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The interaction at threshold of antiprotons with protons and deuterons
and their annihilation at rest have recently been studied in a number of
theoretical [1—12] and experimental [13-28] investigations. Special in-
terest has been focused on the possibility of determining the zero relative
momentum scattering lengths for the antinucleon-nucleon interaction from
measurements of the energies and widths of low-lying states of the Ep and
Ed atoms; and on the connection between these states and the structure
of possible quasi-nuclear bound states. Further attention is given to
the question, From which angular momentum states does annihilation occur
when antiprotons are stopped in hydrogen or deuterium? This interest is
greatly enhanced by the experimental possibilities offered by the forth-

coming cooled antiproton beams [29].

While evidence for the K series of antiprotonic hydrogen has possibly
been detected from antiprotons stopped in liquid Hj [27], we report on
the first observation éf L X-rays from antiprotonic hydrogen and anti-
protonic deuterium atoms, formed by stopping antiprotons in H, and D, gas.
At 4 atm and ambient temperature the absolute yield of the L X-ray radia-
tion emitted in radiative transitions to the n=2 levels of antiprotonic
hydrogen or deuterium was found to be (6 £3)7. These X-rays populate
mostly the 2P level, and consequently we searched for Ka X-rays by re-
quiring a second X-ray to be present in the Ka X-ray energy range in
coincidence with an X-ray in the L energy range. From these coincidence
spectra we derive an upper limit of 0.67 (0.9%) for the yield of Ka
transitions in antiprotonic hydrogen (deuterium) in a 4 atm gaseous tar-
get. Hence the 2P level of antiprotonic hydrogen (deuterium) decays by
annihilation at least 10 times (7 times) more frequently than by emission

of a Ka X-ray.

A gaseous target was used to form antiprotonic atoms, in order to
minimize the probability that collisions with target gas molecules in-
troduce Stark mixing between states of different angular momenta thus
leading to annihilation from S or P states at high n levels and preventing
the exotic atom from reaching low-lying levels via radiative transitions.
The drawback of the low stopping power of gas was compensated by the use,
as X-ray detector, of a proportional counter of nearly 4 angular ac-
ceptance and a threshold for X-ray detection of about 1 keV. The dif-

ficulty of assigning a signature to antiproton stops in gas was overcome
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by a 50 p thin entrance scintillation counter inside the gas, which

identified antiprotons at the very end of their range.

The experiment was performed at the m;, low-momentum antiproton beam
of the CERN Proton Synchrotron (PS) [30] (typically 2000 p/burst at
900 MeV/c; T /P contamination v 10). The beam was moderated in energy
by a Cu degrader before entering the target gas. The thickness of the
moderator was adjusted to place the counter gas at the peak of the E
range curve (Fig. lc). Antiprotons entering the experimental target [31]
‘(Figs. la, 1b) were defined by a counter telescope (Ble)TOFéTszfg and
called stop CANDIDATES.

A 47 system of plastic scintillators installed inside the pressure
vessel gave a fast definition of a p-STOP signal; this was checked
periodically against its pressure dependence (Fig. 1d). Charged annihila-
tion prongs were identified by the proportional counter cells, the sur-
rounding E scintillators, and scintillation counters installed outside

the pressure tank.

The X-ray detector consisted of an array of 36 independent gas pro-
portional counter cells Xi surrounding the target gas volume [32], and
separated from it by a 12 um thick mylar foil. The H, target and the
X-ray counter operated at the same pressure of 4 atm. Target gas and
proportional counter gas (argon + 5% propane) were continuously flushed,
to avoid mutual contamination. The calculated average efficiency for
detecting an X-ray produced at a typical point in the target is shown by
the smooth line in Figs. 2a and 3a. The efficiency given in these
figures must be multiplied by a factor, depending on the pp annihilation
mode, which takes into account the average number of cells of the X-ray
detector that were not usable for detecting X-rays because of charged
annihilation prongs traversing them. If a charged particle had traversed
the proportional counter cell X, five contiguous cells Xj (1-2235i+2)
were excluded from the analysis to eliminate fluorescence produced in the
counter gas or §-rays propagating directly between adjacent cells of the

counter.

The in-beam gain and resolution of each cell were continuously ca-
librated during the measurements, using the 5.5 keV line from a weak >4Mn

source installed on the centre of the scintillation counter T, (dotted
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spectrum in Fig. 2a) and the 3.0 keV fluorescence line from the argon
counter gas (histogram in Figs. 2a and 3a). The trigger for the calibra-
tion spectra was provided by signals in scintillator T, from 835 keV
y-rays that are emitted in all **Mn decays, and by the coincidence

(B1B2)qop

have a high chance of exciting argon fluorescence).

éTszfaqu (outward-scattered heavily ionizing particles that

Spectra from all 36 proportional counters were added following a
gain-normalizing correction for each individual counter determined from
the calibration spectra. For the added spectra the in-beam (FWHM) resolu-

tion was about 257 at 5.5 keV and 357 at 3 keV.

Each signal in a given proportional counter produced three separate
outputs, which were recorded when triggered by a CANDIDATE pulse, and
provided for every signal i) the total charge Ex’ ii) the rise-time tos

and iii) the delay t, versus the trigger time. Each CANDIDATE trigger

d
generated an event record containing Ex’ tr’ and ty for each of the 36
proportional cells which had responded, the pattern of the coincidences
defining the STOP trigger and the pattern of E counters which fired on
minimum ionizing particles. X-ray spectra were obtained from the event
records by accepting only those proportional counter pulses with rise-
times lying in the X-ray rise-time window determined in-beam from the
X-ray calibration spectra. This allows rejection of most of the pulses
produced by charged particles scattered through the proportional counter,
since these pulses are due to the amplification of all the clusters of
primary electrons produced along ionizing tracks and are then longer in
rise-time than X-ray pulses which are originated by one isolated cluster.
Data for all triggers were taken at the same time; the different triggers

were indicated, event by event, by a CAMAC flag. Identical rise-time and

drift-time cuts have been applied to all of the data.

The data on antiprotonic hydrogen and an antiprotonic deuterium
presented here were collected in a period of totally 640 hours, cor-
responding to 150,000 stops in H, gas and 50,000 stops in D, gas. The
resulting spectra are shown in Figs. 2 and 3 without applying any kind
of background subtraction. The average energy resolution was slightly

worse during the D, runs. For a direct comparison of Ep and Ed data we



have therefore plotted in Fig. 3 the pp data which were taken immediately
before and after the Ed runs (dotted lines). These data were collected

with the same number of antiproton stops and the same in-beam resolution.

The spectra in Figs. 2b and 3b were generated by requiring a STOP
trigger and, in addition, that only one X counter, Xi’ among the 36 should
have recorded a signal, and that this signal should lie within the X-ray
rise-time window. This condition meant that no charged particle had
traversed the proportional counter gas, so that in particular no argon
fluorescence background should be present in this spectrum. Spectra 2c
and 3c were generated requiring a STOP trigger only, and therefore can
contain background X-rays generated in materials other than the target

gas by charged particles from p annihilations.

The low-energy peaks in the spectra of Figs. 2b and 3b are inter-
preted as being due to the L X-rays from pp and pd atoms for the follow-
ing reasons: evidently, the energies are consistent with the QED
L X-ray energies indicated in the figures, and the peaks in Figs. 3b
and 3c compared to the peaks in Figs. 2b and 2c are shifted towards the
higher energy region, as was expected from the increase by a factor of
4/3 of the reduced mass of the radiating system. The spectrum obtained
when He was substituted for H, or D, shows completely different topology,
as the EHe X-ray lines dominate the argon fluorescence signal and are
distant in energy from the pp and pd lines [33]. Therefore we conclude
that the low-energy X-ray peaks originate from the target gas and are
not, apart from the argon fluorescence line in Figs. 2c and 3c, produced
in the surrounding materials of the target. Only the K series of ﬂ—p and
T d could simulate the observed energy shift when changing the target gas
from H, to Dy, but the fraction of pions associated with the STOP trigger,
stopping in the target gas and emitting a K line, was estimated to be
negligible. In any case, the K series of T p and m d could contribute
only to the spectra of Figs. 2b and 2¢, as no charged particles are

emitted in these annihilations.

Several additional checks were carried out, including the use of

different proportional counter gases, which supported this interpretation
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of the data [34]. Therefore we conclude that X-rays from antiprotonic
hydrogen and deuterium atoms have been detected and that these new exotic

atoms have been observed for the first time.

The determination of the absolute yield of the L X-ray radiation
from the spectra of Figs. 2c¢ and 3c and from the pressure curve of
Fig. 1d requires the subtraction of the contribution of argon fluorescence
and, because of the steep energy dependence of the detection efficiency,
the knowledge of the relative contributions of the different lines of the
L series. Therefore the peaks of Figs. 2b and 3b were fitted, after sub-
traction of a smooth background, with three lines (i.e. La’ LB and one

line representing the convolution of the lines L ... L ) with energies

fixed at the QED values and instrumental widths thained by scaling the
widths of the 3 keV and 5.5. keV calibration lines; this was done in
order to find their relative intensities. The absolute intensities were
then derived by fitting the spectra of Figs. 2c and 3c with these three
lines of fixed relative intensities plus a line of free intensity at

3 keV to establish the contribution of the argon fluorescence line. Taking
into aécount the detection efficiency, the number of cells discarded for
poor resolution, and the percentage of cells inhibited by the charged
annihilation products, an absolute yield of L X-ray transitions per
stopped antiproton of (6.1%3.0)7 from antiprotonic hydrogen and

(5.5+%3.0)7 from antiprotonic deuterium is determined.

On the other hand, there is no obvious line in the 6-12 keV energy
range where K X-rays may be expected. Therefore we searched for Ka X-rays

in coincidence with L X-rays to reduce the over—all background.

Figure 2d (3d) shows a spectrum containing those X-rays of
Fig. 2c (3c) which are accompanied by another X-ray, X;, present in the
same STOP trigger and detected in a separate cell with energy in the bin
window X; indicated in the drawing. The X; X-ray has an energy compatible
with all L transitions. From the total number of L X-rays present in the
spectrum 2¢ (3c¢) and falling in the X; energy region, and from the maximum
number of counts weighted by the efficiency in any 2 keV wide energy region
(to account for the instrumental resolution and a strong widening of the
Ka line) in the spectrum 2d (3d), we conclude that an L transition is fol-

lowed in less than 107 (15%) of the cases by a Ka transition. Hence the
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total yield of Ka transitions is less than 0.67% (0.97) and the dominant
decay mode of the 2P level is annihilation since the probability of Stark

mixing at the n=2 level is negligible in gas.

Finally, Fig. 2e shows the coincidence spectrum where one X-ray falls
into the X; energy region, a second X-ray is detected in a separate cell,
and where, in addition, no charged particle has traversed the proportional
counter gas, nor has been detected in one of the scintillation counters
surrounding the target. K X-rays followed by annihilation of the Sp atom
into neutral pions identify the final state as a spin singlet 1 s, state,
since the decay of Ep > nm® is forbidden from even-L spin triplet states
and other neutral decay modes are rare. Therefore the spectrum of
Fig. 2e allows us to derive independently an upper limit of 0.27 for the
yield of Ka X-ray emission from the 2P state of the spin singlet system
of protonium (paraprotonium). This upper limit is obtained considering
that the fraction of annihilations from the 'S, states into neutrals only
should exceed 107, under the assumption of a statistical population of

singlet and triplet S states at high n, and taking into account that

i) the branching ratio for annihilations into neutrals only, when anti-

protons are stopped in liquid Hz, is 3.37%;

ii) annihilation from S states is expected to dominate P wave annihila-
tion in liquid Hz; and

iii) the L X-rays in the "O-prong" spectrum represent 5% of the total

L X-ray yield in H, gas at 4 atm.

The radiative width of the 2P level of pp is 0.37 meV and of pd
0.5 meV. The upper limits for the decay branching ratios for Ka X-ray
emission from the 2P states therefore imply a lower limit of 4 meV for
the strong interaction widths of the 2P levels of antiprotonic hydrogen

and antiprotonic deuterium.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Side view (la) and front view (1b) of the apparatus:

€; P stop CANDIDATE trigger =

Incident p = (B1B2)TOF o
ETszTaTuZEH;

v - -— .
= (Ble)TOFCT1T2T3; p STOP trigger = (BIBZ)TOF
ZEH is the output of an OR unit fed by Ey discriminators
with high threshold so as not to veto on annihilation prongs.
Range curve (lc), with C the external degrader (p=1.84 g/cm?).

Pressure curve (1d) taken with 4.5 cm thick C degrader.

X-ray detection efficiency of the array of 36 proportional
cells (2a, smooth line). SYMn in beam calibration spectrum;
835 keV y trigger; peak at 5.5 keV (2a, dotted curve).
X-ray spectrum with outward-scattered CANDIDATE trigger =

= (Ble)TdF
fluorescence line (2a, histogram). X-ray spectrum with

éTszigiuZE; the peak at 3 keV is the Ar

"STOP and O-prong annihilation'" trigger; the peak in the

2-3 keV region is from pp L transitions (2b). X-ray spectrum
with STOP trigger; the asymmetric peak in the 2-3 keV region
is from pp L lines and Ar fluorescence line (2c). X-ray
spectrum with "STOP and one coincident X-ray in the X; energy
region" trigger (2d). X-ray spectrum with 'STOP, O-prong
annihilation, and one coincident X-ray in the X; energy

region" trigger (2e).

X-ray detection efficiency of the array of 36 proportional
cells (3a, smooth line). X-ray spectrum with outward-
scattered CANDIDATE trigger = (B1B2)TOF8T1T253542E; the

peak at 3 keV is the Ar fluorescence line (3a, histogram).
X-ray spectrum with "STOP and O-prong annihilation'" trigger;
the peak in the 3-5 keV region is from pd L transitions (3b).
X-ray spectrum with STOP trigger; the asymmetric peak in the
3-5 keV region is from pd L lines and Ar fluorescence line
(3c). X-ray spectrum with "STOP and one coincident X-ray in

the X; energy region" trigger (3d).
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