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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'®. 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 (2P5/, — 2P, /3) is 28.5 cm and that
related to the Lamb shift (2P, — 251/3) 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.

(¢) 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, HBIA 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 downstream 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 3447 pb [5]; for carbon o ~ 2 x 107*cm?. By extrapolation of low energy data the
stripping cross section for hydrogen is ~ 2 x 107?cm?®. As shown below, using a thick target
(t > 100pug/cm?) yields 107** hydrogens per incident proton. For an incident flux of 3 x 10*2
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 E1 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-QQ 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. 5, 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 S 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 < 107*. 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 E1 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 cm radius in the 0.8 T field in which it
is produced. A suitable detector is an active vertical plane 2 c¢cm 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 3447 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 %, 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 oy; n = 1 hydrogen ionizes with cross section ;. The n =1 rate is:

Nl = sz—f(l — G_nglt).

The thick target rate is:



Nlt:N J—f.
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For N, =3 x 10'* s7!, 0y = 3447 pb=2 nb, oy = 2- 107 cm?, giving N1,=0.03 s7*
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 oy. The n = 2 rate is:

N2 — Nioe {e—n{01+ae}d _ e—nagd}

We obtain a maximum rate, Ny, for

Following [6], we take 2= o~ 1/3 and 2* ~ 1, and find that t,, ~ 87ug/cm?* and ]g@—l’” ~ 0.12.
If we double oy, t,, ~ 70;Lg/cm and NQ’" ~ (.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 o,/p =3.5 x 107* and oy = 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

W =~ywo(l + Fcosh) (1)

Here 3, ~ refer to the H atom, and 6 is the angle between the laser and the H atom
direction. We will use a Nd:YAG laser A = 1064 nm, wy = 1.77 x 10*® s7! 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

cos ) = —0.074 0 = 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



v =2.82x 10" Hz, A, = v/Q = 10 kHz where A signifies fwhm. On the other hand the H

atoms have o,/p >~ 3.5 x 107* whereas the natural width of the transition is

1

T2P—1S

I'r = =4x107® (3)

A r
= 6.3 x 10° 57} (—E) ==
R

E

w

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 Ay = 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 S or L
excitation the peak cross section for light polarized in the beam direction is

1
O1S-LS = 677\25 =3.50 x 107" cm? (7)

where A = 121 nm and 1/2 results from the 1/4/2 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-Mm = 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(L/\) =3 x 10" (10)
If the incident laser power is P = 10 W, then the stored photon density in the cavity is

U 1 PQ 1
pw_V(ﬁwo)_Vwoﬁwo

=18 x 10" cm™ (11)

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

1 TIg
W = —p,—Lloc =0.15
2" A’
for the L or S 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.



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*=cyBB ~2x10° 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';; as
before I'g 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
FTZF]+FREF[=1.26><1013 S_1 (5)
and A r
oL ogx10 (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 11:—1; = 0.5 x 107*. 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 oy = 1.2 X
107 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 Ay = 8 x 107* 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
El 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 Q =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 £ = 3yc¢B ~ 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 n = 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 10~*. 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) = \/L|s1/2) + /Elp1j2) — /Elps2) - (1)

The state then evolves forward in time as

U(t) = \/ge_iE(51/2)t/h|81/2>
+ \/ge—iE(plp)t/h—(F/?)t/h|p1/2>

_ \/ge—iE(pg/z)t/h—(Fﬂ)t/h|p3/2> ‘ (2)
Here I' 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( ong) :[%:I: /2 (% cos fr + écos lx)]

short
2
+[ e %/? (% sin fo — ésin Z”C)] (3)
and
P(medium) = 2e¢7%(1 — cos(f + l)z) , (4)
where z = T't/h and
[ =(E,—FE,,)/T>0; and

f = (Ep3/2 - E51/2)/F >0. (5)

These oscillating functions are plotted in Fig 8. The fast oscillation, of period 28.5cm, in
the probability of a long state is due to the 2s;,,—2p5,, 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 < 10 G; 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
3 G 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 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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is dominated by radiative decay, and at fields above 5kG it is dominated by field ionization.
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(dashed), or short (dotted) level as a function of the flight distance in cm in zero field. The
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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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