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Observation of Atomic Antihydrogen

G. Blanford!, D.C. Christian?, K. Gollwitzer', M. Mandelkern', C.T. Munger?, J. Schultz', G. Zioulas'
! University of California at Irvine, Irvine, California, ® Fermilab, Batavia, Illinois, ® 1423 Hamilton Ave, Palo Alto, California
(Received December 3, 1997)

We report the background-free observation of atomic antihydrogen, produced by interactions of an
antiproton beam with a hydrogen gas jet target in the Fermilab Antiproton Accumulator. We measure
the cross section of the reaction pp — He ™ p for p beam momenta between 5200 MeV /c and 6200

MeV/c to be 1.12 £ 0.14 £ 0.09 pb.
PACS numbers: 11.30.Er, 25.43.+t, 36.10.-k

The CPT theorem states that the product of the charge
conjugation (C), parity (P), and time reversal (T) opera-
tions is an exact symmetry of nature. CPT invariance is a
property of any quantum field theory that is constructed
from fields which form a finite-dimensional representa-
tion of the Lorentz group, have local interactions invari-
ant under the proper Lorentz group, and are described
by a Hermitian Lagrangian [1]. This includes all of the
elements of the Standard Model of particle physics, but
not all possible extensions to it. Notably, string theories
may not require CPT invariance [2]. Consequently, tests
of CPT invariance are of fundamental importance.

CPT invariance implies that every particle state must
have a corresponding antiparticle state, with equal mass,
spin, and lifetime, and equal but opposite charge and
magnetic moment. The hydrogen atom is the best stud-
ied of all physical systems; antihydrogen is therefore the
ideal system for the study of CPT in atomic interactions.
A program is underway at CERN to construct a facility
dedicated to low energy p and H experiments [3]. The
goal is to produce H in a magnetic trap, and to perform
spectroscopic measurements of comparable precision to
those made using H [4].

In this article, we report an observation of atomic H.
Both this experiment, and the only previous experiment
to report H (CERN PS-210 [5]) were based on a sugges-
tion of Munger, Brodsky, and Schmidt [6] that H atoms
are formed in the collisions of high energy p’s with nu-
clei. These atoms are made at large momenta and can
be identified through ionization into components.

We have accumulated a background-free sample of 57
H events, and have measured the production cross sec-
tion [7]. The CERN experiment reported observing 11
H candidates and estimated that 2 of these were back-
ground.

The layout of our experiment, Fermilab E862, is shown
in Fig. 1. The experiment was run parasitically to E835,
a study of pp resonant annihilation into charmonium us-
ing the Fermilab Antiproton Accumulator and an inter-
nal hydrogen gas jet target [8]. The energy of the  beam
and the density of the target were determined by E835.
The results presented here are based on data collected
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FIG. 1. Experimental Apparatus
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between November, 1996, and September, 1997, with p
beam momentum above 5200 MeV /c.

Atoms of antihydrogen were formed in the reaction
pp — He p when a positron, created as a member of
an ete” pair by a beam 7 in the Coulomb field of a
target p, was captured by the beam p. This process in-
volves momentum transfer of order m.c, so the H atoms
were produced with 2> 0.9995 of the beam momentum,
and did not separate from the p beam until the beam
was deflected 87 mrad by the storage ring dipole magnet
18 meters downstream of the gas jet target. The vac-
uum pipe through this magnet was modified to allow the
neutral H to exit the storage ring [9]. Six meters down-



stream, the atom was ionized in a thin carbon foil that
was mounted on a wheel so that it could be removed from
the beamline by remote control. The component et and
P each retained the velocity of the atom (although the
et direction was changed somewhat by multiple scatter-
ing in the foil); the momentum was shared in the ratio
of the masses (0.511/938). The et and p were detected
in separate spectrometers. The positron was deflected
through an angle of 40° by a small sector dipole, and
stopped in a 2.54 c¢cm thick scintillation counter (CE)
that was exposed to the Accumulator machine vacuum.
Two solenoid magnets provided a point-to-point focus
between the ionization foil and counter CE. The counter
was surrounded by a cylindrical NaI(Tl) counter com-
posed of two half-cylindrical crystals, each of which was
instrumented with three photomultiplier tubes. The pur-
pose of the NalI(Tl) counter was to detect the 511 keV
~ rays produced when the positron annihilated with an
electron in the CE counter.

The p momentum was measured in a 24.4 m long spec-
trometer. The two dipole magnets in this spectrome-
ter were energized in series with the Accumulator dipole
magnets, so that a beam-momentum particle was de-
flected by 235 milliradians, independent of the value of
the beam momentum. Position measurements were pro-
vided by three proportional wire chambers with 1 mm
wire spacing [10]. This spectrometer provided a measure-
ment of track momentum relative to the nominal beam
momentum, and covered the range 0.95<p/ppeam <1.05.
Two scintillation counters, a 1.6 mm thick counter (C1)
located just downstream of PWC+#1, and a 3.2 mm thick
counter (C2) located two meters downstream of PWCH#3,
completed the p spectrometer. C1 and C2 were each in-
strumented with two photomultiplier tubes. Pulse height
and leading edge timing information was recorded for
each tube, and a coincidence signal of the two tubes on
each counter was formed for use in triggers.

Whenever at least two of the three counter signals (CE,
C1, and C2) were present within a 75 ns time window, the
data acquisition system was triggered and data from all
spectrometer elements were written to permanent stor-
age. The interaction rate in the gas jet target was typ-
ically 2 MHz. In contrast, the three small scintillation
counters in our apparatus registered singles rates of only
~3 Hz. The trigger rate was one every three to five min-
utes, and was dominated by C1-CE coincidences caused
by a shower of particles.

We have a background-free sample of 57 H events.
This sample was selected simply by requiring that every
event contain a three-way coincidence of CE, C1, and C2,
and that either PWC#2 or PWC#3 register at least one
wire hit. All events thus selected were found to contain
a beam momentum antiproton track and data consistent
with a positron of the expected momentum.

In order to demonstrate that these three-way coinci-
dence events were caused by antihydrogen, the ionization

foil was rotated out of the beamline and data was col-
lected. In this configuration, H atoms ionized in the 50
micron thick titanium vacuum window 10 ¢m upstream
of PWCH1.
curred downstream of the small dipole magnet, the et
was not directed to the CE counter, but rather passed
through PWC#1 along with the p. Multiple scattering
of the et in the titanium window caused the et to sep-

Since, in these events, the ionization oc-

arate from the p, resulting in two hits registered by the
PWC. In data collected with the ionization foil out of the
beamline, no three-way coincidence of CE, C1, and C2
was recorded. However, the foil-out sample does contain
13 events with a beam momentum track and a second
hit in PWC#1. The larger foil-in sample contains only
one such event. Finally, data was taken with two dif-
ferent ionization foil thicknesses (437 ugm/cm? and 777
pgm/cm?). As is detailed below, the yield of three-way
coincidence events was independent of the foil thickness.

Fig. 2a shows the momentum spectrum of all tracks
found in the foil-in data sample. Entries corresponding
to events with a three-way coincidence of C1,C2, and CE
are shaded. The majority of the remaining tracks were
the result of the elastic scattering of beam p’s from resid-
val H atoms just upstream of the storage ring dipole.
These elastically scattered p’s were directed into the E862
apparatus when the scattering angle was equal and op-
posite to the bend angle of the storage ring dipole. These
tracks provide a verification that the momentum scale of
the p spectrometer is correct to 0.1%. Fig. 2b shows the
corresponding momentum spectrum from data collected
with the ionization foil out of the beamline. Entries from
events containing a spectator hit in PWC#1 are shaded.
The shaded momentum spectra in Figs. 2a and 2b both
have a mean of 0.9993. The standard deviations of the
two spectra are respectively 0.0007 and 0.0005. Exclusive
of magnet setting errors, the expected rms momentum
resolution of the P spectrometer (dominated by multiple
scattering) is 0.00045 at 5700 MeV /c. The fractional mo-
mentum spread of the § beam in the Accumulator was
less than 0.0002 rms.

Fig. 3 gives the response of the et scintillator, CE.
The open histogram is the CE pulse height distribution
for all triggers. The shaded histogram shows the response
of CE in the 57 three-way coincidence events.

Fig. 4 illustrates the response of the NaI(Tl) counter.
Each axis of the plot corresponds to one half of the
counter. The response to 47 three-way coincidence events
[11] is shown in the main part of the figure, and the re-
sponse to a ®®Ge calibration source is shown in the inset.
The H events and the calibration data have consistent
distributions.

All features of the three-way coincidence events are
The requirement of a
three-way coincidence, independent of any cut on the
pulse height in counter CE, or the existence of informa-
tion in either half of the NaI(Tl) counter, selected only

consistent with antihydrogen.
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FIG. 2. a) Momentum of antiproton candidate tracks for
foil-in data. Three-way coincidence events are shaded. b)
Momentum of antiproton candidate tracks for foil-out data.
Events with a spectator track are shaded.

events containing beam-momentum tracks. This demon-
strates that there is no background due to a continuum
of off-momentum p’s. The fact that no three-way co-
incidence event was recorded with the ionization foil re-
moved from the beamline demonstrates that these events
are caused by an interaction in the foil. The fact that
the rate of three-way coincidence events was the same
for data taken with a 437 ugm/cm? thick foil and a 777
pgm /cm? thick foil is inconsistent with any possible back-
ground scattering process caused by the foil. Finally, in
the absence of the ionization foil, H events were recogniz-
able with a second signature — a beam-momentum track
together with a spectator hit in PWC#1.

Three of the events in the foil-out sample were col-
lected with a beam momentum of 8815 MeV/c. The bal-
ance of the data was collected at beam momenta between
5200 and 6200 MeV/c [12]. This subset of the data has
been used to determine the H production cross section.
To determine the cross section, we have multiplied the
integrated luminosity recorded by E835 [13] by our esti-
mated geometrical acceptance, reconstruction efficiency,
and experiment live time. The geometrical acceptance
was primarily a function of the beam angle and emit-
tance, and the size of the ionization foil. The beam angle
and emittance were monitored and logged by the Fermi-
lab Operations Group. Using these numbers as input to a
Monte Carlo simulation of the experiment, we have com-
puted the geometrical acceptance as a function of time.
Using PWC efficiencies determined from the H events
themselves, we estimate the reconstruction efficiency to
be 99%. The measured experiment live time was 97%.
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FIG. 3. Pulse height in the positron (CE) scintillator for
foil-in data. Three-way coincidence events are hatched.
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FIG. 4. Pulse heights in the NaI(Tl) counter halves for
three-way coincidence events. The inset is the response to a
58Ge calibration source.

The systematic error in our cross section measurement
is determined by uncertainty in the luminosity measure-
ment and acceptance corrections. The uncertainty in the
luminosity measurement has been estimated to be 4%
[13]. The uncertainty in the acceptance is dominated by
uncertainties in the beam emittance. The emittances re-
ported by the Operations group were typically < 27 mm-
mrad. These emittances were computed from measure-
ments using the Accumulator lattice parameters, which
are not precisely known for the range of beam momentum
covered by our data. We have independently measured
emittance ellipses of area less than 37 mm-mrad in both
planes using the P tracks from the H data. Therefore, in
order to estimate the systematic error, we have repeated
the acceptance Monte Carlo with the beam emittance in-
creased by 50%. The result of this study is summarized in



Table I. The systematic errors associated with the accep-
tance correction and the luminosity measurement have
been added in quadrature.

In summary, we have observed the production of
atomic antihydrogen in the reaction pp — He p. The
signal is unambiguous and background-free. We mea-
sure the production cross section between 5200 and 6200
MeV/c to be 1.12 + 0.14 & 0.09 pb [14]. The relatively
small systematic error in this measurement is made possi-
ble by the high quality luminosity measurement provided
by E835 and by the fact that the acceptance and effi-
ciency of our apparatus are both high. We have verified
the acceptance correction by increasing the angular cov-
erage of the apparatus part way through the data taking,
and by collecting data with the ionization foil removed.

Our measured cross section is smaller than the n=1
cross section of 4.0 pb computed in [6]. However, a re-
cent calculation by Bertulani and Baur [15] gives a cross
section for production of n=1 H of 0.91 pb at psearm=5700
MeV /¢, which is consistent with our measurement. The
same calculation gives a cross section at the CERN mo-
mentum of 1940 MeV/c of 0.23Z% pb, which is 671 pb
for Z=54. CERN PS-210 [5] quotes an integrated lumi-
nosity of 5 x 1033 cm~?2 (50% uncertainty) and a product
of acceptance and efficiency less than 0.3. Thus, their
signal of 11 events, with an estimated background of 2,
corresponds to a cross section of at least 6000 pb, with a
systematics-dominated uncertainty of ~ 50%. This result
is not consistent with the recent calculation of Bertulani
and Baur.
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TABLE I. H production cross section, for three data sets
taken with 5200 MeV/c<ppeam <6200 MeV/c, and for the
combined data set.

437 77 Foil  Full

pgm/cm®  pgm/cm® Out Data

Foil Foil Set

Luminosity (pb™ ") 34.8 29.6 11.3  75.7
Acceptance x Efficiency 0.67 0.92 0.80 0.79
Sensitivity (pb~ ') 23.3 27.2 9.1 595
Number of Events 24 33 10 67
Background 0 0 0.2 0.2
Cross Section (pb) 1.03 1.22 1.08 1.12
Statistical Error (pb) 0.21 0.21 0.35 0.14
Systematic Error (pb) 0.08 0.09 0.12 0.09
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