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The Lamb-shift polarimeter (LSP) is a useful detection apparatus to verify nuclear spin polarization
for atoms, molecules and ions consisting of hydrogen and/or its isotopes. Its functionality relies
on the creation of metastable hydrogen atoms via a charge exchange reaction that preserves the
nuclear polarization in a strong magnetic field. The nuclear polarization is then determined
by analyzing the relative occupation numbers between different metastable hyperfine states with
different nuclear spin projection my. This makes the LSP a very rapid and cost efficient detection
method for beams with a beam energy in the keV range as no pre-acceleration is needed. In the
past it was shown that many of the above mentioned candidates like H*, D*, HD etc. could be
measured with success, and in this work an additional ion, i.e. H~, adds up to the list. Furthermore,
the measurements of polarized H~ ions have been performed for pulsed beams as it was in use
for long times at the cooler synchrotron COSY in Jiilich. In the second part, a theoretical outlook
for possible adaptations to the spin filter is given, which is an important component of the LSP.
This paves the way to realize experiments investigating the bound beta decay or parity violation in
metastable hydrogen atoms. In addition, a short outlook for possible applications of >He beams

is given.
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1. Introduction

The Lamb-shift polarimeter was developed in the middle of the 1960’s to measure the nuclear
polarization of keV beams of atoms, molecules and ions composed of hydrogen and its isotopes [1].
Due to charge exchange reactions metastable hydrogen atoms in the 25/, set are produced and
subsequently the famous Lamb-shift [2] between the long-lived metastable set [3] and the short-
lived excited 2P, hydrogen states [4] is utilized. The so-called spin filter [5, 6] takes advantage
of the Lamb-shift [2] permitting it to quench all metastable hyperfine states except for one into the
groundstate. By varying between two dedicated operation modes, states with different magnetic
nuclear spin projection m are selected. Subsequently, the Stark effect [7] is used in the quenching
chamber to also bring the last metastable hydrogen atoms in a single hyperfine state into the ground
state, while the produced Ly-a photons, detected by a photomultiplier [8], produce a signal equal
to the relative occupation numbers of the remaining metastable atoms. As the detection process
takes a short amount of time a "live analysis" of the nuclear polarization of sources and internal
gas targets is possible. In addition, the running cost of the Lamb-shift polarimeter is rather low
as no pre-acceleration of the beam is needed. This is the reason for its appearance at different
experiments around all over the world, e.g. at the internal ANKE target at the cooler synchrotron
COSY in Jiilich [9].

Moreover, new developments make the Lamb-shift polarimeter suitable for different experiments
addressing physical processes involving the detection of metastable hydrogen atoms, e.g. the bound
beta decay [10] or the parity violation experiments in metastable hydrogen [11].

2. Hyperfine states in external fields

Hyperfine states are often represented in two different bases, the coupled |F,mp) and the
uncoupled representation |my, my). Its importance is explained by taking an external homogeneous
magnetic field B = Byé, into account. The corresponding Hamiltonian describing the dynamics is
given by
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where the first term describes the hyperfine interaction by a magnetic dipole interaction and the
second term gives the interaction of the spins of the atom with the external magnetic field [12, 13].
Moreover, A stands for the hyperfine constant while g; describes the Landé g-factor and g, the
nuclear g-factor [12, 13]. The solution of the corresponding eigenproblem yields the Breit-Rabi
eigensystem [14]. For fields smaller than the critical field B, = m [15] the Breit-Rabi
eigenstates are nearly equal to the coupled representation, whereas for larger fields the uncoupled
representation is very accurate.

External electric fields, on the other hand, couple states with different orbital angular momentum L

with each other, e.g. for metastable hydrogen atoms via the electric dipole interaction [12, 13]
Hsark = ¢E - 7. 2)

In case of excited atoms its impact is mainly on their lifetimes as the parity mixing goes hand in
hand with coupling different long-lived states.
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Figure 1: Sketch of the experimental set-up showing all the components of a Lamb-shift polarimeter.

3. The Lamb-shift polarimeter’s working principle

The Lamb-shift polarimeter [1] is composed of several devices which are explained in detail
in the following sections using an exemplary proton beam.

3.1 Wien filter

The Wien filter as the first component has several tasks to prepare the incoming proton beam
for the rest of the set-up. It features a static magnetic B and a static electric field £, which are
perpendicular to each other as well as to the beam direction é, such that

EL1LBL17V, (3)

with ¥ being the velocity of an incoming particle from the z-direction of the beam. Therefore, the
velocity distribution of the beam is sharpened by following the next relations between the magnetic
field strength By and the corresponding electric field strength Ey
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Due to the electromagnetic repulsive forces from both fields onto the ion beam only particles with
the given velocity v are able to pass the device. In case of a fixed beam energy the Wien filter can
also be used to separate different masses as

1 2
EKin = Emvo
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Its final task is to rotate the polarization projection parallel to the beam-axis as the detection of
the Lamb-shift polarimeter is sensitive to this direction only [16], which will be resolved in the
subsection for the spin filter. To rotate the nuclear spin one takes advantage of the perpendicular
magnetic field B. Asa spin interacts via its magnetic moment with external magnetic fields it
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starts precessing described by the Larmor frequency. The importance in the realignment lies in the
nuclear spin as its Larmor frequency wp qrmor 15 much smaller than that of an electron

84Bo
WLarmor = — m (6)

Here the g represents the particle’s g-factor m its mass and ¢ its charge, respectively.

3.2 Cs-cell

Once the proton beam is prepared by the Wien filter, the Cs-cell provides electrons for the
protons to yield metastable hydrogen atoms. During this process it is of great importance to
preserve the initial nuclear polarization. Therefore, the Cs-cell has the form of a cone, which is
heated to vaporize the cesium, and it is surrounded by coils producing a holding field in beam
direction up to an average value of 50 mT. The magnetic field needs to be large enough such that the
electron and proton spins are uncoupled in the produced hyperfine states, which requires magnetic

fields larger than the critical field B, = g,-/:fgiﬂk = 6.34 mT [15]. Here Asg, /2 [17] stands for the
hyperfine constants of the metastable hydrogen and g; [12, 18] represents the Landé g-factor and
gp [19] the nuclear g-factor. Finally, us/, stands for the Bohr- respectively the nuclear magneton.
Inside the cone the incoming proton beam undergoes a charge exchange reaction leaving up to 20%
of the produced hydrogen atoms in the excited metastable state [20]

H*+Cs — Hig +Cs". (7)

The creation efficiency highly depends on the design of the cell and the optimal individual cell
temperature.

3.3 Spin filter

The spin filter [5, 6] contains coils producing a static homogeneous magnetic field in beam
direction. Inside the coils a cylindrically shaped cavity, consisting of four isolated quadrants, is
connected where a radio frequency is coupled in resonance. In addition, static electric potentials
are applied on two opposite quadrants of the cavity producing an electric field perpendicular to the
beam axis. As explained in Sec. 2 the external fields influence the spin dynamics of the hydrogen
atom. This is taken advantage of by selecting the fields so that only one Breit-Rabi state survives
the time of flight through the spin filter. First, the magnetic field strength is set to produce an energy
crossing between the § and e states as shown in Fig. 2. Subsequently, the static electric field couples
them to quench the 8 states into the groundstate. Furthermore, the radio frequency, driven in the
mode TMy 1,0 [21], is used to bridge the energy gap between the crossing point and the « states to
keep one of the « states trapped in an oscillation while the other one slowly decays. Therefore, the
survival of the a; or a; state depends only on the corresponding magnetic field strength set to one
of the two crossing points. As the two « states have different nuclear spin polarization the initial
nuclear polarization of the incoming proton beam can be analyzed by ramping through the spin
filter’s magnetic field and comparing the corresponding signal heights with each other.
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Figure 2: The Breit-Rabi diagram visualizing the energy evolution of the excited hydrogen states as function
of a homogeneous external magnetic field. In addition, arrows show the reoccupation of the « states by the
radio frequency.

3.4 Quenching chamber

In the quenching chamber one again takes advantage of the Stark effect [7] to quench the
remaining surviving « state into the groundstate. During this process Ly-a light is emitted, which
is detected by a photomultiplier [8] and converted to an electric signal displayed by an oscilloscope.
As aresult a relative occupation number of the « states can be observed.

4. Updated spin filter

In Sec. 3.3 the already existing spin filter is described. It features the major disadvantage that
only the « states can be selected and during this process both 3 states are always lost. Therefore,
the updated spin filter addresses this problem so that each of the four Breit-Rabi states can be
transmitted individually [22]. To accomplish this task one needs to take the energetically higher
2P, set into account. Correspondingly, larger magnetic field strengths are needed as the energy
gap, dominated by the fine splitting, is much larger than the Lamb-shift. Nevertheless, at around
430 mT one finds again suitable energy crossings between now the « states and two states from
the 2Ps, set, as shown in Fig. 3. Therefore, a frequency of f = 11.9 GHz fills up the energy gap
between the crossing points and the £ states.

5. Automatizing process for a pulsed polarized H~ source
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Figure 3: The figure shows the energy degeneracy between the « states with the two states (g4, /#7) from the
2P3 set. For magnetic fields strong enough to decouple the magnetic moments of electron and nucleus g4
is characterized by m; = —1/2 and my = —1/2 while h7 has m; = —1/2 and m; = 1/2.
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Figure 4: The picture shows the beam line from the pulsed H~ source [23] to the corresponding Lamb-shift
polarimeter. Especially important is that while the polarized source is being optimized the other two sources
AEA and IBA can feed the storage ring independently.
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This section addresses the success of first measuring the nuclear polarization of H~ ions with a
Lamb-shift polarimeter [24]. Until now the nuclear beam polarization has been measured by a low
energy polarimeter (LEP) [25]. It is based on elastic nuclear scattering, i.e. the known analyzing
power A, of the C(p,p)C reaction [26, 27], which requires a cyclotron for pre-acceleration up to
45 MeV. The use of the Lamb-shift polarimeter instead, which does not need any pre-acceleration,
allows for parallel operation of the unpolarized sources (IBA/AEA) to feed the COSY storage ring.
In addition, it can be used to perform a live analysis to check for proper operation of a pulsed or
continuous source due to an automatizing process. In Sec. 3.2, the process of generating metastable
hydrogen atoms from a proton beam is described in detail. In comparison to the incoming proton
beam the reaction for the H~ ions to be transformed into metastable hydrogen atoms is not yet
known in detail, let alone the best temperature to achieve the most efficient metastable production
rate.
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Figure 5: The signal of the photomultiplier is plotted against the magnetic field strength inside the spin filter
to find the two different peaks of the « states. The black dots correspond to the mean value of the raw data.
Subsequently, the orange crosses are obtained after subtracting the background. The relative height between
the peaks indicates the nuclear beam polarization, here P = 0.22 + 0.09, of the pulsed H~ beam obtained
after fitting with gaussian normal distributions.
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6. Conclusion

To conclude, the Lamb-shift polarimeter is a simple and consistent tool to verify the nuclear and
electron polarization of atoms, ions and molecules featuring hydrogen or its isotopes in a keV beam.
In addition, it has been shown that an in-situ analysis for pulsed and continuous beams is possible.
Moreover, the update of the spin filter makes the Lamb-shift polarimeter suitable to address new
experiments with the task to determine single metastable hyperfine states of hydrogen, deuterium
or tritium. In the future, the model for the updated spin filter needs to be realized. Subsequently,
the optimal working condition for the Lamb-shift polarimeter for a polarized H~ source [23] needs
to be determined, which will give more insight into the reaction process to produce metastable
hydrogen. Finally, the similarity in the spin dynamics of *He™ ions with hydrogen gives ideas to
work on a 3He* based Lamb-shift polarimeter.
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