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Effects of polarization on laser-induced electron-ion recombination
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The polarization dependence of laser-induced radiative recombination (LIR) to D+ ions was investigated in
the electron cooler of the CRYRING storage ring. The LIR gain as a function of wavelength into n = 3 principal
quantum states of deuterium was measured at laser beam polarization angles of 0◦ and 90◦ with respect to the
direction of the motional electric field in the interaction region. For the case of the polarization vector parallel
to the external field, there is a double-peak structure in the gain curve that indicates a polarization effect in the
LIR process. The two polarization directions also reveal a different width for the respective gain curves, giving
additional evidence for the polarization effect, clearly seen by the behavior of a defined polarization parameter.
The obtained polarization effect indicates a high sensitivity in recombination processes to external fields.
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I. INTRODUCTION

In the universe, most matter exists in the plasma stage, i.e., it
consists of free ions and electrons. Recombination of electrons
with ions is balanced by electron-impact ionization processes
and the emission of electromagnetic radiation is controlled
by inelastic electron-ion collisions. When a free electron is
captured into a bound state in the ion, with the simultaneous
emission of a photon, it is called radiative recombination (RR).
This results in a continuum of photon energies determined
by the electron energy distribution and the final quantum
state. The basic theory of radiative transitions predicts that
the recombination rate can be enhanced by stimulated photon
emission using an external photon field such as that provided
by an intense, monochromatic laser. Such a process is referred
to as laser-induced recombination (LIR).

Considering the applied aspects and inherent fundamental
processes in nature, it is important to study the dynamic behav-
ior of recombination processes involving atomic constituents
of matter. An in-depth knowledge of the physics governing
these processes can also help us to prepare antimatter in the
laboratory, e.g., for studying antihydrogen with high precision
by recombining antiprotons with positrons [1]. In particular,
LIR can be used to enhance weak recombination rates [2]
by orders of magnitude compared to spontaneous RR [3] and
also to prepare antihydrogen atoms in well-defined quantum
states [4–6].

Heavy-ion storage rings equipped with electron coolers
are powerful tools for measuring recombination processes
at small relative energies. These electron coolers’ primary
function is to reduce the stored ion beam’s emittance with a
velocity-matched, cold-electron beam. The collinear electron
beam also serves as an electron scattering target for near-zero
energy electron-ion collisions for studies of recombination.
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A disadvantage of electron coolers is that recombination
photons are difficult to observe. This can, in part, be overcome
by LIR, as a specific final state can be selected by setting the
photon energy close to its binding energy. Stimulated photon
emission is a resonant process, because it will only occur if the
energy of the photons matches the energy difference Ee − En,
where Ee and En are the energy of the electron and the energy
of the bound state, respectively. The ratio between the induced
recombination rate to the total spontaneous recombination rate
over all final states n is referred to as the gain.

In the spontaneous recombination rate, close to zero relative
electron collision energy, an enhancement over the theoretical
predictions, has been observed in measurements at ion cooler
storage rings. This has drawn attention both theoretically
[7–11] and experimentally [12–16]. Such an enhancement
effect was also investigated for the LIR process and was
found by Schramm et al. [17] for C6+. There, LIR shows a
similar enhancement to that of spontaneous RR at low detuning
energies of the merged ion and electron beams. LIR, therefore,
represents an ideal tool to probe this effect with high resolution
and additional parameters, such as polarization properties and
energy detuning of a laser beam.

In fact, an additional effect that could be connected to
the enhancement is the large contribution below threshold
observed in LIR for specific laser tunings to defined principal
quantum states [18–21]. Three possibilities could cause this
below threshold gain: (1) the formation of quasibound Rydberg
states when the ions pass through the toroid magnet of the
electron cooler, which merges the electron beam with the ion
beam. There is a transverse motional electric field in this area
of the electron cooler that acts as a pulsed field (∼ns). This
field can induce electrons to be captured into high-lying states.
The effect of such a field pulse has been used to explain the
observed recombination enhancement [11,22]. Electrons in
the high-lying states could be driven by the laser to a lower
state and contribute thus to the below-threshold gain. A similar
process has been observed in pulsed field recombination [23].
(2) The external electric fields in the interaction region of the
electron cooler: The main sources of these external electric
fields are (a) the field owing to the electron-beam space
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charge that depends on the displacement of the ion beam
from the electron-beam axis and (b) the motional electric field
v × B, which arises from the small transverse component in
the guiding magnetic solenoid field of the electron cooler.
These fields distort the Coulomb potential of the ion such that
a saddle point is created. Electrons with energies between the
saddle-point energy and the field-free threshold can recombine
and contribute to the below-threshold gain. (3) Another possi-
ble recombination mechanism at low temperatures and/or high
densities is collisional recombination [24], which is a general
form of three-body recombination (TBR). In particular, TBR
[9], including radiative deexcitation of electrons in Rydberg
levels [15], or laser-induced deexcitation of Rydberg states can
be effective to populate states below the threshold.

It can be expected that these different effects for causing
the below-threshold gain will show different dependences on
the polarization of the laser light and can thus be identified
[scenarios (1) and (2) should show a polarization dependence
on the orientation of the field, whereas in the case of (3)
it should not be seen]. Therefore, in order to understand
the contributions below threshold and the origin of the
enhancement better, the effect from laser polarization on LIR
into n = 3 states of deuterium was studied in this work. The
gain was measured as a function of the relative photon energy
to the photoionization threshold at 0◦ and 90◦ angles between
the laser beam polarization and the direction of an external
field.

II. EXPERIMENT

The experimental setup of the LIR measurement (Fig. 1)
is described in detail in Ref. [19]. Briefly, the experiment
was performed at the CRYRING storage ring at the Manne
Siegbahn laboratory in Stockholm, Sweden. Deuterium (D+)
ions were produced in a plasmatron source, preaccelerated to
300 keV/amu with a radio-frequency quadrupole accelerator
and injected into the ring where they were stored and
accelerated to 7.82 MeV/amu. The ions were cooled by
merging them with a cold, velocity-matched, electron beam
of 20-mm radius in the electron cooler over a length 1 m.
The electron cooler was set to provide an electron beam with
a transverse temperature of kBT⊥ = 3 meV and longitudinal
temperature kBT‖ = 0.1 meV. When the electron cooler was
constructed around 1990, the longitudinal and transversal
components of the magnetic field were measured [25]. Since
then, the solenoid and toroid magnets were never taken apart,
so the field components should have remained the same.
The largest transverse component appears in the direction
perpendicular to the plane of motion of the electrons in the
transition region between the solenoid and toroid magnets (see
Fig. 1). Using these measured values of transverse components
and the ion velocity, we arrive at a motional electric field of
2 V/cm, perpendicular to the ion direction and in the plane
of Fig. 1. We like to point out that we intentionally did not
create an additional transverse field but worked under “normal
conditions” in the cooler. That is where the rate enhancement
occurs and we can see whether the below-threshold gain is
connected to it.

Downstream from the cooler, a main dipole magnet sepa-
rated the recombined ions from the circulating ion beam, and

they were detected with unity efficiency by a surface barrier
detector (SBD) in the 0◦ beam line (see Fig. 1). At the given
ion storage velocity, the magnetic field in the dipole magnet
causes a field ionization of n = 6 and higher Rydberg states in
the recombined deuterium atoms.

The laser system used in the experiment to drive the
stimulated recombination process was a XeCl excimer pumped
dye laser. The tuning range of the used dye, pyridine1
in dimethyl sulfoxide (DMSO), matches the recombination
spectrum of D, �λ = 670–760 nm. A narrow laser linewidth
(∼0.03 nm) was achieved with this system. The pulse duration
of 17 ns, as given by the manufacturer, was confirmed by a
photodiode measurement to an accuracy of 6%. The laser beam
was transported to the center of the cooler (see Fig. 1) with
an efficiency of ∼60% using standard high reflective mirrors
(M1–M4) and a focusing system (FS1) with antireflective-
coated optics to control beam divergence. By using two highly
reflecting mirrors (M3, M4) on precision motion and tilt
actuators, the laser beam is elevated to match the height of
the circulating ions and deflected into the vacuum chamber
via an optical window. The position of the laser beam inside
the interaction region was fully controlled by the M3 and
M4 mirrors, whereas the laser beam size at the center of the
electron cooler was controlled using a focusing system (FS2).
A broadband polarization rotator (PR) with a clear aperture
of 10 mm was used to rotate the laser polarization. Before the
SBD located at 0◦, a thin (30-µm) high reflecting quartz mirror
(M5) was used to deflect the laser beam out of the vacuum in
order to avoid dumping the laser beam into the light-sensitive
SBD. The SBD housing was further shielded with by a thin
reflective foil. The deflected laser beam was divided using a
beam splitter. One part (∼4%) was sent to a photodiode to
obtain a timing signal. The residual part was used to record
the laser power for beam alignment.

The measured output energy from the laser source was
measured to E80 Hz

LP ≈ 3mJ, with an accuracy of 10%, at
a pump frequency of f = 80 Hz. This pump frequency of
f = 80 Hz was found to be optimal for long-term efficiency
for this laser system. After transport to the cooler, owing to
optical losses, the energy of the laser pulse at the entrance
to the vacuum system was E80 Hz

entr ≈ E80 Hz
LP × 0.6 ≈ 1.8 mJ.

In the overlap region, after losses in the entrance window,
the energy was E80 Hz

e−cool ≈ E80 Hz
entr × 0.95 ≈ 1.7 mJ. From the

amount of energy per pulse in the interaction region and the
laser pulse duration (τLP ≈ 17 ns), the power of the laser pulse

can be estimated to be P 80 Hz
LP ≈ E80 Hz

e−cool

τLP
≈ 0.1 MW. In a first

approximation, one may assume a constant laser beam area
along the electron beam in the cooler with SLP = πR2

LP ≈
3.14 × 10−2 cm2 for a beam of radius RLP ≈ 1 mm. One then
estimates a constant laser beam intensity along the interaction

path of I 80 Hz
LP ≈ P 80 Hz

LP
SLP

≈ 3 MW/cm2.
The pump laser beam, however, has a Gaussian charac-

teristic that is focused at the center of the e-cooler to a
waist of approximately ωm ≈ 0.4 mm, with a Rayleigh range
close to zR ≈ 1 m, which matches the range of interaction
of ions and electrons inside the electron cooler. This causes
a varied laser-electron beam overlap and laser intensity along
the interaction path. We found it necessary to take these details
into account in determining the absolute gain.
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The volume Ve-i = πr2L of the cooled ion beam, filled
with electrons, inside the e-cooler, has the form of a cylinder of
length L ≈ 1 m and cross section S = πr2, where 2r ≈ 1 mm
is its constant width. This volume is overlapped by the volume
of the focused laser beam with a Gaussian distribution that
can be evaluated from VLB = ∫ L/2

−L/2 π [f (z)]2 dz, where f (z)
is the beam waist function, expressed as ω(z) = ω0

√
1+( z

zR
)2,

where ω0 stands for the beam waist at focus and zR for the
Rayleigh range. At the entrance of the interaction region,
z = −L

2 , f (−L
2 ) ≈ r , the dimension of the cooled ion beam.

So that the volume of the focused laser beam is VLB =
π

∫ L/2
−L/2 ω2

0[1 + ( z
zR

)2]dz, and thus the ratio between laser and

ion-beam volumes in the interaction range is η = VLB
Ve-i

= 0.2.
The ratio between cross sections of laser and ion beams varied
along the electron cooler and reaches one at the entrance and
the exit of the electron cooler, where the areas of the laser
and ion beams are equal. Because the laser intensity also
varies along the electron cooler for a given laser power, it
is necessary to convolute the laser intensity along the electron
cooler with the overlap. This overlapping laser intensity is used
to calculate the gain, which is discussed later. We adjusted
and measured the focus profile by first transporting the laser
beam next to the cooler. From this measurement and the beam
scraper measurements (see below), the parameters and error
in the overlapping laser intensity was estimated to be 10%.

From the D+ velocity one determines the laboratory
wavelength corresponding to the (field-free) binding energy of
the deuterium n = 3 state to be 721.05 nm (vacuum value). The
laser wavelength was scanned over a range of 720.7–722.7 nm,

whereby the Doppler shift transforms these wavelengths into a
center-of-mass range of 819.61–820.75 nm, which includes the
n = 3 threshold wavelength of 820.36 nm. For each wavelength
step in the scan, ∼5×104 pulses were fired by the laser. A
coincidence requirement between the SBD pulses and the laser
pulses was set using a time-to-amplitude converter (TAC). The
laser pulse detected by a photodiode was used as a start signal
and the stop signal was triggered by the arrival of a deuterium
atom at the SBD.

The most challenging aspect of the LIR experiment is
obtaining an overlap of the laser beam (∼0.5–1 mm radius)
with the ion beam (∼0.5 mm radius). This alignment was done
using two sets of horizontal and vertical scrapers situated in
the 0◦ beam line following the dipole magnet downstream
from the cooler. These scrapers were situated such that the
first was ∼2 m from the center of the interaction region with a
separation of 1 m between the scraper positions. The relative
horizontal and vertical positions of the ion beam (actually
a projection of the ion beam formed by recombined atoms)
were measured using a rate meter, showing the rate of neutral
particles detected by the SBD at the end of the 0◦ beam line.
Each scraper was moved until the rate dropped to half of its
initial value and the setting of the manipulator was recorded for
both x and y positions. For the laser beam positions, a power
meter was used to monitor the laser power in the same way
as in the case of the rate of neutral particles. These relative
beam position measurements could be taken simultaneously
for each beam individually. The position and angle of the laser
beam was changed until the overlap with the ion beam was
achieved. This overlap was clearly detected by the maximum

FIG. 1. (Color online) Schematic diagram of experimental setup for LIR measurements. M1, M2, M3, and M4 are highly reflecting mirrors,
M5 is a thin quartz mirror, FS1 and FS2 are the focusing systems, BS is the beam splitter, PR is the polarization rotator, DM are the ring dipole
magnets, HL and HT are the longitudinal and transversal components of the magnetic field in the transition region between the solenoid and
toroid magnets, TAC is the time-to-amplitude converter, and SBD is the surface barrier detector. The inset shows a time-of-flight spectrum
from the TAC (see text).
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coincidence rate of laser pulses with neutral particles in the
SBD.

III. RESULTS

In the 1-µs time window of the TAC, the time peak signature
of the induced recombination was seen as a sharp peak clearly
above the background level given by the atoms formed through
spontaneous recombination (see Fig. 1). The width of the time
peak (≈40 ns) is determined by the duration of the laser pulse
(≈17 ns) and the variation in the time of flight of the ions
within the length of the interaction region (≈23 ns) to the
SBD. At a laser pulse repetition rate of 80 Hz, an ion current
of 100 µA, and an electron current density of 1.1 × 107 cm−3,
the typical coincident signal count rate was ≈0.1 counts/s.

For each wavelength in the scan range, we extract the corre-
sponding coincident time peak by gating the total coincidence
time peak, on the individual wavelengths in the scan range.
The gain factor for each wavelength can be obtained [18] only
from experimental parameters:

G = N − Nspon�t

NsponT
. (1)

In this expression, N is the number of total counts under
the time peak, Nspon is the average number of spontaneous
recombination counts per channel in an interval around the
time peak, �t is the width of the time peak for which N
is calculated, and T is the laser pulse duration. Thus, the
numerator of Eq. (1) represents the number of induced counts
under the time peak while the denominator represents the
number of spontaneous counts in a time interval equal the
laser pulse duration.

A measured gain curve as a function of the relative photon
energy is displayed in Fig. 2. The laser polarization was set to
90◦ (perpendicular polarization) with respect to the direction
of the motional electric field. The gain factor starts to rise at
−1.4 meV below the expected field free threshold. It reaches
a maximum of 67 ± 10 at −0.5 meV, below the threshold, and

FIG. 2. (Color online) Gain spectrum for LIR into n = 3 of
deuterium for laser beam polarization perpendicular to the motional
electric field, v × B. The solid curve shows the theoretical prediction
in absolute scale.

falls off to its half value within ∼0.6 meV, and then decreases
slowly with increasing relative photon energy. The error in the
energy scale of the measured gain curve is estimated to be
±0.15 meV, owing to the uncertainty in the storage ring length
that is used in conjunction with the circulating frequency to
determine the velocity of the ions. The statistical error in
the measured gain values is a combination of the error in
determining the number of induced counts and the variation
of the spontaneous recombination background.

As in earlier experiments, gain of the induced recombi-
nation process (Fig. 2) is observed also at photon energies
below the photoionization threshold for the estimated external
electric-field strength. This could indicate that electrons
become bound in high Rydberg levels during the interaction
of deuterium ions with the electrons and are stabilized against
field ionization by stimulated radiative transition into n = 3.
Without this radiative stabilization, deuterium atoms in high
Rydberg levels would be field ionized by the dipole magnet
following the cooler before reaching the SBD. It is expected
that this fraction of stimulated stabilization is independent
of the laser polarization owing to the large number of states
involved.

Theoretically, the LIR gain factor has been given by Refs.
[18] and [20]. The effect from the motional electric field on
the gain is calculated by averaging the gain at each wavelength
over the angle between the electron trajectory and the motional
electric-field direction [18]. To describe the effect from the
laser polarization, the LIR gain was modeled as given in
Ref. [21], where the gain curve is derived from the differential
photoionization cross section σ

ph
nl using the detailed balance

principle as given in Ref. [26]. In this model the differential
photoionization cross section is averaged over the angle
between the laser polarization vector and the electric-field
direction. Then the effect from the motional electric field and
the different laser polarization on LIR gain can be given as

Gn(ε) = Rind
n

Rspon
=

n−1∑
	=0

G0
nl

∫ π

ϕ=0

∫ 2π

θ=0
σ

ph
nl (χ ) sin(ϕ)

×
∫ ∞

Eγ =E0−Esp sin ϕ

2

f (εt ,ϕ,ϑ)g(Eγ ) dEγ dϕ dϑ, (2)

where the factor G0
nl contains contributions from spontaneous

recombination, Rspon, the laser intensity, and laser frequency.
f (εt ,ϕ,ϑ) describes the flattened velocity distribution of the
electrons, ϕ is the angle between the electron momentum
vector and the laser polarization vector, and ϑ is the angle
between the electron momentum vector and the direction
of propagation of the ion. g(Eγ ) is a normalized Gaussian
that accounts for the linewidth of the laser. We apply this
approximation in the threshold region, just above the saddle-
point energy, where the electron momentum vector is in the
direction of the external field. The angle χ is thus between
the laser beam polarization and the direction of the motional
electric field v × B, and εt = Eγ − E0 − Esp sin ϕ

2 , where the
Esp term accounts for the fact that an external electric field
lowers the ionization threshold [18].

The solid curve in Fig. 2 represents the calculated gain in
absolute scale given by Eq. (2) for laser beam polarization
perpendicular to the motional electric field. In this calculation
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FIG. 3. (Color online) The measured gain as a function of the laser
pulse intensity at λ = 721.5 nm. The solid line shows the calculated
gain in absolute scale as a function of intensity.

the experimental parameters such as the electron-beam tem-
peratures of T⊥ = 3 meV and T‖ = 0.1 meV, the overlapping
laser intensity of 0.6 MW/cm2, and a transverse component
of the motional electric field of 2 V/cm were used. The
longitudinal component is not taken into account in the
calculated gain because it is much smaller than the transversal.
The solid curve reaches zero at the saddle-point energy
Esp = −1.07 meV. The absolute good agreement between the
calculated gain and the measured gain was obtained when
the laser beam along the electron cooler was considered as a
Gaussian beam of variable width, as been discussed earlier.
The total systematic error is according to the contributions
mentioned above in the order of 15%.

Figure 3 shows the measured gain as a function of the
laser intensity that is varied from 0.3 to 0.6 MW/cm2 and
at maximum gain, i.e., a photon wavelength of λ = 721.5 nm.
The calculated gain (solid line) is obtained by using the relation
given in Ref. [2] and agrees well in absolute scale with the
measured gain. The laser intensity is below the saturation
intensity (≈2 MW/cm2) for these measurements, resulting
in a gain well below a saturation gain of ≈300; thus it shows
a linear dependence.

The gain curve, obtained using a laser polarization parallel
to the direction of the motional electric field, is shown in
Fig. 4. The gain factor starts to rise at −1.5 meV, below the
expected field-free threshold. It reaches a maximum of 70 ± 7
at −0.3 meV, falls off to half maximum within ≈0.8 meV,
and then decreases with increasing relative photon energy.
The solid curve, representing the theoretical calculation in
absolute scale, reaches zero at the saddle-point energy, Esp =
−1.07 meV.

The experimental data for the 0◦ polarization shows an
indication of a double-peak structure with a dip at ∼−0.6 meV
relative photon energy. Such a dip does not exist on the gain
curve of the perpendicular polarization in Fig. 2. The two
polarization directions have quite different parameters for
the respective gain curves, e.g., widths of 1.11 ± 0.17 and
0.79 ± 0.05 meV for parallel and perpendicular polarizations,
respectively. In order to investigate the significance of the

FIG. 4. (Color online) Gain spectrum for LIR into n = 3 of
deuterium for laser beam polarization parallel to the motional electric
field, v × B. The solid curve shows the theoretical prediction of the
gain in absolute scale.

observed polarization difference, we consider a polarization
parameter, defined as

p = G⊥ − G‖
G⊥ + G‖

. (3)

This defined parameter varies between p = 0 (no polarization
effect or G⊥ = G‖) and p = 1 or −1 (maximum polariza-
tion, G‖ = 0 or G⊥ = 0, respectively). From the absolute
theoretical gains displayed in Figs. 2 and 4, the theoretically
estimated polarization parameter p is obtained by applying
Eq. (3) and is represented by the solid curve in Fig. 5. The
experimental gains were obtained from several runs where
the scan steps were different and the steps also changed
in the range of λ from 0.05 to 0.2 nm. Therefore, for obtaining
the polarization parameters from the experimental gain values,
we had to average one of them (the gain for laser polarization
perpendicular to the electric field) in certain intervals as they
were not always measured at exactly the same wavelength.

FIG. 5. (Color online) Polarization parameter P for LIR into n =
3 of deuterium as a function of the relative photon energy. The solid
curve shows the theoretical prediction of P.
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As seen in Fig. 5, the measured polarization parameter is well
described by the calculated curve, and shows a clear evidence
for the polarization effect in LIR. The measured polarization
parameter shows also that G⊥ and G‖ are different by a
maximum value of 20%, which appears at the dip of measured
parallel polarization. From this overall good agreement, one
can conclude that the observed effect is owing to this external
electric field in the interaction region.

IV. CONCLUSION

We measured the polarization dependence of laser-induced
recombination into n = 3 of D using a laser with a narrow

linewidth. The polarization was changed with respect to a
small motional electric field of ∼2 V/cm, transverse to the
ion motion. For the polarization parallel to the external field
there is a double-peak structure in the gain curve with a dip
at ∼−0.6 meV relative photon energy with respect to the
threshold for stimulated emission to n = 3. Clear evidence for
the influence of the laser polarization on LIR is obtained from
a polarization parameter. From the overall good agreement
between the measured and calculated polarization parameters,
we conclude that the observed induced recombination below
threshold is owing to the small transverse electric field in the
interaction region that populates high-lying Rydberg states and
not from collisional or three-body recombination.
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