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Abstract

Atomic antihydrogen has recently been observed at Fermilab [1]. It appears feasible to
measure the principal structure, fine structure and Lamb shift of antihydrogen atoms in
flight [2]. It is possible to test the proposed techniques and measure cross sections for the
relevant atomic processes at relativistic velocities by first using a proton beam. We propose
to perform such a test at the FNAL Booster using 8 GeV protons, either in the old transfer
line from the Booster to the Main Ring (the proposed “silicon damage” test facility) or in
the permanent magnet transfer line to the Main Injector.




1. Introduction

CPT invariance is a fundamental assumption of quantum field theory and is widely
believed to be an absolute symmetry of nature. The neutral K system provides the most
accurate test of CPT invariance in weak interactions; a model dependent estimate of the
K° K° mass difference is less than one part in 10'8. The equality of proton and antiproton
masses is known to one part in 10°. However there are no tests of CPT invariance in atomic
systems since until recently no anti-atoms were observed. CPT predicts that atom and
anti-atom energies, moments and lifetimes are equal.

To exploit the high precision of atomic laser spectroscopy the anti-atoms must be trapped.
This approach has been adopted by CERN which is in the process of constructing an an-
tiproton decelerator to deliver low momentum antiprotons (p < 100 MeV/c)[3]. However
formation of hydrogen in a trap has not as yet been achieved in spite of substantial efforts.
In contrast, background-free fast antihydrogen has been observed at Fermilab by the E-862
collaboration [1]. It is therefore of interest to explore the possibilities for spectroscopy of
relativistic antihydrogen atoms.

It has been shown that vacuum oscillations of the n = 2 Stark states can be used to
measure the fine structure and Lamb shift of antihydrogen [2]. At 8.85 GeV/c, the oscillation
length arising from the fine structure energy difference (2P3j; — 2Py/;) is 28.5 c¢m and that
related to the Lamb shift (P, — 25, /2) is 267 cm. Atoms in excited states are identified
by field ionization in a vacuum. Preparation of the long lived (L) Stark state is achieved
by exciting the atoms to n = 2 states as they pass through a thin foil and then selectively
ionizing the short lived (S) and medium lived (M) Stark states. Alternatively we may
selectively excite the individual Stark states using a laser. The laser could both allow a
direct measurement of the n = 1 — 2 transition energy and produce a sample of the Stark
L state for the vacuum oscillation method.

We propose to test the ideas described above by using the proton beam from the Fer-
milab Booster to perform spectroscopy on hydrogen atoms in flight in anticipation of an
antihydrogen experiment at the Antiproton Source. In particular we wish to:

(a) Measure the excitation and ionization cross sections for relativistic (8.85 GeV/c)
hydrogen passing through thin foils. At present only estimates exist for those cross sections.

(b) Demonstrate laser excitation of the n = 1 —2 transitions and selective excitation of
the n = 2L Stark state.

(c) Observe vacuum oscillations of the n = 2 Stark states and measure the oscillation
frequencies for the fine structure and Lamb shift of hydrogen.

We discuss the experimental set-up and run plan, methods for producing hydrogen atoms
and detecting them by ionization, techniques for excitation using thin foils and lasers, and the
vacuum oscillation technique. The latter and the feasibility of fast antihydrogen spectroscopy
are further discussed in [2].

We anticipate a rate of ~ 3 x 10'? protons/s on target. For operation in the old transfer
line from the Booster to the Main Ring a minor redesign of the optics of the charged beam
for the silicon radiation damage facility is necessary. A vacuum insertion to accommodate
detectors and laser optics will need to be installed and an optical transport line from the
laser room to the experiment is required. Installation in the new permanent magnet transfer




line, for example between 810 and 814, would also be possible.

2. Experimental Set-up and Run Plan

The set-up of the experiment in the old transfer line from the Booster to the Main Ring
is shown in Fig. 1. Hydrogen is produced in a ~200 pg/cm? CH foil and continues in the
forward direction. The proton beam is bent away from the neutral beam by vertical dipoles
DMP1 and DMP2. After a third vertical bend, the proton beam is dumped underground.
Two horizontal dipoles, HB1A and HB1B, are located immediately downstream of DPM2,
and are energized to direct beam along the trajectory of the old transfer line from the Booster
to the Main Ring for use in the new radiation damage facility. When the radiation damage
facility is in use, DMP1 and DMP2 will not be energized. There is approximately 24 m of
free space downstreamn of HB1B suitable for our use. A drift of approximately two meters
downstream of HB1B allows the charged radiation damage beamline to separate from the
neutral beam. Foil and/or laser excitation is carried out in magnet E1 with magnetic field
up to ~1.0 T. After a <2 m long drift region free of magnetic fields, we have an identical
magnet E2 containing an ionizing foil at its downstream end. Both magnets are instrumented
to detect the electron from ionization of the hydrogen atom and determine the ionization
point. Finally we have a spectrometer to identify the protons from the ionization, consisting
of dipoles D3 and D4 and wire chambers.

The Booster proton beam has the same momentum as the Source antiproton beam with
comparable momentum width and transverse emittance. The relatively large cross section
for hydrogen formation by electron capture (inverse photoelectric effect) at 8.85 GeV/c
is 344Z pb [5]; for carbon o ~ 2 x 1073cm?®. By extrapolation of low energy data the
stripping cross section for hydrogen is ~ 2 x 1071%cm?. As shown below, using a thick target
(¢t > 100ug/cm®) yields 10~ hydrogens per incident proton. For an incident flux of 3 x 102
per second we obtain ~2,000 hydrogen atoms/day.

We prepare the Stark L state by passing the beam through a thin foil (~ 70ug/cm?)
placed in magnet E1. As shown below, at least 8% of the hydrogen atoms are excited with
equal probability to all n = 2 states, giving >2% of the sample in the L state. Most S and
M atoms ionize in magnet El1 and are counted. For an effective regeneration distance of 30
cm, ~90% of the L atoms oscillate into S and ionize in magnet E2, giving ~30 events/day
for an adequate measurement of the excitation cross section and a demonstration of vacuum
oscillation. n = 1 atoms ionize in the foil in magnet E2 and are counted.

We may then observe the evolution in free space of the L state by counting the S and M
atoms that ionize in magnet E2 as a function of regeneration distance. It may be possible to
vary the effective regeneration distance by introducing magnetic fields between E1 and E2
instead of moving either magnet. The free space evolution depends only on the fine structure
and Lamb shift.

We will study optical excitation of hydrogen using a laser-driven high-Q Fabry-Perot
cavity, placed in magnet E1 which is set to a field sufficient to separate the S, M and
L states by more than the beam momentum width. Without a field, the hydrogen fine
structure cannot be resolved. S, M and L are selectively excited and are detected using their
characteristic ionization patterns in magnets E1 and E2. The excitation frequency is tuned
by varying the angle between the laser and the neutral beam. For example, in order to find




the correct angle (frequency) when tuning for the L state, the field in magnet E2 is set high
enough so that all three Stark states ionize. We will measure the transition energies from the
ground state to S, M and L, determining the principal and fine structure of n = 2 hydrogen.
We estimate 14% (26% ) selective excitation to the n = 2 § and L (M) Stark states, for ~250
(500) detected events/day. Measurement of the M transition, where only a quadratic Stark
shift is present, will give a measurement of the Rydberg, R, , at a level < 1074, We will
obtain ~250 events/day for the study of vacuum oscillations of the L state.

An alternative spectroscopic method involves increasing the field in magnet El so that
the n = 2 Stark states are broadened to match the laser Doppler broadening by being
strongly coupled to the continuum. Excitation is immediately followed by ionization; this
is equivalent to a 2-photon transition and is discussed below. All three Stark states can be
studied this way.

The proton spectrometer (shown schematically in Fig. 2) will include the existing wire
chambers and counters from E-862. Two 5-foot long magnets previously used in the old
transfer line will give a 5° bend and a resolution o,/p < 1072 for a 40 ft. length.

The 4.8 MeV ionization electron has a 2.0 c¢m radius in the 0.8 T field in which it
is produced. A suitable detector is an active vertical plane 2 c¢m from the neutral beam
center line and parallel to the beam line. An ionization occurring within 2 cm from the
beam center line is detected as the electron’s helical orbit passes through the detector. The
mean longitudinal (z) coordinate of the first two intersections of the electron orbit gives the
ionization point. For all of the detector technologies that we have considered, the z error
is determined by multiple scattering and is less than 1 mm. In order to facilitate pattern
recognition, it may prove desirable to incline the magnetic field with respect to the beam
direction so that the direction of the electron spiral will always be the same.

One possible electron detector is a vertical silicon strip detector 30 cm long (beam direc-
tion) with strips 2 cm high. Readout at 1 mm z intervals giving 300 channels is adequate.
Another possibilty is a PWC of similar dimension and readout pitch. A third possibility is
a silicon drift detector [4], such as is currently being built for STAR at RHIC. The pattern
recognition power of the silicon drift detector makes it an especially attractive alternative.

3. Cross Sections and Rates for Hydrogen Production and Foil Excitation

We consider hydrogen formation and excitation to n = 2 in thin foils. The formation
cross section is predicted to be 344Z pb [5]. Excitation and ionization cross sections at 8 GeV
are not known and an accurate theoretical treatment is not available. However a theoretical
treatment of H™ stripping in carbon foils [6] applied to data obtained at 800 MeV [7] offers
some guidance. Unfortunately that experiment does not resolve n = 1 and n = 2 hydrogen
which limits its usefullness. Yields are mainly sensitive to ratios of cross sections. Cross sec-
tions are taken to scale as ﬂ%, an assumption that is supported by recent theoretical work [8].

A proton beam at rate N, incident on a foil of thickness t forms n = 1 hydrogen with
cross section os; n = 1 hydrogen ionizes with cross section o;. The n = 1 rate is:

N] - N?gf(l -— €—M1t),

The thick target rate is:




Nlt —_ Npg‘_f.

For N, =3 x 10" 57! oy = 344Z pb=2 nb, oy = 2-107° cm?, giving N,,=0.03 s~ !.

Hydrogen in n = 1 at rate N, incident on a foil of thickness d is excited to n = 2 with
cross section o.; hydrogen in n = 2 ionizes with cross section ¢3. The n = 2 rate is:

N, = Ny, {e—ﬂ{f’1+°’e}d . e—m;d’}
02— —CT¢

We obtain a maximum rate, Ny, for

o
In(7F5%)

tm = n(og—0o1—0e)

Following [6], we take 2¢ =~ 1/3 and 2 ~ 1, and find that ¢,, ~ 87ug/cm® and I—”’ﬁ? ~ 0.12.
If we double o, ¢, ~ 70ug/cm? and %in ~ 0.08.

An excitation yield of 0.1, as reported at 350 MeV/c [11] is plausible for our conditions.
For the antihydrogen experiment it is important to know the excitation and ionization cross
sections in order to choose suitable production and excitation foils. By taking data with
several foils, we will measure these in the Booster experiment.

4. Optical Excitation

It is possible to carry out optical excitation of relativistic hydrogen in flight. Important
considerations are: (1) The atoms spend a very short time in the optical field (2) There is
a large spread in the Doppler shift due to the momentum and angular width of the beam.
We take op/p = 3.5 X 107* and g9 = 1.2 x 107* r [12]. (3) The experimental conditions and
high velocity of the atoms make it impractical to efficiently detect the radiative decay, so
that ionization must be used as the signal for excitation.

We propose to measure the excitation energies from the ground state to the n = 2 Stark
states in an electric field, and will also use the laser field to selectively excite the L. Stark
state for the oscillation experiment. Due to the relativistic motion of the hydrogen atoms,
the laser frequency @ seen in the H rest frame is related to the laser frequency wp in the
laboratory by

@ = ywo(l + B cos b) (1)

Here (3, «y refer to the H atom, and 8 is the angle between the laser and the H atom
direction. We will use a Nd:YAG laser A = 1064 nm, wp = 1.77 x 10*® s™! to excite the
n = 1 — 2 transitions of hydrogen, which occur (for zero E-field) at A = 121 nm. Since the
H momentum is fixed at p,, = 8.85 GeV/c (v = 9.49, By = 9.43), the crossing angle for 121
nm is given by

cosf = —0.074 6 = 94.24° (2)

Scanning in frequency is achieved by rotating the laser beam with respect to the H direction.
In order to achieve the desired photon density the laser beam is incident on a Fabry-Perot
(F-P) optical cavity with @ = 3.0 x 10'°. Thus the radiation is highly monochromatic; since


http:Nlt=0.03

v = 2.82 x 10" Hz, A, = v/Q = 10 kHz where A signifies fwhm. On the other hand the H
atoms have o,/p ~ 3.5 X 10~* whereas the natural width of the transition is

Tp= L 63x10%s (f{ﬁ) = F:R =4x107% (3)
T2P—18 E/r @

Consequently, on average, the frequency seen in the H rest frame is detuned from the reso-

nance frequency by 2 x 10* line widths, completely preventing absorption of the laser photons.

To overcome this problem the F-P cavity consists of convex and concave concentric
mirrors as shown in Fig. 3. The radius of curvature is 10 m which introduces an angular
divergence Ag = 1073 r for a 0.5 cm radius beam. It is clear from Eq. (1) that the angular
divergence will effectively broaden the laser line in the H-atom’s rest frame to match the
momentum spread.

We estimate the transition probabilities in an electric field below the ionization threshold.
The Stark states are approximated as linear sums of n = 2 vacuum states. We take the laser
light approximately normal to the atomic beam and applied magnetic field. For § or L
excitation the peak cross section for light polarized in the beam direction is

1
O15oLs = 67rk2§ =3.50 x 107 cm? (7)

where A = 121 nm and 1/2 results from the 1/+/2 projection of these states onto 2P(m = 0).
For the degenerate M states, which are pure 2P(m = +1), the peak cross section for exciting
one linear combination by light polarized normal to the beam direction is

o15-m = 67X % = 6.99 x 107 cm? (8)

The hydrogen atoms traverse the F-P cavity where the laser beam diameter is D =1
cm and the plate separation is L = 5 cm. For a reflectivity R = 0.99999 (note that F-P
mirrors with even higher reflectivity, R = 0.999995 are commercially available [9]) we find a
finesse

F=x/(1-R)=3x10° (9)

and

Q =2F(LJ/)) =3 x10'° (10)
If the incident laser power is P = 10 W, then the stored photon density in the cavity 1s

U 1 PQ1
Po =V (hao)  Viwo hao

=18x 10" cm™ (11)

The laser light in the atomic rest frame is Doppler broadened to %’3 = 8 x 107* compared
to the natural width %1 =4 x 10~® and only half of the photons propagate in the correct
direction. In calculating the transition probability we find

1 Tg
= Zp-Pis = 0.1
w 5Pw Aala 0.15
for the L or § state and W = 0.30 for the M state, and excitation of 14% (26%) of the L,S
(M) H atoms in a 1 cm path length.
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An alternate approach to spectroscopy is to couple the n=2 states to the continuum
through a strong electric field and use a parallel plate F-P cavity. The E-field seen in the
rest frame of the H as it traverses a laboratory magnetic field is

E* = cy8B ~2x 10° V/m (4)

for B = 0.7 T. In this field the three n=2 Stark states are separated by AE ~ 0.3 eV and
have significant probabilities for ionization. We designate the width for ionization by I'y; as
before I'p is the radiative width for the 2P—1S transition. The electric field is adjusted so
that the Stark state of interest has a relative width that matches A,/p. We require

I';/Tr = 2.0 x 10*

or
Pr=T;+Tr~T;=126x10"s" (5)
and A r
27 2T _gx107" (6)
w w

This assures that the frequency width of the incident radiation matches the width of the
transition spectrum for A,/p = 8 x 107%.

In the presence of the field, excitation to the n=2 state is immediately followed by
ionization, thus providing a detection signal. We can think of the process as a 2-photon
excitation, where the 2°¢ photon is virtual and is provided by the B-field (or E*-field). This
is sketched in Fig. 4.

In this case the transition width is broadened to match the Doppler width of the beam
and the cross sections therefore reduced by a factor % = 0.5 x 1074, The entire photon flux
going in the correct direction can now excite the transition so the excitation rates are the
same as estimated above.

Doppler broadening due to the angular divergence of the beam, estimated as 05 = 1.2 x
10~* r is significantly smaller than that due to the momentum spread.

It may be convenient to search for the excitation lines using the Stark broadened states.
The line width in terms of the laser angle is Ag = 8 x 10~* r. The search for the resonant
condition is achieved by rotating the F-P with respect to the hydrogen beam. The three
Stark levels are split by 1.8° in a field B = 0.7 T. We propose to scan at a rate of ~ 1
mr/hour. Since the survey should place us within +10 mr of the correct angle, the scan
can be completed rapidly; Once the resonance has been located by ionization in the field of
E1 we would reduce the B-field in El, adjust the angle and verify that excited states are
produced by observing ionizations in E2.

The realization of a stable F-P cavity with 10 W input and 10 kHz bandwidth requires
that the laser frequency be stabilized accordingly. This is achieved by “locking” the laser
onto the cavity by active feedback. A scheme using the Pound-Drever technique [10] is
shown in Fig. 5. A @ = 5 x 10! has been achieved with this arrangement for a long cavity
L = 1.75 m but for an incident power of only 10 mW [9]. Our proposed @ = 3.0 x 10°
and L = 5 cm greatly simplify stability and alignment problems so that we should be able
to reach the increased power level. The stability of the cavity and of laser pointing are




extremely important. As the F-P cavity is rotated the laser pointing must track the cavity
axis. Temperature stability and absence of dust on the cavity mirrors must be guaranteed.

Since the laser cannot be placed adjacent to the interaction region a suitable transport
system will have to be installed. The transport elements must be remotely controlled and
viewed by IR cameras for adjustment. Feedback with quadrant diodes will be implemented.
The F-P itself will be monitored through the reflected and transmitted light. We currently
own a Quantronix lamp pumped Nd:YAG 10 W laser which will be used for preliminary
tests of the F-P cavity, optical transport line and feedback. To carry out- the experiment
however, it is necessary to use a diode pumped Nd:YAG 10 W laser which has much lower
noise than the lamp pumped laser.

5. Spectroscopy using Vacuum Oscillations

An atom in a 8.85GeV/c beam that passes through a transverse laboratory magnetic
field B ~ 0.7T sees in its rest frame a large electric field E = BycB ~ 2-10° V/m. In such
a field the n = 2 level of hydrogen splits into three levels, each with a different rate of field
ionization. The lifetimes of the levels are roughly in the ratios of 25:5:1, and we label the
levels as long, medium, and short (lived), respectively. The effects of different laboratory
magnetic fields on the rest wavelength and linewidth of the three n=1 — 2 transitions,
calculated by summing series expansions[13] in powers of the rest-frame electric field, are
displayed in Figs. 6 and 7. By using a laboratory magnetic field to prepare a beam of the
n = 2 long state, we can observe vacuum oscillations and obtain a measurement of the
Lamb and fine-structure splittings of the zero-field n = 2 states. The technique is described
in detail elsewhere[2]; here we present a brief summary. We describe the experiment for
hydrogen.

From a beam of n = 1 hydrogen we can make a beam whose only excited atoms are in
the long level. We may do this either by passing the beam through a target to excite the
various . = 2 levels, and ionizing the short and medium levels in a 0.7 T magnetic field; or
by pumping only the long level with a laser. In this field, the long and medium levels are
separated by ~ 100 times the rms Doppler spread for a beam with o, = 3.5 x 107%. If this
beam suddenly enters a ‘drift’ region of zero magnetic field, a long state projects onto the
zero-field hydrogen eigenstates as

W(t=0) = \/s1/2) + /lprsa) — y/2Ipasa) - (1)

The state then evolves forward in time as

U(t) = \/%_e-iE(-’xlz)‘/ﬁlsug)
R
R &

Here T’ is the width (fwhm) of the 2p state due to its radiative decay.
The state that is pure long at £ = 0 evolves into a superposition of long, medium, and
short. The probabilities that an initial long state is found in the long, medium, or short level




depend on the time spent in zero field and on the Lamb and fine-structure splittings of the
zero-field n = 2 states as

1 2
P (s}cl):rgt) = [%d: /2 (% cos fz + g cos lm)]
2
+[ e~</? (% sin fo — ¢ sin Zm)] (3)

and
P(medium) = 2e7*(1 — cos(f + l)z) , (4)

where £ = I't/A and

I =(Ey,—Ep,)/T>0; and
o = (Bpyy— E. )T >0 (5)

These oscillating functions are plotted in Fig 8. The fast oscillation, of period 28.5¢m, in
the probability of a long state is due to the 2s,/,—2p;/, splitting, and the slow modulation,
of period 267 cm, is due to the Lamb shift splitting.

Since the long state can oscillate into a virtually pure short state, and since the ionization
rates of these states differ by a factor of roughly 25, the oscillation is easy to detect. The
different probability distributions for the point of ionization of a long, medium, and short
states in a model magnet placed downstream of the drift region are shown in Fig. 9. Mea-
surement of the distribution of ionization as a function of the time spent in zero field allows
extraction of the Lamb and fine-structure splittings of the n = 2 levels. Similar oscillations
in zero field have been used by Sokolov and Yakovlev [14] to measure the hydrogen Lamb
shift to 1.8 ppm using a 20keV beam, and by Parkhomchuk[11] to measure the Lamb shift
to ~ 1% using a 66 MeV beam (v/c = 0.35).

In practice the magnetic field in the drift region is not strictly zero, nor do real magnetic
fields have edges that are step-functions. The effect of these departures from ideal are
analyzed in Ref. [2]. Briefly, in the drift region the transverse magnetic field must be < 3mG
to avoid Stark mixing; the longitudinal magnetic field must be < 10G; and it is necessary
that the fall of the magnetic field in the range 3G to 3mG occur over a distance short
compared to the spatial period of the fine-structure oscillation, or 28.5 cm. Magnetic fields
3G and below can be shaped suitably using p-metal.

This method is capable of measuring both the Lamb shift to a statistical precision of 5%
and the fine-structure splitting to 1% given as few as 100 atoms prepared in the long state.
For the details of the analysis that supports this, at first sight surprising, conclusion, see

Ref. [2].
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Figure 4: 2-photon ionization using the n = 2 Stark states as the
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Figure 6: Rest-frame wavelength (nm) of n=1 — 2 transitions for an 8.85GeV/c hydro-
gen beam, vs. the laboratory transverse magnetic field in kG. The transitions are labeled
according to the relative length of their lifetimes in large fields due to field ionization.
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(dashed), or short (dotted) level as a function of the flight distance in cm in zero field. The

a state that was pure long at z = 0 is almost pure short {arrow) at z
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Figure 9: The probability distribution dP/dy [cm™!] for the ionization in the second magnet
of a short, medium, or long state, as a function of the depth y in cm. The field profile of
the magnet is shown as the dashed line. The total probabilities that a short, medium, or

long state ionizes in the magnet are respectively 0.976, 0.942, and 0.963. A long state ionizes

with greater probability than does a medium state, though a long state has further to fly
before it ionizes, because it has half the rate of radiative decay
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Measuring the Antihydrogen Lamb Shift
with a Relativistic Antihydrogen Beam

G. Blanford, K. Gollwitzer, M. Mandelkern, J. Schultz, G. Takei, and G. Zioulas
University of California at Irvine, Irvine, California
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Fermilab, Batavia, Illinots

C. T. Munger
Stanford Linear Accelerator Center, Stanford University, Stanford, California 24309
{December 18, 1997)

We propose an experiment to measure the Lamb shift and
fine structure (the intervals 25, ;5 — 2py /> and 2p1j2 — 2p3/2)
in antihydrogen. A sample of 5000 antihydrogen atoms at a
momentum of 8.85 GeV /¢ suffices to measure the Lamb shift
to 5% and the fine structure to 1%. Atomic collisions excite
antihydrogen atoms to states with n = 2; field ionization in a
Lorentz-transformed laboratory magnetic field then prepares
a particular n = 2 state, and is used again to analyze that
state after it is allowed to oscillate in a region of zero field.
This ‘experiment is feasible at Fermilab.

i
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L INTRODUCTION

The CPT theorem predicts the existence of the anti-
matter counterpart of every physical state. Antimatter
states corresponding to elementary particles and some
light nuclei have been observed. Until recently no an-
timatter atomic or molecular state had been detected.
A CERN group {1] reported antihydrogen candidates in
1995. We have obtained a background-free sample of an-
tihydrogen atoms in a Fermilab experiment [2]. Study
of antimatter-matter symmetry is interesting as the only
test of CPT invariance, a principle that is fundamental
to our description of elementary particle interactions.

CPT invariance states that the product of the charge
conjugation (C), parity (P) and time reversal (T) opera-
tions is an exact symmetry of nature. It is the minimal
condition for the existence of antiparticles within quan-
tum field theory. It can be derived from very general prin-
ciples, specifically that a quantum field theory should be
constructed from fields that belong to finite-dimensional
representations of the Lorentz group, have local inter-
actions invariant under the proper Lorentz group, and
be described by a Hermitian Lagrangian. The predic-
tions of the CPT theorem are that particle and antipar-
ticle states have equal masses, spins, and Lfetimes, and
equal but opposite charges and magnetic moments. The
most stringent tests made to date are the equality of the
electron and positron g factors [3] to 2.1 parts in 102

and the equality of |e/m| for the proton and antiproton
[4] to 1.5 parts in 10%. An indirect determination [5]
of the K®—KP fractional mass difference yields a limit
of 910719, Matter-antimatter symmetry has thus been
studied in leptons and bound states of quarks. Using
antimatter atoms, we can perform CPT tests of systems
comprised of multiquark states (nuclei) interacting elec-
tromagnetically with leptons (electrons).

The hydrogen atom is the best studied of all physi-
cal systems and extremely precise measurements of its
spectrum have been made, the best of which is of the
1s—2s interval [6] to 3.4 parts in 10'3, Antihydrogen
at rest would be the ideal system for the study of CPT
in atomic interactions and experiments are planned at
CERN, where a new facility [7] is in construction, to em-
ulate the high precision measurements made in hydrogen.

‘We have developed a way to measure the spectrum that
uses instead antihydrogen in a relativistic atomic beam.
Our method of measuring the energy differences between
the n = 2 levels is an exact analog to the method of mea-
suring the Kp— K g mass difference by studying the time
dependence of K° semileptonic decays. We describe an
experiment which is feasible at the Fermilab Antiproton
Accumulator with an antihydrogen beam at 8.85 GeV /c.
The simulation described below is based on the parame-
ters of that machine.

II. OVERVIEW OF EXPERIMENT

In our Fermilab experiment [2] we formed antihydrogen
atoms by passing antiprotons stored in the Fermilab An-
tiproton Accumulator through a hydrogen gas jet target.
We identified antihydrogen atoms, with no background,
by requiring a coincidence between a positron signal and
an antiproton tracked in a high-resolution (5-10~*) mag-
netic spectrometer. We now propose to pass the antipro-
tons through a high-Z gas jet target in order to take
advantage of the Z? rise [8,9] in the cross section. An-
tihydrogen atoms will be identified using a coincidence
between an antiproton tracked in a similar magnetic spec-
trometer and a positron tracked in a lower resolution de-
tector.



Antihydrogen atoms emerge from the Accumulator in
the 1s state. The atoms are next excited by their pas-
sage through a thin foil mounted in a magnetic field.
The electric field experienced by the atoms in their rest
frame ionizes all of the excited states except those in the
long-lived Stark level with n = 2. A long-lived state
can be represented as a coherent sum of the zero-field
n = 2 states, which are split by the fine structure and
Lamb shift. The atoms next pass through a region with
zero magnetic field, in which the state accrues phase dif-
ferences between its zero-field components, resulting in
“vacuum regeneration” of the medium-lived and short-
lived Stark states. The reappearance of these states
changes the point where the atom will ionize in a sec-
ond magnet, since the short--and medium-lived states
ionize in smaller magnetic fields. By measuring where
the atoms ionize, as a function of the flight distance in
zero field, we can determine the fine structure and Lamb
shift splittings. The ionization point may be found by
tracking the positron and antiproton.

III. METHOD

In a strong electric field the 8 states with n = 2 sep-
arate into 3 Stark levels, each of which has a different
rate of field ionization. At fields large enough that the
rates of field ionization are much larger than the rate
(6.27-108s~1) at which the 2p state decays radiatively,
the lifetimes of the levels are in the ratios of roughly
25:5:1. We will label these levels and the states that be-
long to them as long, medium, and short, respectively.
The difference in the lifetimes allows us to pass a beam
of atoms with n = 2 through an electric field and cause
all but the long level to ionize.

If this beam passes suddenly into a ‘drift’ region of zero
field, a surviving long state projects onto the zero-field
eigenstates as

8(1=0) = \/H|s1y2) +[Hlprs2) = yflpaa) - ()

The state then evolves forward in time as

(1) = |[Le ECuDI 5, )
[ Tem BTN

_ %e—iE(Pa/z)t/h—(r/z)t/h|p3/2> i (2)

Here T is the width (fwhm) of the 2p state due to its
radiative decay.

The state that is pure long at £ = 0 evolves into a
superposition of long, medium, and short. If the beam
suddenly enters another electric field, this superposition
is again projected onto the Stark states. A state with a
large projection onto long will typically penetrate deeply
into the second electric field before ionizing; a state with

FIG. 1. Plot of the probability that an initial long state is
found in the long (solid), medium (dashed), or short (dotted)
level as a function of the flight distance in cm in zero field. The
sum of the three probabilities (dash-dot) shows the decline
due to radiative decay. Note that a state that was pure long
at z = 0 is almost pure short (arrow) at z = 128 cm, when
only 12% of the states have decayed.

a large projection onto short will typically ionize imme-
diately; and a state with a large projection onto medium
will usually ionize at an intermediate depth. By mea-
suring the distribution of the depth at which the state
ionizes, as a function of the time spent in zero field, we
can determine the zero-field splittings of the n = 2 states.

The probabilities that an initial long state may be
found in a long, medium, or short state are

1 2
P(s}(:z)lrgt) = [% +e%/? (%cos fz + (l—icos lz)]

2
+ [e""/z (3sin fz — % sin lz)] (3)

and
P(medium) = Ze™*(1 — cos(f +I)z) , (4)

where z = I't/h and
I= (E.,,
f= (Epm

These oscillating functions are plotted in Fig 1. The fast
oscillation, of period 28.5 cm, in the probability of a long
state is due to the 2s,/, — 2p3/, splitting, and the slow
modulation, of period 267 cm, is due to the Lamb shift
splitting. Since the long state can oscillate into a vir-
tually pure short state, and since the ionization rates of
these states differ by a factor of roughly 25, the oscillation
is easy to detect.

— EP:/:)/F >0; and
~E,,,,)/T>0. (5)
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FIG. 2. Plot of the probabilities that an incoherent mix-
ture of n = 2 states is found in the short, medium, or long
level, as a function of the flight distance in cm in a transverse
laboratory magnetic field of 7.090kG. The solid curves show
the result of the full simulation; the dashed curves show the
result in the approximation that the three levels decay sep-
arately with decay rates set by field ionization alone. The
difference can be perceived only for the medium and long
states; it is due almost entirely to the omission of the ap-
propriate fraction (1/2, 1, or 1/2) of the 2p radiative decay
rate appropriate for each of the three levels. At the field of
7.090kG ratio of the decay length of long to that of medium
has its maximum value of 5.8 (insert).

We now analyze a design for an experiment where the
large (~ 2-10% V /cm) electric fields required are provided
by the Lorentz transform of laboratory magnetic fields
into the rest frame of an 8.85 GeV /e antihydrogen beam,
such as has been produced at FNAL [2].

Accurate calculations are required of the rates of field
ionization for the different levels with n = 2. The eigen-
value problem for the Schrédinger hydrogen atom in an
electric field (nearly) separates in parabolic coordinates;
the ionization rates have been intensively studied theoret-
ically and are available to 6 decimals at discrete values of
the electric field [10]. They are also available as (asymp-
totic) series in powers of the applied field, times an ex-
ponential factor; while not convergent, these series [11]
allow accurate interpolation. The code used in our simu-
lations evolves the 8 x 8 density matrix for the states with
n = 2 through the perpendicular electric and magnetic
fields that result from the Lorentz transform of a trans-
verse laboratory magnetic field. The Wigner-Weisskopf
formalism is used to include the losses due to field ioniza-
tion and to radiative decay; the linear [12] Stark and Zee-
man perturbations are included, as are the fine-structure
and Lamb shift splittings, but the hyperfine splitting is
neglected.

We begin the experiment by making antihydrogen
atoms by circulating an antiproton beam stored in the
Fermilab Antiproton Accumulator through a high-Z gas
jet. The atoms emerge from the Accumulator in the 1s
state, and roughly 8% of the atoms are excited [13] to
states with n = 2 by passing them through a very thin

(60 ugm/cmz) carbon or equivalent polypropylene foil,

while most of the other atoms remain in the 1s. The
1s atoms are ionized in a second, thicker foil far down-
stream and counted to monitor the relative luminosity.

We assume that collisions in the foil produce the eight
n = 2 states with equal probability [14]. The subsequent
evolution of these states in a uniform, transverse mag-
netic field of 7.090kG is shown in Fig. 2. The medium
[15] and short states ionize rapidly, leaving a nearly pure
long state. The ionization rates are sensitive functions
of the applied magnetic field and the beam momentum.
Changing either by 0.1% will change the 1/e lengths for
ionization in this magnet by 1.8%. The unusual sensi-
tivity arises because field ionization is a tunneling pro-
cess and so its rate varies exponentially with the applied
electric field. This sensitivity does not pose a problem
because the momentum of the Accumulator is controlled
to 0.02%.
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FIG. 3. The probability as a function of coordinate y [cm]
that a state that is pure long at ¥ = —20cm remains long as
it passes into the drift region. The field profile used (insert)
is that of a transverse field of 15 G that is screened by a pair
of paralle], infinitely permeable plates that have their edges
at y = 0 and are separated by 4 cm. (It is convenient to study
the field from a pair of plates, instead of from a cylinder,
because the profile may be obtained in almost closed form
[21] by conformal mapping.) The solid curve is the result
of the full simulation; the dashed curve is the approximation
that for y < 0 the long state does not mix and may only decay
radiatively, and at y = 0 begins to oscillate in zero field as
given by Eq. (3).
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FIG. 4. The probability distribution dP/dy[cm™"] for the
ionization in the second magnet of a short, medium, or long
state, as a function of the depth y in em. The field profile of
the magnet is shown as the dashed line. The total probabili-
ties that a short, medium, or long state ionizes in the magnet
are respectively 0.976, 0.942, and 0.963. A long state ionizes
with greater probability than does a medium state, though a
long state has further to fly before it ionizes, because it has
half the rate of radiative decay.

In the drift region, laboratory transverse magnetic
fields must be < 3mG to avoid Stark mixing. Longi-
tudinal magnetic fields involve only the weaker Zeeman
mixing and are not boosted and so can be much larger,
< 10G. A sufficiently field-free region of adjustable
length can be provided by a set of telescoping u-metal
cylinders.

The transition from the first magnet to the drifi re-
gion must now be tailored so that the n = 2 Stark states
undergo a non-adiabatic transition. A key observation is
that in a field below 5kG the n = 2 states do not ionize
(see Fig. 4); and in a field above 3G the Stark splitting
is so much larger than the fine structure splitting that
the long, medium, and short states do not mix. If is
only in the range 3G to 3mG that a sudden fall of the
magnetic field must be engineered; qualitatively we ex-
pect that the fields must be made to fall off in a distance
short compared to the spatial period of the fine-structure
oscillation, or 28.5 cm. Figure 3 shows how the transition
can be made non-adiabatic using a simple structure that
is large enough to accommodate the antihydrogen beam.

For a second magnet, Fig. 4 shows the separate prob-
ability distributions for the point of ionization of the
short, medium, and long states. The distribution of ion-
ization points is shown as a function of drift distance
in Fig. 5. An antihydrogen atom ionizes into an equal-
velocity positron and antiproton, both of which we track
to determine the ionization point. Gulley et al. [16] used

0.1~
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FIG. 5. The differential probability dP/dyfem™] for a
positron to appear at coordinate ¥ in the second magnet, as
a function of the drift distance # in cm. The fast oscillation
(period 28.5 cin) is due to the 23, /5—2py/; oscillation, while
the slow modulation in its amplitude (period 267 em) is due
to the 28, /,—2p; s, oscillation. The overall loss in probability
with increasing  is due to radiative decays in the drift region,
which produce atoms in the 1s state that consequently do not
ionize in the second magnet.

a similar technique {o ionize and count states with » > 3
in an 800 MeV neutral hydrogen beam.

We simulate an experiment by integrating luminosity
sufficient for 100 long states, on average, to emerge from
the first magnet. The 1/e decay length of the 2p state
sets a natural limit {17] to the useful length of a drift
region, and we wish to sample a set of drift distances
separated by substantially less than the spatial period
of the fine structure oscillation. Accordingly we divide
the luminosity evenly between 101 equally spaced drift
distances ranging from from 0 to 450 cm. An average of
80 ionizations occur. The complicated function shown
in Fig. b is fit to the data using the Method of Maxi-
mum Likelihood [18]. In keeping with the results of the
Fermilab experiment, we assume that there is no back-
ground. There are three variables fit: the shifts of the
25,5 and 2p;,; states toward the 2ps;; state, relative to
their values in hydrogen; and the number of long states
that emerge from the first magnet.

Shown in Fig. 6 are the results of the fit for 20 simu-
lated experiments. The experiment is sensitive at the 1o
level to independent shifts of either the 25;;; or the 2p, /3
state equal to 0.5 and 0.9 radiative widths of the 2p state.
Equivalently, the experiment measures the antihydrogen
Lamb shift (the 2s;/,—2p,; splitting) to 5% and the fine
structure (the 2p,;2—2p3/7 splitting) to 0.9%. Assuming
that an interaction that violates CPT will shift the 2s
state but not the 2p, the experiment is sensitive to a
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FIG. 6. Results of a three-parameter likelihood fit to 20
simulated experiments that measure the fine structure and
Lamb shift of antihydrogen. Shown are the shifts toward the
continuum of the 2s,/, and 2p, ;, states, relative to their val-
ues in hydrogen, in units of the 2p radiative width. Shown
too is the ratio of the number of long states let into the drift
region to the set value of 100. The vertical error bars are the
standard 1-sigma errors estimated for each variable y from
the value of 8% InL/8y’ evaluated at the minimum. Dashed
lines show the values set in the simulation; a CPT-violating
shift of the 2as,,, state of +5 is identified cleanly.

shift of 5-10~8 of the 2s binding energy.

It is at first sight surprising that so small a number of
detected events suffices to determine the energy splittings
precisely. We model this effect by using the likelthood
method to form an estimate w of a true frequency «’ from
N events distributed as 1+cos(wt) over a time interval T'.
The log of the expectation value of the likelihood function
in this simple model can be found analytically, and for
N =1 equals

sinwT  sinw'T
wT + w'T

sin(w + w' )T sin(w — w")T
2w+ w)T 2(w — )T ]

[ sinwT sinw'T
—log .l+ T ]«10g[1+ T ] . (6)

log L =log|1+

This function is ploited as a function of w in Fig. 7. It
oscillates about a central minimum at the expected value
with a separation of the central and adjacent local min-
ima of 3z/T. The rms uncertainty o, is found from
the expectation of the second derivative of —log L and is
given by

Z_w = [% ((21rk)12 - 9)] N ' ()

FIG. 7. The (negative) log of the expectation value of the
likelihood function for 1 event distributed as 14 cos(w’t) over
a time T. The plots are shown as a function of the estimate
w for the parameter w' = 4, for T = 2xk/w’ where k is an
integer. The curves are shifted vertically to have the common
value 0 at their common global minimum at w = 4. The width
of the central minimum scales as 1/k.
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FIG. 8. The (negative) log-likelihood function near the
minimum, plotted as a function of the shift of the 21, /, state
towards the continuum in units of the 2p radiative width.
Each figure shows functions for different experiments with the
same number of long states entering the drift region; the func-
tions are shifted vertically so that they have the common value
zero at the local minimum nearest the preset CPT-violating
shift of +5. The third figure shows the functions for the same
20 simulated experiments as in Fig. 6.



Here & = w'T/27 is the number of periods over which
observation extends. For k = 1 and N = 100, we find
that o, /w is 3%, roughly equal to the error we have sim-
ulated for the Lamb shift. The resolution improves as
1/T for a fixed number of events because of the increas-
ing lever arm by which each event constrains the phase
of the oscillation. For k = 16 we find that o, /w is 0.2%,
roughly equal to the error we have simulated for the fine
structure. An experiment must have a sufficient number
of events N to resolve the central minimum.

For the antihydrogen experiment we similarly obtain
adjacent local minima in the (negative} log-likelihood
function that may lead to a spurious fit for a sufficiently
small number of events. The effect of these minima on
the 20 simulated experiments, and on experiments with
yet smaller expected numbers of events, is examined in
Fig. 8. Experiments with 100 long states expected are
almost always free of such extra minima; experiments
with 40 are usually free, while experiments with as few
as 20 often have such minima, and moreover will often
lack the statistical power to exclude the possibility of no
shift of the 2s state if in fact a shift is present. Demand-
ing 100 long states for a practical experiment therefore
seems reasonable, since an experiment may still succeed
if only 40 are produced. Given that 8% of an antihydro-
gen beam in the 1s state may be excited by collisions in
a foil to states with n = 2, and that 1/4 of these are long
states, we assert that an experiment can be done on a
sample of 5000 atoms of antihydrogen.

IV. EXPERIMENTAL MATTERS
A. Rate

Antihydrogen is formed in antiproton-nucleus colli-
sions by the process 5Z — ZHe~. We have mea-
sured [2] the cross section at 5.7GeV/c for Z = 1 to
be 1.12 -+ 0.14 £ 0.09pb. The cross section for form-
ing antihydrogen in the 1s state at 8.85GeV has been
estimated [8,9] to lie between 1.5Z% and 5.0Z2pb; for
Xenon the lower estimate gives 4.4nb. The design of
the Accumnlator allows antihydrogen formed in states
with n == 2 to contribute to the flux of 1s antihydrogen
from the machine, increasing the effective cross section
by another ~ 13% to 4.9nb. The beam antiprotons also
interact by inelastic processes and by large-angle elastic
scattering, both resulting in immediate beam loss, and
by multiple small-angle elastic scattering. This multiple
scattering increases the size and momentum spread of
the beam and leads to beam loss when this beam “heat-
ing” exceeds the cooling capability of the machine. We
take a gas jet density such that, at the FNAL Antipro-
ton Accumulator, there are no beam losses due to heat-
ing, giving an instantaneous luminosity of approximately
10%° em~2sec™!. We estimate the effective Xe cross sec-
tion for beam loss at this machine to be 3b so that 1.6 an-

tiprotons per 10% consumed result in antihydrogen. The
Accumulator is expected to stack antiprotons at 10! per
hour during Fermilab Collider Run 2. At the above lu-
minosity we consume 1% of these antiprotons, giving in
parasitic operation ~ 40 antihydrogen atoms per day. Of
these 8% are excited to n = 2 of which 1/4 are in a long
state, giving 0.8 atoms in a long state per day. Accu-
mulating the needed 100 long states takes four months
of running. Electron cooling, which delivers far greater
cooling power, is planned for the Fermilab Recycler [19].
It may be possible to operate with much greater lumi-
nosity in that machine.

The FNAL Antiproton Accumulator is able to circu-
late protons in the direction opposite to the normal cir-
culation of antiprotons. Relativistic atoms of hydrogen
are formed not only by the reaction pZ — ZHe' but
by the radiative capture of a target electron, a process
which has the relatively large cross section [20] of 344 pb
at 8.85 GeV/c. By moving the experiment and reversing
the polarity of its magnets, the Lamb shift and fine struc-
ture splittings of hydrogen can be measured by the same
apparatus as that used for antihydrogen. Such an exper-
iment would be useful in analyzing possible systematic
effects.

B. Event detection

The Fermilab experiment [2] demonstrated that ob-
servation of an antiproton track within 1- 1072 of the
Accumulator momentum, in coincidence with a positron,
detects antihydrogen with no background. Asin that ex-
periment, the antiproton is detected in a magnetic arm
instrumented with 1 mm wire chambers with a momen-
tum resolution of 5-10~*. The 4.8 MeV /c positron is de-
tected in a thin, vertical detector with coordinate sen-
sitivity in the beam direction, positioned in the second
magnet about 2c¢m from the beam axis. At FNAL, the
antihydrogen beam is contained (95%) in a circle of 1cm
radins. The positron, emerging from the ionization point
in the beam direction, orbits with a cyclotron radius of
about 2¢m in the horizontal plane and so traverses the
detector twice, the midpoint of the hits giving the lon-
gitudinal coordinate of the ionization with a precision of
1mm rms. A multiwire proportional chamber with win-
dows and cathodes made of 25 micron aluminized mylar
{~ 5-10~° radiation lengths) is a suitable detector. Straw
tubes, silicon-strip detectors and scintillating fibers are
alternative technologies. The antiproton track furnishes
the horizontal distance between the point of ionization
and the positron detector to better than 1 mm rms, giv-
ing an additional constraint. A poorer measurement of
the longitudinal coordinate of the ionization point (1cm
rms) comes from the antiproton track, limited by the
0.2 mr divergence of the antihydrogen beam.



V. CONCLUSIONS

We describe an experiment to measure the Lamb
shift and fine structure (the intervals 2s,/, — 2p/, and
2p1/2 — 2p3)2) in antihydrogen. In four months of par-
asitic operation at the FNAL Antiproton Accumulator,
these intervals can be measured to 5% and 1% respec-
tively.
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