may be drawn.

(i) Between 10 and 120 keV the mean p stopping power
in H, is systematically lower than that of proton. We re-
call that Sgrensen [9] evaluated p stopping power about
half that of proton below the stopping maximum.

(ii)) The maximum in the p stopping power is
~(60%13)% of that for proton.

(iii) The p stopping power crosses that of the proton
below 10 keV.

(iv) With such a p stopping-power behavior, the cas-
cade times at the three pressures p,, p,, and p; turn out
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to be 10010, 135+15, and 200+25 ns, in good agree-
ment with our previous conclusions [30].

In conclusion, the Barkas effect for hydrogen shows up
clearly. We answer positively also as to the existence of a
maximum in the antiproton stopping power, as for pro-
ton, a question that has been posed; see, e.g., Refs. [9,16].
Finally a fast rise of the stopping power below 0.7 keV is
observed, in agreement with the qualitative previsions
[6,7] originally proposed by Fermi and Teller [10], and
evaluated for hydrogen by Wightman [5]. A rise of the
stopping power near zero kinetic energy was highlighted
in the u~ stopping cross section evaluation by Cohen
[32], and indicated also by the indirect measurement of
the energy loss of u ™ in helium by Kottmann [33].

Many thanks are due to Professor E. Zavattini for use-
ful discussions and suggestions, and to Professor G.
Manuzio for valuable discussions during the preparation
of this manuscript.
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