EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP/85-05
16 January 1985

FIRST OBSERVATION OF K X-RAYS FROM pp ATOMS™

The ASTERIX Collaboration

S. Ahmad ¥, C. Amsler?, R. Armenteros”, E.G. Auld®, D. Axen®, D. Bailey™, S. Barlag3,
G.A. Beer”, J.C. Bizot", M. Caria®**, M. Comyn®, W. Dahme”, B. Delcourt?, M. Doser”
K.D. Duch®, K.L. Erdman®, F. Feld-Dahme", U. Gastaldi®, M. Heel®, R. Howard®,

B. Howard®, J. Jeanjean”, H. Kalinowsky®, F. Kayser”, E. Klempt®, R. Landua”,

G. Marshall®, H. Nguyen®, N. Prévot”, L. Robertson®, C. Sabev”, U. Schaefer”,

R. Schneider®, O. Schreiber®, U. Straumann”, P. Truoel?, B. White”, W.R. Wodrich”,
and M. Ziegler®

ABSTRACT
K and L series X-rays have been observed from pp atoms formed in hydrogen gas at NTP in
association with annihilations into neutral particles. The strong interaction shifts the energy of
the 1s level by (—0.5 = 0.3} keV. The K, X-ray yield is (2.6 £ 1.3) X 1073 per stopped

antiproton.
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- Antiprotonic hydrogen atoms provide a unique tool for studying the strong pp interaction at
threshold. As the widths and energies of the S- and P-states are particularly sensitive to the pp
interaction, the spectrum of L(nd — 2p)-and K(np — Is) X-rays emitted during the atomic
cascade of pp atoms is of considerable experimental and theoretical interest.

. . The Dirac theory gives energies of 1.74 keV for the Lo(3 — 2) and 9.37 keV for the
Ko(2 - 1) transition. Various theoretical models [1-5] predict the strong interaction in the
atomic ground state to be repulsive and to shift and broaden the 1s level by 0.5 to 1.0 keV. The
hyperfine splitting between the singlet and triplet S-states is predicted to be between 0.22 and 0.28
keV owing to the spin-dependent NN interaction [3, 4].

Two experiments have previously searched for X-ray transitions to the low-lying levels of the
pp atom formed in liquid Hx targets [6, 7]. The first observation of L X-rays was reported by an
experiment using a hydrogen gas target at 4 atm [8]. The very intense flux of antiprotons from
the new Low-Energy Antiproton Ring (LEAR) [9] at CERN allows a more thorough study, and
three experiments [10-12] are currently attempting to measure the strong interaction effects on
the X-ray spectrum of antiprotonic hydrogen.

. In this letter we report the first observation of X-ray transitions to the ground state of the pp
atom. The pp atoms were required to annihilate into neutral particles only, thus strongly
suppressing the background from inner bremsstrahlung and from misidentified tracks of charged
particles.

The experiment was performed in the North 2 beam line at LEAR with a beam momentum
of 308 MeV/c and a momentum spread of Ap/p = 2 X 107°, The average p flux was 2 x 10*
antiprotons per second.

Figure 1 shows the central part of the ASTERIX detector [13]. Antiprotons from LEAR
pass through scintillation counters and enter a 76 cm long, 16 cm diameter, gaseous hydrogen
target (NTP). The trigger for antiprotons stopping in the target is defined by the counter
telescope (T1, T2) followed by two veto counters (T3, T4). The p STOP (= T1.T2-T3-T4) rate
was typically 10% of the incoming flux.

A cylindrical X-ray drift chamber (XDC) [14] surrounds the hydrogen target. The XDC gas
(50% argon + 50% ethane) is separated from the hydrogen target by a thin 6 um aluminized
Mylar membrane (at high voltage) which is transparent to X-rays with energies greater than
I keV. The energy of X-rays which are absorbed in the drift chamber gas is measured on 90 signal
wires (at ground voltage) running parallel to the beam axis (z axis) at a radius of 14.4 cm. The
pulse height on each wire is sampled every 32 ns by flash ADCs giving information on the shape
of the pulse. The drift time determines the conversion radius. The maximum drift length of
6.4 cm corresponds to a drift time of 1.4 us. The z coordinate along the wire is determined by
charge division of signals from both ends of the wires. A detailed description of the electronics
has been given elsewhere [15].

Charged particles are detected also by seven cylindrical multiwire proportional chambers
(MWPCs) surrounding the XDC and located in a solenoidal magnetic field. The solid angle
subtended by the two innermost chambers is 75%.

A total of 6 x 10° events were recorded during six hours of beam time. The trigger required
a p STOP signal, a single hit wire and no hit on adjacent wires in the XDC to select events with
X-ray candidates [16], and no hit in the two inner MWPCs of the spectrometer. The MWPC veto
suppresses pp annihilation with charged particles in the final state. Accepted events were read by
a PDP 11/60 computer and written onto magnetic tape.

-In the off-line analysis, X-ray candidates are required to have
~ only one XDC wire with a pulse in the full drift-time window;

- adistinctive X-ray pulse shape, well established by X-rays from calibration sources;



.= the X-ray conversion point in the region —20cm < z < +17 cm (the centre of the XDC being
~atz = 0) and at a distance of more than 1.5 cm from the Mylar foil.

The first two cuts suppress events with annihilations into charged. particles. Charged
particles usually fire several XDC wires and can be distinguished from X-rays by their
characteristically long pulse shape, whilst X-ray conversions are well isolated in space. The other
cuts are explained below. : '

The resulting X-ray spectrum is shown in Fig. 2. The top right part of the figure shows the
spectrum above 4 keV, enlarged by a factor of ~ 20. The-large peak between 0.9 and 3.3 keV
originates from the L series of antiprotonic hydrogen already observed by Auld et al. [8]. Entries
in the region below 1 keV are due to electronic noise. The region above 4 keV shows a broad
structure between 6.9 and 11.0 keV. We attribute this structure to the K series of X-rays
populating the 1s state for the reasons discussed in the foilowing.

Figure 3 shows the distribution of X-ray conversion points along the XDC axis for a) the
‘low-energy’ region from 0.9 to 3.3 keV and b) the ‘high-energy’ region from 6.9 te 11.0 keV.
This distribution should agree with that of stopped antiprotons in hydrogen, which- is
approximately flat owing to the large width of the p range curve and which is known from events
associated with charged final states. For the low-energy X-rays (L-series) the distribution is
uniform with a slight increase at higher z values. For the high-energy X-rays (K series) the flat
region is limited to —20 cm < z < +17 ¢m, and the distribution increases significantly towards
the ends. This indicates the existence of background contamination at both ends of the XDC.
The origins of this background are understood and are discussed below. To reduce the
background contributions to the X-ray spectra, we select only X-rays converting within the flat
region along z.

Figure 4 shows the drift-time distributions of converted X-rays in the two energy regions.
The drift time measures the distance of the X-ray conversion from the anode wires. Both
distributions decrease with increasing distance from the target region. This behaviour is expected
from the attenuation length of X-rays coming from within the target. The two slopes are in
agreement with the expected absorption distribution of the corresponding energy range.

Possible sources of background and the cuts applied to minimize them are the following:

1) Charged particles: Annihilations into charged particles, whether or not accompanied by
neutral particles, can occur with the charged particles escaping detection. The XDC also
works as a projection chamber, and tracks are found by a three-dimensional pattern
recognition program. Iu addition, the charged particle pulse shape is very different from the
X-ray pulse shape. The probability for a charged particle to be misidentified as an X-ray is less
than 10~2 This background occurs mainly at the ends of the XDC, where tracks almost
parallel to the Mylar foil can leave the apparatus without being fully detected. The energy
distribution of these particles has been studied in separate runs with charged final states. It
peaks at 2-3 keV and decreases smoothly toward higher energies. The cut in z and the
requirement that a conversion point must be at least 1.5 cm away from the Mylar foil removes
most of this background. '

2) Inner bremsstrahlung: X-rays due to inner bremsstrahlung are produced by pp annihilation
into charged particles [17). Since the trigger vetoes charged particles, the X-ray vield from
inner bremsstrahlung is much suppressed.

3) X-rays from other pp atoms: Antiprotons can also stop in the counter gas, in the Mylar foil,
in one of the scintillators, or in material at the end of the XDC. Antiprotons stopping in the
argon/ethane gas are efficiently vetoed by software cuts because of their very large ionization.
Stops in the Mylar foil or in the scintillators can induce pC or pO X-rays, but annihilation



products of these atoms are usually detected by the XDC. This suppression factor together

" with the approximately known pC X-ray viclds [18] gives an estimated upper vield of 12
counts for all transitions in the energy region between 6 and 15 keV. The corresponding upper
limit for PO is 4 counts. Antiprotons stopping in an aluminium ring at the end of the target
can produce 7.1 keV (7 = 6) and 9.5 keV (6 — 5) X-rays. Their characteristic contribution is
known ‘from their conversion distribution along the XDC axis, which is strongly peaked
towards the end. Figure 5 shows the X-ray spectrum produced by antiprotons stopping
outside the target region. The large peak at 3 keV is due to argon fluorescence, and the peak at
7.1'keV to the pAl (7 — 6) transition. '

4) Random coincidences: A 200 nCi **Mn calibration source emitting 5.5 keV "X-rays is
positioned on the counter T4 at the downstream end of the XDC. Random coincidences
between a p'STOP signal and a source X-ray create a 5.5 keV background with a z distribution
peaked near T4. Most of these X-rays are removed by the z cut. Their drift time is randomly
distributed. By counting the number of X-rays in the 5.5 ke'V energy region arriving at drift
times outside the allowed drift-time window defined by a p STOP trigger, the contrlbutlon
within the drift-time window is determined to be 40 + 6.

5) Contamination of the target gas: Argon and ethane diffusion or leakage through the Mylar
foil can contaminate the hydrogen gas. The argon contamination was measured by mass
spectroscopy to be 7 ppm. An upper limit of 3 x 10~* for the yield per antiproton stop is
estimated from known transfer rates of muons from muonic hydrogen to argon [19] and from
the approximate X-ray vield from the pAr cascade in the ‘high energy’ region (6.9 to 11 keV).
This holds also for ethane; where the transfer rate is even smaller. The 9 keV peak observed in
the pp X-ray data (Fig. 2) is not seen in the measured background X-ray spectrum (Fig. 5), 50
this signal cannot be due to pAr, pC, pAl, or pO contamination.

We conclude that the peak around 9 keV is due to the emission of K X-rays from
antiprotonic hydrogen. The analysis of this energy region has to take into account several aspects
of the strong interaction. Transitions to the 1s state can lead to the two hyperfine states (S, or
'Sy); isospin singlet and triplet components are assumed to be represented with equal strength.
The spin and isospin dependence of the strong interaction therefore determines the shift and
broadening of each of the two K lines representing transitions into one of the hyperfine states.

As these parameters are unknown and present statistics are insufficient for their complete
determination, the following simple model has been used to fit the data. In the K-line region we
have assumed two Gaussians with a line width fixed by the experimental resolution
[AE = 1.5 keV (FWHM) at 9.0 keV] and with a fixed distance E(Kg) — E(K,) = 1.74 keV. For
the background we have assumed contributions from inner bremsstrahlung, a smooth
charged-particle background, 40 random coincidences with the **Mn 5.5 keV line, and 2 pAl
(7—6and 6 — 5)linesat 7.1 keV and 9.5 keV.

The energy calibration and the energy resolution of the XDC were determined with X-ray
sources (**Mn: 5.5 keV and escape peak, ®Co: 14,4 keV), the 1.74 keV L, line from the pp
atom, and the 3.0 keV argon fluorescence line. The resolution is o(E) = 0.09 m keV. The
detection efficiency was determined using a Monte Carlo program based on the stop distribution
of antiprotons in the target as determined from charged track vertices from separate runs. The
events were analysed with the same program and identical software cuts as those for the real data
in order to give the detection efficiency as a function of energy (Fig. 6a).

The spectrum has 694 entries in the energy region between 6 and 16 keV. The fit gives
127 entries for the K, line and 108 entries for the K line. The average background from charged
particles is 15 entries per 0.33 keV bin. For the pAl (7 — 6) line at 7.1 keV it finds 64 entries, and



an upper limit of 20 entries for the PAl (6 — 5) line at 9.5 keV. The fitting program finds no
contribution from X-rays with the energy distribution of inner bremsstrahlung. Figure 6b-shows
the spectrum corrected for the detection efficiency after subtraction of the charged-particle
background.. , .

The best fit has X*/d.f. = 1.2 and yields a K, X-ray energy of 8.9 + 0.3 keV, corresponding
to a shift of the 1s level AE;s = —0.5 + 0.3 keV. The use of other models to fit the data can
result in a different shift. The relative yield of the K, line compared with all X transitions is
Y(K.)/[Y(Ke) + Y(Kg)] = 0.4 + 0.1.

The relative K to L X-ray yield depends on the unknown branching ratio for annihilation
into neutral particles from atomic p states. For example, if this branching ratio were bigger in the
Db-wave, a veto .on charged particles would prefer annihilation from the P-states and hence
suppress K X-ray emission. Assuming the branching ratios from s and p states to be equal, the
relative yield is Y(Ko)/ Y{(Ltot) = (2 £ 1) x 1072,

. From X-ray spectra taken in coincidence with annihilations into two or more prongs, the
absolute. yield for the total L-line yield has been determined to be Y(Lit} = 0.13 + 0.02 per
antiproton stop [20]. Therefore, under the above assumptions, the absolute K, vield is estimated
tobe (2.6 + 1.3) x 1073,

. Although these results are compatible with most theorctical predictions, they must be
considered as being only a first step towards a more complete picture of the complex structure of
the pp atom ground state. Further analysis of data taken in 1984 with much higher statistics will
allow us to look for coincidences between L and K, X-rays, thus giving us the possibility to see
the isolated K. peak in the coincidence spectrum. Coincidences between K transitions and
subsequent annihilation into two charged pions only identify the >S; level and can be used to
identify the hyperfine splitting of the ground state.
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H, target (16 cm diameter), XDC central detector (Spiral Projection Chamber), and
T1, T2, T3, and T4 plastic scintiflators.

X-ray energy spectrum after all cuts. The smooth curve is the fitted spectrum.

X-ray conversion point distribution along the XDC axis (z):

a) for low-energy X-rays (E = 0.9-3.3 keV);

b) for high-energy X-rays (E = 6.9-11.0 keV).

The accepted fiducial region is between —20cm s z < + 17 cm.

X-ray drift-time distribution:

a) for low-energy X-rays (E = 0.9-3,3 keV);

b) for high-energy X-rays (E = 6.9-11.0 keV).
The accepted fiducial drift-timeis 0.2 = t =< 1.1 ps.

X-ray energy spectrum associated with antiprotons stopping outside the target
region.

Calculated X-ray detection efficiency.

X-ray energy spectrum after subtraction of the charged-particle background and
correction for the detection efficiency.
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