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Abstract

Antiprotonic X-rays from the helium isotopes have been observed at pressures of 36, 72, 375 and
600 mbar. The antiproton beam from LEAR with momenta of 309 and 202 MeV/c has been stopped at
these pressures using the cyclotron trap. The X-rays were detected with Si(Li) and intrinsic Ge semi-
conductor detectors. Absolute X-ray yvields were determined and the strong interaction 2p shifts and the
2p and 3d broadenings measured to be g, = —(1744) eV, T, = (25+9) eV, and I,, = (2.14£0.18)

meV for p°He and g, = «(18£2) eV, I, = (4515) eV and T, = (2.3640.10) meV for p'He.

(accepted for publication in Z. Phys. A — Atomic Nuclei)



1. Introduction

The helium isotopes can be regarded as the most interesting (but by far not simple
systems) where the description of the p-nucleus interaction in terms of the elementary
antiproton—nucleon interaction can be tested [1-3].

The aim of this experiment was to determine broadenings and shifts due to strong
interaction of the last observable X—ray transitions, as well as the study of the pressure
dependence of the atomic cascade. (Pre—LEAR) experiments suffered from the very poor
antiproton fluxes requiring the use of fairly large liquid or high pressure helium targets
[4-6]. The operation of LEAR allows for the accumulation of high statistics and a
substantial reduction of the target density. At pressures below 1000 mbar the influence
of the Stark mixing decreases rapidly thus yielding an increase of the X—ray intensities,
a high sensitivity to the cascade parameters, and an improved measurement of both
weak transitions and transitions with small hadronic shifts and widths, where good
statistics are required.

2. Experiment

The measurement was performed in 3 periods in the LEAR Ml-area with beam
momenta of 309 (measurement I) and 202 MeV/c (measurement II and III). Using the
cyclotron trap, the experiment could be performed at very low gas pressures [7]. The
basic principle of this apparatus is to wind up the range curve of a particle beam in a
weak focussing magnetic field. After entering the target chamber, plaéed in the gap of
the split—coil magnet, the antiprotons pass a degrader—scintillator arrangement, which
matches the beam momentum to the momentum accepted by the cyclotron trap
(~90 MeV/c). The particles then loose energy in the target gas itself and spiral to the
center of the trap. The stop efficiency fsop (ratio of antiprotons stopped at the center in
the target gas to the number of incoming antiprotons Nin) is shown in Fig. 1. The
X-rays were measured with various Si(Li) (Si I, If and III) and planar intrinsic Ge
detectors (Ge I and II) mounted in the bore holes of the magnet. The set—up parameters
for this experiment are given in table 1. Further details of the set—up are described
elsewhere [8—10}. The determination of absolute yields requires knowledge of the stop
efficiency fsop, the in—beam efficiency eqet, and the effective solid angle (AQ/4x) of the
detectors.



In measurement I, fs;op was determined indirectly via the intensity I4.3 of the piHe(4-3)
transition, which is not affected by the strong interaction:

AQ)
fstop = L3 / (Nin '« Y43 - €det - [Z—T] ).

As absolute yields could not be determined in measurement I, the prediction from a
cascade calculation [11] was used for the yield Y43 of the §4He(4—3) transition. The
accuracy of this prediction is better than 10% for the transitions not affected by the
strong interaction (implied by comparison of calculations for myonic helium [12]).
Efficiency, energy and energy resolution calibrations were performed in beam with
calibrated 54Mn and 241Am sources between 5.4 and 59.5 keV. The efficiency calibration
was extended to energies below 5 keV with X—ray fluorescence sources. The size of the
stop volume was determined using 'v'arious collimators in the bore holes of the magnet
(thus allowing for the calculation of the solid angle). The intensities were corrected for
absorption in the 12 ym Be window of the target chamber and the 2 mm air gap hetween
the windows of the target chamber and the detector.

For measurement I, fs;op was determined directly from the time—of—flight between the
scintillator detecting the incoming antiprotons and a set of plastic scintillators (attached
to the target chamber), which detected charged annihilation products. This method,
described in detail elsewhere [10], permitted identification of the X—rays originating
from the stops in the gas volume and determination of absolute yields. The in—beam
response function of the detectors was monitored with calibrated 57Co and 24!Am
sources. In addition, a 73As and a 75Se source were used in the measurement of p3He and
piHe, respectively. The energies of the X—rays emitted by the daughter atoms are just
below (K a) and above (K8) the p He (3—2) transition energies. '

In measurement III, the method of complete ionization of antiprotonic atoms at low
pressures (e.g. antiprotonic nitrogen at equivalent pressure) was used [9], allowing for an
in-beam calibration of energy, relative efficency and resolution with identical
conditions. The numerous lines of saturated X—ray transitions, not affected by strong
interaction, yield directly the response functions of the detectors after a correction to self
absorption. The relation to absolute efficiencies is obtained. from a calibrated 57Co
source. Due to the narrower stop distribution in measurement II and III, the solid angle
is given by the active areas and the positions of the detectors. The size of the stop



volume is known to be less than 100 ¢cm?3 from simulations of the antiproton trajectories

[7]-

In fig. 2a the X-ray spectrum of ptHe at 600 mbar is shown (measurement I). The
absence of antiprotonic X—rays originating from the materials of the wall of the target
chamber confirms the small size of the stop volume. In fig. 2b the X-ray spectra from
p3He and p4He at 72 mbar are shown (measurement II). Here, the energy range could be
extended down to about 1 keV, because the detector Si II was flanged directly to the
target chamber.

All detectors were supplied with an optical{feedback reset to reject signals induced by
charged annihilation products. A large source of background is the neutral component of
electro—magnetic shower cascades induced by <y-rays of 7% decay. The background,
observed in the 10 keV region, is underestimated by at least two orders of magnitude, if
attributed to Compton induced events from the y—rays. The spatial extension of the
shower leads to multiple hits of X—rays passing the detector surface {especially for the
very intense low energy part). Therefore, using guard-ring detectors, a suppression of
the shower induced events proportional to the ratio of the area of the inner part to the
total area of the detector is obtained.

3. Results and discussion

3.1 X—1ay yields

The measured X—ray yields for antiprotonic 3He and ‘He are summarized in table 2. The
yields, as shown in fig. 3, are in good agreement with a cascade—model prediction which
includes molecule—ion formation [11). The increasing yields clearly show the decreasing
influence of the Stark effect with decreasing pressure. Saturation, however, is not
reached even at 36 mbar. The electro—magnetic cascades of p3He and p4He are equal
within the experimental errors. The slightly smaller yield of the p4He La transition can
be attributed to the larger hadronic width of the 3d level. In comparison with the p4He
yields measured by LEAR experiment PS174 in the pressure range from 125 mbar to 10
bar [13], the results of this experiment exhibit about 30 % smaller yields for the circular
transitions ((n,{=n-1) — (n—1,/=n-2)).



3.2 Strong—interaction energy shift and broadening -

The measured energies for those transitions not affected by strong interaction (the N and
M series} agree with those calculated using the corriputer code PBAR. [14] or the results
taken from [15,16]. The accuracy of the energy determination ranges from 5 to 15 eV for
the various detectors, measuring periods, and transition energies, including about 3 eV
from the uncertainty of the energy calibration.

The shape of the lines, except for the L series, is well described by the gaussian—shaped
response function of the detectors obtained from the in—beam calibrations.

The transition energies of the L series are shifted compared with those predicted by the
electro—magnetic interaction only. In addition, the line shapes of the La transitions
cannot be described by a pure gaussian, but are well described by Voigt profiles (folding
of a gaussian and Lorentzian). This is shown in fig. 4. No significant improvement of the
fit of the hadronic width has been obtained by including the fine— and hyperfine—
structure splitting of the 2p—levels as given by Barmo et al. [15].

The hadronic width of the 3d level is obtained from the intensity balance of the M series
and the Lea transition. The measured line intemsities have to be corrected for non
radiative transitions, i.e. internal and external Auger tramsitions or collisional de-
excitation. At the low pressures used in this experiment, the rates of the non—radiative
transitions are suppressed by at least 3 orders of magnitude to the radiative tramsitions.
The contribution of parallel transitions (n, { < n—1) — (n—1, £ < n—2}, which cannot be
resolved experimentally from the circular ones (n, { = n—1) — (n—1, { = n—2), has been
determined from An > 2 transitions. The contribution to the M« transition at 72 mbar
gas pressure is (1.6 + 0.3)% for ‘He and (1.1 £ 0.2)% for 3He. The total intensity of the
higher M-series transitions (An > 5) is estimated from the observed transitions My, M§
and Me to be less than 3%. The population of the 3d level P3q is then given by the total
X~ray yield of the M series corrected for the parallel transitions. The hadronic width is

obtained from the relation TI'3g = I‘ggd - (P3d/Y3da-2p—1), where the radiative widths
134 including the Fried—Martin correction [17] are 1.56 meV for p*He and 1.44 meV for
ptHe.



The hadronic shifts of the 2p levels and the widths the hadronic of 2p and 3d levels are
given in table 3. It can be seen that the strong interaction parameters determined in this
experiment all agree within the errors for the various detectors and target pressures.
From these results weighted averages have been calculated. Theoretical predictions of
hadronic shifts and widths and the results of the other experiments are also included in
table 3. From the 2p level widths a yield of a few 10+ is deduced for the Ko transitions
at 72 mbar. The expected hadronic width of the 1s level is several keV thus making the
observation of the Ko transitions with present techniques impossible.

3.3 Comparison with theoretical predictions of strong—interaction effects

Three different approaches have been used to predict level shifts and widths of

antiprotonic helium (see also tab. 3):

(1) Assuming only a universal effective absorption strength, which corresponds to a
mean free path of the antiproton in matter of about 1.2 nucleon diameters
(black—sphere model), the gross features of the annihilation widths are already
reasonably well described over a wide range of the periodic table [19]. The 3d
level width is overestimated in this model, but can be decreased by introducing
an effective weakly attractive real potential.

(ii) The phenomenological approach of an optical potential
U(r)= <(27/p)(1+4/m) aess p(r) reduces the description of the p—atom inter-
action to a complex effective scattering length aerr. For the nuclear matter
distribution p(r) = p,(r) + pn(r) we used a harmonic—well density distribution,
pn = (N/Z)- pp, where pp(r) = [1 + E“32 (r/R)?] exp [{r/R)?] is the charge di-

stribution. The root mean square radii R of the nuclei are obtained from electron
scattering [20]. Solving the Klein— Gordon equation including U(r) leads to
effective scattering lengths aesr = {(—0.7 £ 2.9) + i(8.5 + 2.9)[fm for 3He and
[(1.5 £ 1.1) + i(5.5 + 1.6)[fm for *He. Shifts and widths obtained with these
parameters are added in table 3 (further details see [8]). Here the 2p shift and
width as well as the 3d width have been used to avoid the ambiguities arising
from the eigenmodes of the potential [8,21—23]. These ambiguities, leading to
the so called shallow potential, disappear when the number of input data sets is
increased. Using both isotopes aers=[(1.440.4)+i(5.840.4)] is obtained. With a
large data base from antiprotonic atoms with A > 6, Batty obtained
err=[(1.5+0.3)+i(2.5%0.3)]fm [24,25]. With this effective scattering length the



experimental results of the experiments performed at LEAR (PS 174 [18] and
PS 175 (this work)) can be reproduced within a factor of 2. Shift and widths,
however, are not very sensitive to aeff as can be seen from table 3.

(ili)  From a (microscopic) optical potential, derived from a basic NN interaction (2],
the width I'y, of p4He is described well, whereas the shift is about half of the
value obtained in this experiment. The effects due to the spin—orbit and tensor
part of the interaction are predicted to be negligibly small for p4He.

As a general trend, both the phenomenological optical potential [8,25] and the optical
potential constructed from the 2—body interaction [2] underestimate the 2p shifts. Even
a dedicated fit to p*He of the optical potential underestimates the absorption from the
2p level by a factor of 2 [8]. The imaginary parts of aefr are not conclusive to the ratio of
the hadronic widths of the isotopes.

The broadening of the atomic levels is related to the reduced mass B A and the nuclear—
matter distribution

214-2
)+

p(x) w (5 )22 T 3] dF (r)exp (- g5) (1o )

Here 5‘1 is the effective scattering length, B the Bohr radius of the pA system, and n the

principal quantum number [1,26]. The large value of T'3q of p*He, almost equal to that of
piHe indicates a much larger absorption from the 3d level in 3He than would be expected
from the scaling of the overlap of nuclear and antiprotonic wave functions. On the other
hand, the ratio of the 2p widths is in agreement with the scaling of the mass of the
exotic atom [26]. Taking into account the nuclear—matter distributions (see [1], appendix
A.2), the ratios of the hadronic widths increase slightly, but cannot explain the large
value for the 3d level (tab. 4). The same nuclear matter distributions have been used as
for the fit of the phenomenological optical potential.

4. Summary

The strong—interaction 2p shifts and widths and 3d widths of the antiprotonic helium
isotopes have been measured with semiconductor detectors. While the widths of ptHe,
calculated from a microscopic optical potential and the black—sphere model, agree with
the measured widths, the agreement on the 2p shifts between theoretical calculations



and the experimental results is not satisfactory. The phenomenological optical potential
ansatz fails to describe the strong—interaction effects in the antiprotonic helium isotopes.
Detailed microscopical model calculations are required. Neither the hyperfine or fine
structure cannot be resolved within the experimental accuracy, which is, however, the
limit attainable with Si(Li) detectors. The experimental errors could be reduced by at
least one order of magnitude if a crystal spectrometer is used to measure the line shapes
of the Lo transitions [27].

The efforts of the LEAR staff and the help of P. Gauss from the CERN Cryogenic Group
as well as the technical assistance of M. Droge and M. Stoll are gratefully acknowledged.
This work is part of the Ph.D. of one of us (M.S.), University of Karlsruhe (1987), KfK
report no. 4222.
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Table 1:  Set—up parameters of the X—ray detectors for the various measuring periods.
set-up/detector Sil Sill Si 111 Gel Gell
detector type Si(Li) Si(Li) Si(Li) | intrinsig Ge | intrinsic Ge
planar | guard-ring _ planar guard-ring 7
beam momentum /MeV/c 309 202 202 202 202
' measuring period I II 11 I1 I
target pressure/mbar 375/600 72 36 72 72
*He: incoming $/10% — . 1.544 - 1.544 .-
“He: v 2.661 2.537 0.078 2.537 0.078
innerfouter area/mm?. 30 . 30/200. 300 2007500 200/900
Be-window thickness/pm 8 12. 50 130 500
resolution at 5.9 keV feV 160 200 460 250 365
AQ/4x 9-10=> | 1.2:107° [1.1-10°] 78-107°. | 1.4.107¢

Table2:  Measured absolute yields of antiprotonic X~-ray transitions from p3He and
p*He.
Y/%
P He piHe
72 mbar | 600 mbar | 375 mbar | 72 mbar | 36 mbar
Le 26+ 4 13+3 10+3 21+3 23+2
Ls 19+05] 1.5+04 | 2015 |2.2+05( 0.8+0.2
Lot 33+8 - - 33%7 25+2
LBfla | 73222 1244 20416 | 11+3 [3.540.9
Mo 45+ 6 307 2446 4344 | 489
Mg 82+15(45+£1.2 | 2012 55+13]4.0404
My 2320715209 (11409 (2240414402
Mo 64+11 | 359 26+8 | 576 57+3
MB/Ma | 1844 15+£5 | 83+53 | 13+3 |83+1.8
Na 3219 - - 37+3 -
NB 5.7+43 - - 76+29 -
Neot | 42£12 - - | 5216 -
NB/Na | 18£15 - - 21+38 -




Table3:  Measured strong interaction 2p shifts e and 2p and 3d widths F3p and T'yg
of p’He and p‘He (* the analysis in ref [5] was performed without
Fried—Martin factor). The electro~magnetic transition energies of the La
transitions are 10.440 keV for p*He and 11.129 keV for p*He [14,15). In the
analysis of PS174 /18] the electro—maganetic energy for the piHe La
transition was ta:ken'to'b'e'\ 11.131 keV. The theoretical predictions aré from
the black—sphere model [19], optical-potential fits [25}, and a microscopic
optical-potential calculation [2]. An optical potential fit to the helium
isotopes separately has been performed in {8]. )

detector, p €39 T 34 ref.
theoretical model mbar eV eV meV
Sill 72 —11+11|54+26 | 2.16+0.25
Gel 72 —18+4 | 2249 | 2.1240.25 | this exp.
pPHe | weighted average ~17+4 | 254+9 | 2.144+0.18 '
-opt. potential fit’ - =16 21 2.15 8]
opt. potential fit T —6x1 | 2442 }1.30+£0.15 [25]
Sil 375/600 |- —1846 | 40+18|24210.19
Sill 72 —194+9 | 45116 | 232+0.22
Si I 36 ~2144 | 4946 | 2.2140.16 | this exp.
Gel 72 —-154+4 | 38+10{253+£0.22|
Ge li 36 2347 133118 -
weighted average —18+£2 | 454+5 {23640.10
PtHe LHe |-50%18[90x70 - 4]
1100/4000 | —14+6 - 2.8 4 1.0* [5]
LHe —12+14| 0 - [6}
10 74+53135+15] 24105 (18]
125 — 10* - - |207+o011| {13
opt. potential fit -15 25 2.37 (8]
opt. potential fit -8+1 | 252 [ 1.67+0.16 {25]
mean free path - 42 32 [19]
microscopic opt. p. -6 38 - (2]
Table 4:  Ratios of the hadronic 2p and 3d widths. The ratios are calculated from the
scaling of the wave functions with and without taking into account the
different nuclear—matter distributions.
this experiment scaling of scaling
wave functions | and nucl.-matter distr.
[2p(PHe)/Tap(THe) | 0.56 £ 0.21 0.61 0.69
Caa(3He)/Ta4( He) 092+ (.09 0.55 0.63
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