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For more than 50 years Sona transition units have been used at polarized sources to exchange the oc-
cupation numbers between “pure” hyperfine substates. For instance, hydrogen atoms in the hyperfine
substate |F' = 1, mp = +1) are transferred into |F = 1, mp = —1) when these atoms are passing a
static magnetic field gradient between two opposing solenoidal magnetic fields. Thus, the magnetic
field direction, i.e. the quantization axis, is rotated faster than the spin orientation can follow due to
the Larmor precession.

In parallel, the atoms traveling through the zero crossing of the static magnetic field experience
in their rest frame an oscillating magnetic field. This oscillation is equivalent to an external radio
frequency field of frequency f = vum/A that can induce transitions between hyperfine substates
with the energy difference AE = n - h - f, where n is an integer. Here, the distance between the
opposite coils determines the wavelength A, thus the beam velocity v, can be used to manipulate
the frequency f to induce transitions between quantum states with energy differences of 10 neV and
below. These tiny energy differences can be found between hyperfine substates of hydrogen atoms
at low magnetic fields in the Breit-Rabi diagram. Here first measurements, their interpretation and
possible applications are presented.
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1. Introduction

In 1967 P. G. Sona proposed a method to increase the polarization in polarized metastable hydro-
gen and deuterium ion sources. He designed a device nowadays called Sona Transition unit [1] that
provides a static magnetic field with field direction reversal along the polarization axis. The steps of
the polarization procedure are:

(1) Consider a hydrogen/deuterium atomic beam in the 25/, state moving with a velocity v of
the order of ~10° m/s (non-thermal beam). The beam enters a region where a magnetic field
B ~ 57.5 mT parallel to the beam direction (z-axis) is applied. An additional small transverse
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1. Zeeman hyperfine splitting for (a) hydrogen and (b) deuterium atom in 25, state as function of ex-

ternal magnetic field. The arrows indicate the initial |m;, m;) and the final |m’,, m}) substates that the eigenen-
ergies approach for various values of magnetic field.
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electric field is present. The S sublevels of the 25/, state cross the sublevels of the 2P, state,
so that the population of the 8 substates is transferred to the 2P;/, substates, which subsequently
decay to the ground state. Therefore, the atoms are found only in the a sublevels with equal
probability.
Next, the atomic beam enters a region with a decreasing magnetic field, but still parallel to the
beam. If the decrease is slow enough (adiabatic region) each eigenstate follows the correspond-
ing energy line (see Fig. 1). This should continue until the external field is equal to the critical
field of the atom. It is B, = 6.34 mT for H [2] and B, = 1.46 mT for D [3]. The regions with
B > B, are conventionally called high-field regions, and for low-field regions B <« B, holds.
In the low-field region and particularly around the zero-crossing (see Fig. 3), we have to take
into account the beam spread o-. The off-center atoms experience the radial component B, of the
magnetic field
N4 1)
z 2
where r is the distance from center. A particle off-axis never sees the external field going to
zero, but changing direction by 180° instead. This will induce an undesirable Larmor precession
around the magnetic field axis and subsequent polarization losses. To avoid this effect we apply a
“sudden” (non-adiabatic) zero-crossing, so that the angular velocity of the rotation of B direction
is faster than the angular velocity of the Larmor precession. The zero-crossing requirements
are [1]
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where m, and e are the electron mass and unit charge, respectively.
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The fulfillment of the non-adiabaticity conditions ensure that the atoms continuously stick on the
energy lines while the magnetic field changes value. A Sona transition unit transfers the atoms
from |my, m;) to Im’J, ;) states shown in Fig. 1. The (vector) nuclear polarization is 100% for H
atoms (Fig. 1(a)) and 2/3 for D atoms (Fig. 1(b)). The tensor polarization is 0, but an additional
electrostatic field at B, here B~—57.5 mT, quenches the a; state, yielding 1/2 vector polarization
and —1/2 tensor polarization.

The concept of Sona transitions is simple and straightforward to implement in a great variety of

experiments. However, during studies with ground state hydrogen atoms in the RHIC OPPIS (Opti-
cally Pumped Polarized Ion Source), oscillations in polarization for certain fields were observed [4].
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These were simulated by a code developed at INR, Moscow [5], but only the loss of polarization
was in a good agreement with the measured signal [6]; the number and the position of the oscilla-
tions were not sufficiently described. A similar effect was also observed with metastable hydrogen
atoms [7, 8] within the BoB (bound beta-decay) experiment [9, 10]. Therefore, we investigate Sona
transitions in more detail. Here, we report on the implementation of Sona transitions in a metastable
hydrogen beam.

2. Experimental Setup

The experimental setup consists of components of a Lamb-shift polarimeter [11]. Figure 2 shows
a sketch of the experimental setup. First, Hy molecules are ionized in an electron-impact ionizer and
the resulting ions are accelerated to 1-2 keV. Next, a Wien filter acts as a velocity and mass filter,
allowing only the protons with a definite velocity to pass through. These protons form metastable
hydrogen atoms via charge exchange with Cs vapor. Then, the atoms in the @;> are transmitted by
the first spinfilter and enter the Sona transition unit which provides a static magnetic field, as shown
in Fig. 3. If the atoms are prepared in the @ state, they should be transferred to 83 due to the inversion
of the external field direction, i.e. spins antiparallel to the magnetic field of the second spinfilter.

-

H, lonizer Wien filter Cs-cell Spinfilter | Sona transition Spinfilter Il Quench chamber

Fig. 2. Experimental setup. Figure adapted from [12].

Since a spinfilter transmits only atoms in the « states, no atoms are expected to reach the quench-
ing chamber. However, as the recorded signals show, some atoms are found in the a states and are
quenched into the ground state by the Stark effect in a strong electric field (at the quenching chamber)
producing Lyman-a photons, which are registered as function of the current of the Sona coils. The
occupation numbers of @] and a; states for different values of current are shown in Fig. 4.
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Fig. 3. Measured magnetic field components for different currents in the Sona coils. The radial component
B, is measured at a distance » = 3 mm from the beam axis z.
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3. Theoretical Description

The hydrogen atoms are moving on a straight path with a constant velocity, so we choose to study
them in their rest frame. Consequently, the spatial change of the magnetic field is experienced as a
temporal one by the atoms. The effective Hamiltonian is

H(r) = AL- J — (gsuJ + gipanT) - B(t)

= Hy + V(2), )

where Hy corresponds to the unperturbed term and V(¥) to the external time-dependent perturbation.
A is the hyperfine structure constant, g; is the electron g-factor, g; is the proton g-factor, and gy
are the Bohr and nuclear magneton, respectively. Following the steps of time-dependent perturbation
theory (details can be found elsewhere [12]) we obtain a system of four coupled first order differential
equations

ocy(t) _

4
LD = 3 e B, “)

=1

ih

which are solved numerically. The calculated relative probabilities |c 1(O? and |2 (1) are shown with
colored curves in Fig. 4. They are evaluated for a hydrogen beam moving with a velocity v = 4.95 X
10° m/s (Epeam = 1.28 keV) and a Gaussian profile with a spread oo = 5 mm.
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Fig. 4. Simulated (colored) and measured (black) occupation numbers of a; and «; states for velocity v =
4.95 x 10° m/s. The middle plot is the Breit-Rabi diagram for metastable hydrogen.

An alternative way to explain the effect that takes place in the Sona transition unit is the following.
The atoms are transferred from the «; state to the 83 due to the inversion of the B, direction. In
parallel, they experience a time-varying radial component with a definite shape, but an increasing
amplitude with distance from z-axis (see Eq. (1)). The last induces transitions from 83 to @, and from
ap to ;. Equivalently, multiple photons of frequency f are absorbed, which correspond to energy
differences

AE=n-h-f, 4)

where n denotes an integer number. The frequency f depends on the shape of the radial magnetic field
(viz. distance between Sona coils) and the velocity of the hydrogen atoms. The Breit-Rabi diagram
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in Fig. 4 shows the positions where integer multiples of f = 3.536 MHz are found. We introduce the
averaged magnetic field B’ for our description, since the field in the Sona coils is not constant (Fig. 3).
It is related to the maximum field by B’ = (0.723+0.003) B4 +(0.004+0.020) mT, which is obtained
by analyzing the measured signals. In this way, AE, =1 = (14.62 = 0.03) neV or f; = (3.536 + 0.007)
MHz was determined with the current setup [12].

4. Conclusion and Future Work

The wavelength A of the hyperfine transitions is evaluated from the equation

v=4a-f (6)

and is determined by the shape of the radial magnetic field component. This parameter can be tuned
to decrease further the uncertainty (AE = 3 x 107! eV or Af = 7 kHz). In addition, the replacement
of the electron-impact ionizer with an ECR (electron-cyclotron resonance) ion source will provide
proton beams up to 20 pA and offer better statistics. Further improvements to the magnetic field
shielding will contribute to the reduction of the uncertainty.

Moreover, different methods for data analysis are currently being investigated. These include the
concept of odd integer multiples of the fundamental frequency and the consideration of two calibra-
tion functions for B’ (one for each « state) due to the difference in the effect of the second spinfilter
to the Sona field. The reason for this is that the magnetic field in the second spinfilter needs to change
for the two measurements and this change influences the Sona field.

The aim is to decrease the statistical uncertainty down to 10~!3 eV, where the QED correc-
tions [13] in the Breit-Rabi formula can be tested. Similar measurements with an improved exper-
imental setup are also planned for deuterium atoms.
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