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ABSTRACT

The K. X-rays from pp atoms formed in H> gas at normal temperature and pressure are
unambiguously identified by coincidences with L X-rays populating the 2P level. Background due to
inner bremsstrahlung is suppressed by selecting events annihilating into neutral final states only. The
K« line is observed with a significance of more than 25 standard deviations at an energy of
8.67(15) keV. From fits to the K, line we obtain a strong-interaction shift and width of the 1S level,
averaged over the unresolved spin singlet and triplet contributions, of AE + i I'/2 =
[—0.70(15) + 10.80(20)] keV.
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The experimental determination of the strong-interaction shift and width of the 1S ground state
of antiprotonic hydrogen atoms is of considerable interest since it measures the nucleon-antinucleon
interaction in the S-wave at threshold. Several theoretical models [1] agree in predicting a negative
shift AE (resulting in less binding) and a width I' for the 1S state of about AE + i I'/2 =
[—0.5 + 10.7] keV. The splitting between the spin singlet and triplet (!So and *S;) sublevels and the
difference of their hadronic widths are both expected [1] to lie in the range ¢.1-0.3 keV. The shift and
width of the 18 level can be determined by detecting the K X-ray lines of the pp atom and measuring
their energies and their broadening (nP -+ 18 transitions with QED predictions for the energies [2] of
Ko = 9.37keV,Kg = 11.11 keV, K = 12.49 keV).

The pp atom itself is the source of two kinds of background when it annihilates. Charged
particles accelerated in the annihilation emit inner bremsstrahlung radiation with a sizeable yield in
the X-ray energy region below 10 keV. Gamma-rays from the decay of #”’s or »’s can scatter in the
active material of the X-ray detector and simulate the absorption of an X-ray. These backgrounds
can be minimized by selecting annihilation final states without charged particles and by using a
gascous detector with a minimurmn of material in the active volume.

Previous attempts to observe, with Si(Li) detectors [3], K X-rays from pp atoms formed in liquid
hydrogen failed because of a high Compton background and the very low yield of K X-rays. An.
experiment using a Hy gas target at 4 atm surrounded by a multiwire proportional counter [4]
observed L X-ray transitions (nD — 2P) with a yield of 6 = 3% [5] and established a lower limit for
the hadronic width of the 2P level T'hag = 10I'raq. Early results from the Low-Energy Antiproton
Ring (LEAR) experiments gave evidence for the observation of K-line transitions. The individual K
lines were, however, not resolved [6] or the data suffered from large background contributions [7]. In
this letter we report on the analysis of data collected with the ASTERIX detector [8] in 1986 using the
105 MeV/c beam at LEAR. The emphasis is on the unambiguous identification of the K, line, the
discussion of background sources, and the physical information that can be extracted from the fit to
the K, signal. An analysis of the K, L and M line intensities in single X-ray and in X-ray coincidence
spectra, giving information about the pp atomic cascade in gas at NTP, and a detailed analysis of the
inner bremsstrahlung process will be the subjects of subsequent papers.

The measurements were performed at LEAR in 1986 using the ASTERIX spectrometer with a
dedicated trigger in 13 beam spills each of 1 h duration. The beam momentum was 105 MeV/c with a
typical intensity of 70,000 p/s. The antiprotons were moderated and stopped in the centre of a
cylindrical H; gas target L = 90 ¢cm, R = 8 c¢m] at NTP where they formed pp atoms. The stop
distribution was measured by reconstructing vertices of events with two or more charged particles in
the final state; it was centred in the target and had a width of 13 cm FWHM along the beamn axis
(i.e. z direction) and 6 cm FWHM in the transverse plane. The target and the central detector are
surrounded by seven cylindrical multiwire proportional chambers (MWPCs) and a solenoid
providing a 0.8 T field. The momentum of charged tracks is measured over a solid angle of about
65% of 4x.

The central detector is a cylindrical X-ray drift chamber (XDC} [9]; it is separated from the H:
gas target region by a 6 pm thick aluminized Mylar window, which is set to high negative voltage to
establish the radial drift field towards the sense wires. Figure 1 shows the geometry of the target and
the counter with the arrangement of the 90 sense wires and the 270 field wires defining 90 drift cells.
The counter gas (50/50 Ar/CzHg) and the hydrogen target gas are continuously flushed to avoid
mutual contamination. The chamber is operated at a gas gain of about 10°. The signals at both ends
of the 90 sense wires are sampled by 6-bit flash analog-to-digital converters (FADCs) with a known
non-linear response covering a dynamical range from 0.3 to 25 keV [10]. The history of the last 4 gs is
recorded in a cyclic memory in 32 ns bins. The leading edge of each pulse is digitized with 4 ns
accuracy.



The distinctive features of the X-ray detector are:
i) high angular acceptance (90% of 4x);
ii) low-energy threshold due to the thin Mylar window between target and detector (detection
efficiency greater than 5% between 1.0 and 16 keV);
iiiy three-dimensional localization of the X-ray conversion point by wire number ¢), dnft-time (r},
and charge division (z) (A¢ = 21 mrad, Ar = 500 pm, Az = 2 cm);
iv) low mass due to the gaseous detector.
Figure 2 shows an event with a triple coincidence of detected X-rays from a pp atom annihilating
without charged particles traversing the counter gas.

Two radioactive sources, >'Co and **Mn, positioned along the detector axis were used for energy
calibration in beam-off conditions. They were used to determine the energy resolution and the overall
response of the system, including amplification at the wire and in the preamplifiers, and the FADC
response and its linearization function. The response function is known with an accuracy of
+0.12 keV at 8.7 keV. Figures 3a and 3b show the calibration lines from *Mn and *’Co after
correction with the response function.

The in-beam. calibration was provided by the Ly line of the pp atom (E = 1.734 keV)—which is
singled out of the L line pattern by requiring in coincidence X-rays from the M series-——and the
5.5 keV line of a **Mn source. During the run period the source was screened to illuminate only the
downstream part of the 90 sense wires. Hence our 5.5 keV in-beam calibration was restricted to the
downstream end of the target. The resolution and the gain within a spill and between different run
periods were checked and remained constant. The detection efficiency calculated from the measured
p stop distribution and assuming isotropic X-ray emission is shown in fig. 3¢. Absorption in the
Mylar foil, transmission through the counter gas, the requirement of a fiducial volume inside the
XDC(z = —25to20cm, 8.0 = r = 12.2 ¢cm), and the software cuts described below were taken into
account. In order to veto events with charged particles the trigger required for each event at least one
X-ray candidate present in the XDC and no hits in the two innermost MWPCs (covering a solid angle
of about 90% of 4x). It selected 2 x 10° events in a total of about 3 x 10° antiprotons stopping in
the target.

In the first step of the off-line analysis, events with obvious charged particles in the XDC were
eliminated, leaving 710,000 events. The following additional criteria had to be fulfilled for an XDC
pulse to be accepted as an X-ray:

i} a pulse shape compatible with that of X-rays from radioactive sources;

ii} a primary electron cloud contained in exactly one of the 90 drift cells ;

iii} a conversion radius betweent = 8 ¢m (Mylar foil)andr = 12.2 ¢cm;

iv} a position along the beam axis between — 25 cm (upstream) and + 20 cm {downstream).
After application of these cuts 480,000 events were retained with exactly one X-ray, 9,000 events with
two coincident X-rays, and 110 events with three coincident X-rays. Figure 4a shows the X-ray
energy spectrum of all events. The prominent peak at low energies is due to the L. X-ray series (E =
1.73-3.11 keV). The M lines (E = 0.5-1.3 keV) are detected with much lower efficiency and
contribute to the low-energy tail of the L, line without being resolved. The structure in the region
between 7 and 13 keV is interpreted as the unresolved K lines sitting on some background. To make
the signal more visible the scale of fig. 4a has been enlarged by a factor of 100 for energies above
4 keV. Since the detection efficiency (40-10% between 7 and 13 keV) is comparable to that of L lines,
this low yield shows the dominance of annihilation over radiative transitions from the nP levels.

The main sourees of background are

i} internal bremsstrahlung from events with charged particles escaping detection in the XDC (with
an energy dependence 1/E, important below 10 keV),
1) argon fluorescence (contributing at 3 keV),
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iiiy Compton scattering (giving a distribution slowly decreasing with energy, important above
5keV).

The interpretation of the structure in the K line region is greatly facilitated by considering events with
two coincident X-rays. They allow, in particular, selection of the K, line out of the K series by
requiring an L X-ray in coincidence with it. The background under the K lines is not correlated to the
pp atomic cascade and hence is strongly reduced in the coincidence spectrum. Figure 4b shows the
coincident X-ray spectrum. The peak in the 7.5 to 10 keV region has a significance of 25 standard
deviations and is observed in coincidence with L lines, as expected for the K, line.

Clear evidence that this peak is due to the K, line stems from three additional experimental facts
unigue to our experiment:

i) The source of the X-rays is located in the centre of the Hy target; the distribution of X-ray
conversion points along the beam axis (fig. 5) is peaked at the centre of the target and is
correlated with the p stop distribution. Figure 6 shows the distribution of the radial conversion
points for X-rays in the L, and the K, region exhibiting a characteristic rise towards small radii,
i.e. near to the target, consistent with the expected attenuation length. This proves that the
X-rays originate from inside the target and excludes X-ray background from the wails of the
X-ray detector or from a source outside the active volume of the XDC.

ii) X-rays in the K, energy window are only coincident with the L lines. Figure 4c shows the energy
spectrum of X-rays coincident with X-rays in the K, region, displaying the L series. If the K,
peak were due to other exotic atoms formed with contaminations of the H target, the lines in
coincidence with X-rays in the K, region would not give the distinct L line pattern of the pp atom
at the correct energy. In addition, the different L line contributions agree quantitatively with
those derived from the inclusive X-ray spectrum.

iii) We observe triple coincidences of M-L,-K, X-rays. Their rate is in agreement with expectations
from the observed number of M-L,, and L.~K, double coincidences. The energy pattern of M,
L., and K, lines of the pp atom is unique and cannot be faked by other exotic atoms.

The observed K, peak is noticeably broader than the energy resolution of our detector at
8.7 keV, indicating substantial hadronic broadening of the 1S state. The interpretation of this
broadening is complicated by the possible splitting of the singlet and triplet components of the
ground state. Annihilation into only neutral pions in coincidence with a K, X-ray picks out the
singlet state (JF¢ = 0~ *) because of C-parity conservatidn, $O we expect a large contribution from
the singlet state to the observed K, line. However, neutral annihilations invelving neutral kaons or
radiative decays may proceed from the triplet state as well; their relative contribution is unknown but
small.

Since the broadening is much larger than the predicted singlet-triplet splitting [1] we have fitted
the K, peak to a single line. The line shape of atomic transitions into a broad state calculated by
Ericsson and Hambro [11] was used. The shape function was multiplied by the energy-dependent
detection efficiency and convoluted with a Gaussian (describing the detector resolution). The known
experimental resolution at 8.7 keV (¢ = 1.00 + 0.17 keV) was imposed. The complete X-ray
spectrum of fig. 4c¢ was fitted using the minimization program MINUIT [12] . In addition to the K,
line, the following contributions were taken into account: _

i) two Gaussian functions representing the observed L, and the argon fluorescence line;

ii). the energy spectrum of X-rays accompanied by argon fluorescence;

iii) the spectrum of inner bremsstrahlung [13] from charged pions escaping detection outside the
XDC.

The Compton background was found to be negligible. The fit result is shown in fig. 7. We obtained

for the energy and the width of the 1S level:



E(K.) = 8.67 + 0.15 keV
I'(Ke) = 1.60 = 0.40 keV .

A value of 1.04 was obtained for x*/N;. The error of the energy measurement comes from the
statistical error (=70 eV) and the error in energy calibration (+ 125 eV). We note that the energy
dependence of the detection efficiency shifts the observed peak position towards lower energies.
Without a strong-interaction shift the K, line energy would be 9.37 keV. Leaving the experimental
resolution as a free parameter, the fit gives a resolution of 1.2 = 0.2 keV and a width within the error
quoted above.

It is necessary to stress the dependence of the fitted K, line position on the correct theoretical
line shape for such a substantially broadened 18 level. The large width of the K, line is not caused by
gain variations of the detector, since the width of the L, line (¢ = 0.26 keV at 1.73 keV), observed
under the same conditions in coincidence with M X-rays, is compatible with the nominal detector
resolution at that energy.

In summary, we conclude that the strong broadening of the X, line is due to the hadronic
interaction, and it contributes a shift and width to the ground state of the pp atom of

AE + iI'/2 = [-0.70(15) + 10.80(20)] keV .

These values are in agreement with the results of models for the pp interaction at low energies [1] and
the energy shift agrees with preliminary results from other LEAR experiments [14].

The g parameter is defined by the ratio between the real and the imaginary part of the forward
pp scattering amplitude. At rest it is given by the ratic ¢ = 2 AE/T. From our measurement we
obtain ¢ = —0.88(31), adding information to the behaviour of the ¢ parameter measured in pp
elastic scattering at low energies [15]. However, it is to be remarked that the spin singlet-triplet
composition of the K, line coincident with neutral annihilations may be different from that
contributing to the elastic-scattering forward amplitude.

In conclusion, we have reported the direct observation of the K, line of the pp atom, which is
unambiguously identified by requiring L X-rays in coincidence. No background from higher K
transitions is present and therefore no assumptions about their relative yields — depending on cascade
calculations —enter the fit. Our unique identification of the K, line is also important for the
interpretation of bumps observable in other experiments on protonium, featuring better energy
resolution but less possibilities of identifying the nature of broad structures.
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Figure captions

Fig. 1
Fig. 2

Fig. 3

Fig. 4

Fig. §
Fig. 6
Fig. 7

Side and transverse views of the ASTERIX target and X-ray drift chamber (XDC).

Real event with three detected X-rays in coincidence in the XDC and without charged

particles produced in pp annihilation.

a) Calibration line from **Mn (5.5 keV and escape peak at 2.5 keV) after correction with the
response function.

b) Calibration lines from *’Co (6.5 keV and 14.4 keV) after correction with the
response function.

¢) Detection efficiency of the XDC with software cuts as described in the text,

a) X-ray energy spectrum of all events. The dominant signal at 1.5-3 keV is due to the L
series from the pp atom. The region above 4 keV is scaled by a factor of 100.

b) X-ray energy spectrum of events containing two coincident X-rays. Only the X-ray with
the higher energy is histogrammed. The region above 2.5 keV is scaled by a factor of 20,
displaying the K,, line over a small background.

c) X-ray energy spectrum of events containing two coincident X-rays. Only X-rays
coincident with an X-ray in the K, region [6.4-10.4 keV] are histogrammed. The
structure at low energies is the full L series of the pp atom.

Distribution of X-ray absorption points along the beam axis.

Radial distribution of the X-ray absorption points.

K. line of pp atoms with only neutrals in the annihilation final state and fit to the line.



wire number — ®  amplitude—X-ray energy
drift time = u — prong dE /dx
charge division— 2

‘e
.............
................
- .
.

CATHODE WIRE

dr'iH cell drift cell
with B*B,=0 with B=B; #» 0
500um Al CONTAINER 6um ALUMINIZED MYLAR
T, SPIRAL PROJECTION CHAMBER
H, GAS
: -
Ar/CHg  50/50 _ X |
SENSE - WIRE / - L
160 mm S4Mn SOURCE

Fig. 1



JWIl Ldid™d
] ——
Jasu 7§
09
AP LL1= ADHINT £5 # JdiM 3ISN3AS
Oy
A3 LS L = ADY3NI £ » JdiM 3ASNES
AT 811 = ADY3INI £ A JHIM IFSN3IS
Z2608% LN3IAI
291y NNH
uoljejiyiuue

s|eJjnau |1

+ shked-¥ f<-—0d ; JUBAJ
uoijdafodd @ J 3Y4 Ul UOLIBZNENSIA JUIAS
(30X - JdS) Jaquey) 4500 Aey - X

pue Jaquwey) uoigdalosg RIS

(LLl Sd] X|H3 LSV

NIg JWiL 14160 25U ZE /7 30NLITdWY 3STNd J0X-3dS

T3

jabuey seb Iy




V V w = V V v M -
Q ) o v v o s
X ~ — iy = = =
<3 3 : 5 o %3
. - : A
4..M o~ Te] _zC N O —
[Tp] u)
fl Il ] i
- ] - ™ L]
Lt Ll 4 FUR WY b
1 1 1 i 1 b | 1
~ o ™~ «© A s3] ©w -+ o~ Q o e} < o
o~ o~ — — o o o =] o =) o
AB00Z Jed seujus Q001+ ABQOZ Jod seuius OO0 L AoUa1D1})5 uoIjo8lap

Fig. 3



EVENTS 7 200 eV BIN

60.000

50.000

40.000

30.000

20.000

10.000

2000

1600

1200

800

400

80

60

40

20

ASTERIX (PS 171)
MAY B6 Data

L Lines series

K Lines series

scale/100
Ly Line
i Ky Line
B scale/20
J | fon el o o
Ly Line

tp+ L., Lines and
Argon fluorescence

nlhrn U I 1 ] I

5 10 15
X - RAY ENERGY [KeV]

Fig. 4

20



§ 34

Ot 0z 0Z-— o= 0¥
[ | 1 [
[LID] [LUD]
Ol
0z =
0¢
AlUO or .

0%

0ClL

00Z

00¢

[ Q
O o
u) <
SSIIIUB

[ep]

<

€O
wo Jad

00L



EVENTS / & nsec DRIFT TIME BIN

2000

1600

1200

800

400

40

30

20

10

ORIFT TIME

l\H\HL:‘ line X-rays
c ] 1

1
nkpﬂu Ky line X-rays

1 | 1

f

R (MYLAR) = 8cm

ABSORPTION RADIUS

Fig. 6




200eV
o
-}

entries per

40

20

15.

[keV]

)



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14

