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Abstract. Recombination of fully stripped U%?* ions with electrons has been investigated at the Exper-
imental Storage Ring (ESR) in Darmstadt. Absolute recombination rate coefficients have been measured
for relative energies from 0 to 33 eV. For energies greater than 20 meV the experimental result is well de-
scribed by the theory for radiative recombination (RR). Below 20 meV the experimental rate increasingly
exceeds the RR calculation as observed previously in the recombination of light bare ions as well as of
Bi®3**. This low-energy rate enhancement is shown to scale as Z*° for bare ions, where Z is the atomic
number of the ion. The U%*T recombination rate enhancement is insensitive to changes of the electron
density. Variation of the magnetic guiding field strength from 80 mT to 120 mT resulted in oscillations of
the recombination rate at 0 eV. The oscillations are partly attributed to changes of the transverse electron
temperature accompanying the change of the magnetic guiding field strength; partly they may be caused

by uncompensated small changes of the interaction angle between the two beams.

PACS. 34.80.Lx Electron-ion recombination and electron attachment — 29.20.Dh Storage rings

1 Introduction

Recombination of an electron with a highly charged ion is
a fundamental process of great importance. It provides
an excellent testing ground for atomic collision theory.
Cross-sections and rate coefficients of recombination pro-
cesses are needed for the understanding of astrophysical
and fusion plasmas. Moreover, low-energy electron-ion re-
combination with its large cross-section provides a very
promising scheme for the production of anti-hydrogen by
recombination of positrons with antiprotons [1].

For bare ions the main recombination mechanism is
radiative recombination (RR), in which a free electron is
captured by an ion A9t and the excess energy and mo-
mentum are carried away by a photon:

e 4+ AT 5 Ala=D+ + . (1)

Another recombination mechanism possible for bare ions
is three-body recombination (TBR), where the excess en-
ergy and momentum are carried away by a second elec-
tron:

A fem pem — AlTDY 4 (2)

This process is important at high electron densities and
low collision energies.
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After the pioneering experiment on recombination of
bare ions performed by Andersen et al. [2] for CF in
1990, consecutive measurements for bare ions (He?t, C6F,
N7+ Nel®t Sil4+ CII7+ Arl®+) [3-9] have been carried
out. The measured rate coefficients have been in agree-
ment with RR theory for relative energies greater than
0.1 eV, or even already 0.01 eV. However, while Andersen
et al. measured recombination rates at (seemingly) zero
center-of-mass energy which were only slightly below the-
ory, all other measurements found recombination rates
exceeding theoretical predictions at very low relative en-
ergies (Eye < 0.01 eV). Towards lower energies the mea-
sured rate coefficient ceyp, typically shows an extra amount
Ao = qexp — orr on top of the theoretical rate coeffi-
cient agyr for RR. The resulting rate enhancement factor
€ = Qexp/ORR at Erel = 0 €V increases from 1.6 (He?T) to
10 (Ar'®*); enhancement was observed recently also with
D* [10].

Historically, recombination rate enhancement was ob-
served first in 1989 in the recombination of Ut [11].
This finding stimulated continuous efforts in the investi-
gation of RR of bare ions as well as of multicharged ions.
Whereas the very high rate enhancement of multicharged
complex ions like Au?®*, Au®0t, Pb33+ and U8+ could be
partly traced back to the presence of additional recombi-
nation channels, i.e., mainly due to dielectronic recombi-
nation (DR) [12-15], the origin of the remaining discrep-
ancies between experiment and theory especially for bare
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ions, where DR cannot occur, is not understood. Theoreti-
cally a number of mechanisms have been proposed [16-21].
However, none of these has been successful in providing a
satisfactory explanation of the enhancement so far.
Experimental efforts to understand the rate enhance-
ment concentrated on investigating the influence of indi-
vidual experimental parameters. Variations of the electron
density [7-9] within a total range from about 105 cm=3
up to 10'% cm~3 did not show effects on the enhancement.
The excess recombination rate A« was found to scale with
transverse electron temperature as 7', '~ and with longi-

tudinal electron temperature as Tlrl/ 2 [8]. A systematic

study of the ion charge-state dependence of the excess rate
for a number of light bare ions [4] yielded a Z2® scaling for
atomic numbers 1 < Z < 14. Another external parameter
observed to influence the enhancement has been the mag-
netic guiding field B in the interaction region. An increase
of the excess rate at 0 eV with increasing magnetic field
strength has been found in a number of experiments, e.g.,
references [8,12,22]. In these experiments an approximate
B? scaling (0.5 < x < 1) for the excess rate was found.

Recently, the investigations have been extended to the
heaviest bare ions [23], in which relativistic and QED ef-
fects play a role. In the recombination of Bi®** [23], an en-
hancement factor as high as 5.2 was found. Besides that,
the low-energy recombination rates were found to oscil-
late almost periodically with the magnetic guiding field
strength. Surprisingly, this kind of oscillations have not
been observed in the experiment for Bi®9*, which was car-
ried out in the same beam time but with a three times
lower ion energy, i.e., 100 MeV /u.

Here we present experimental results for recombina-
tion of U?2*, which is the heaviest bare ion accessible to
detailed recombination experiments. The recombination
rate coefficient was measured in a wide energy range cov-
ering many orders of magnitude (between the lowest en-
ergy meaningful in this experiment, 107° eV all the way
up to 30 eV). The influence of the magnetic guiding field
strength and electron density on the rate enhancement has
been investigated in great detail. In comparison with the
previous study for Bi®3*, new features have been imple-
mented in the experiment. Mainly, the two-dimensional
ion-beam profile was probed simultaneously with the re-
combination spectra. This provides a direct additional ob-
servation channel for monitoring the ion-beam location
and size which is useful for the interpretation of the re-
combination data.

2 Theory

In order to describe RR Kramers developed a semi-
classical approach already in 1923 [24]. A full quantum
mechanical treatment within the non-relativistic dipole
approximation was performed by Stobbe seven years
later [25]. In 1957, Bethe and Salpeter [26] derived from
a quantum mechanical approach an approximate formula
for the RR cross-section, which is identical to Kramers’
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semi-classical result

E§
Ecm(EO + ancm)

3)

URR(na Ecm) = 0o
n

with o9 ~ 2.1 x 10722 ¢cm?. The capture of an electron
by a bare ion produces a hydrogenic state with principal
quantum number n. In this case Ey = Z?R is the binding
energy of the ground state electron in the hydrogenic ion
(atom) with nuclear charge Z and Rydberg constant R ~
13.6 eV, and E.y,, is the kinetic energy in the electron-
ion c.m. frame. The total cross-section for this process is
obtained by summing up the contributions of all accessible
Rydberg states:

Mmax

URR(Ecm) = Z URR(na Ecrn); (4)

n=1

where nyax is the maximum principal quantum number
of the Rydberg states that can contribute. This num-
ber is determined by the experimental conditions. As a
semi-classical approximation equation (3) is only valid
in the limit of high quantum numbers and low elec-
tron energies. Since the quantum mechanical treatment
of Stobbe involves rather tedious evaluation of hydrogenic
dipole matrix elements one often applies correction factors
G (Ecm), the so-called Gaunt factors, to equation (3) to
account for deviations from the correct quantum result
at low n and high E.,,. The use of Gaunt factors is con-
venient because they are either tabulated [27] or given
in an easy parameterization [28,29]. We here apply tabu-
lated [30] values k,, = G,,(0) and use

Mmax
JRR(Ecm) =00 Z kn
n=1

(ZZR)Q
NEem(Z?R 4+ n?Eep)

()

This Gaunt-factor corrected calculation differs by as much
as ~ 20% (see Fig. la) from the uncorrected one (cf.
Eq. (4)).

For very heavy ions an exact relativistic calculation
within the framework of Dirac theory and with the inclu-
sion of higher multipoles is demanded in general. Results
of such calculations for bare ions with n < 3 have re-
cently been presented by Ichihara and Eichler [31]. When
comparing their result for U%?* with the outcome of equa-
tion (5) with Z = 92 and nmax = 3 we find that over the
energy range covered in the present experiment the maxi-
mum difference is less than 3% (c¢f. Fig. 1a). This is due to
cancellation effects as shown in Figure 1b where the con-
tributions by each individual n are plotted separately. The
differences between the relativistic and non-relativistic
calculations change sign when going from n =1 to n = 2.
The absolute difference is largest for n = 1 (up to ~ 10%).
In general, relativistic effects become weaker with increas-
ing n. Therefore, we do not expect the difference to in-
crease when extending the summation to higher principal
quantum numbers. Since the 3% maximum deviation of
the n-summed non-relativistic calculation from the fully
relativistic calculation is smaller than the experimental
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Fig. 1. Theoretical cross-sections for radiative recombination
of bare U2 ions as a function of the relative energy. (a) Com-
parison between n-summed (Pmax = 3) fully relativistic [31]
(full line), semi-classical Gaunt-factor corrected (cf. Eq. (5))
(dashed line) and uncorrected (cf. Eq. (4)) (dash-dotted line)
calculations. In order to remove the divergence at Ecm = 0
the cross-sections have been multiplied by Ecm. (b) n-selective
comparison between fully relativistic (full line) and Gaunt-
factor corrected semi-classical (c¢f. Eq. (5)) (dashed line) cal-
culations for n = 1, 2, 3 individual shells.

uncertainty, equation (5) was used for all calculations pre-
sented in this paper. QED corrections to the cross-section
for radiative capture into the n = 1 shell of bare uranium
have recently been calculated by Shabaev et al. [32]. They
amount to less than 1% at the highest energy considered
and are therefore neglected here.

For comparison with the experimental results a theo-
retical rate coefficient arg is derived by a convolution of
the theoretical RR cross-section oggr (¢f. Eq. (5)) with a
velocity distribution function f(vel, V)

(6)

The average longitudinal c.m. velocity v can be calcu-
lated from

ORR(Vrel) = /URR(’U)Uf(’UrelaV)dBU-

(7)

where v, and v; | are the longitudinal velocity compo-
nents of the electrons and ions in the laboratory frame, re-
spectively. The anisotropic velocity distribution f(vel, v)
is given by

__Me _Mmevy
Fvre1, v) = 5 exp ( QkTL)

7me(v\| - vrel)Q

Vret = [e)) = v 1]/ (1 = w1 jjve 1/ ¢2),

e
ex
QW]CTH

) ®

where v) is the velocity component in the beam direction,
v, the velocity component perpendicular to the beam,
and T) and T, are temperatures characterizing the distri-
butions of relative velocities between electrons and ions in
the longitudinal and transverse directions, respectively.
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Fig. 2. Schematic view of the ESR electron cooler and a con-
ceptual view of the experimental set-up for recombination mea-
surements. The cold electron beam produced in the gun is
guided by the magnetic field and merged with the ion beam
over a distance of 2.5 m. The electron beam is then separated
from the ion beam by the magnetic guiding field and trans-
ferred to the collector. Recombined and parent ions are sepa-
rated from each other in the dipole magnets after the cooler.
A gas counter detector located about 50 m downstream from
the electron cooler is used to detect the recombined ions.

3 Experiment

The main features of the experimental technique have
been described previously [23]. The measurement has been
performed at the Experimental Storage Ring (ESR) of
the Gesellschaft fiir Schwerionenforschung (GSI) in Darm-
stadt. 291.7 MeV /u U%2* ions supplied by the GSI linear
accelerator UNILAC in combination with the heavy ion
synchrotron SIS were injected into the ESR. One injec-
tion pulse of ions from the SIS into the ESR was sufficient
to provide an ion current of typically 300-500 pA (corre-
sponding to 1.1—-1.9 x 107 ions stored in the ring) at the
beginning of a measurement. In one of the straight sec-
tions of the storage ring the ion beam was merged with
the magnetically confined electron beam of the cooler (see
Fig. 2). The electron energy was set to 160 keV at cooling
so that the electron and ion mean velocities were identical.
Under these conditions the ion beam is cooled by friction
forces exerted by the electron beam on ions whose velocity
does not match the velocity of the cold electron beam. By
elastic electron-ion collisions energy is lost by ions which
are faster than the electrons and energy is gained by ions
which are slower until, ideally, the ion beam has acquired
the low temperature of the electron beam and the av-
erage velocities of electrons and ions are fully matched.
Dipole magnets after the electron cooler bent the circu-
lating U2t jon beam onto a closed orbit and separated
the recombined U ions from the circulating U®?* ions.
The recombined U?'* ions were detected by a gas counter
detector, which is located in the north part of the ESR,
i.e. downstream more than half way around the ring.
Before starting a measurement, the ion beam was
cooled for several seconds until the beam profiles reached
their equilibrium widths. For a change of the electron en-
ergy voltages between —5 and 5 kV were applied to two
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drift tubes surrounding the electron and ion beams in the
interaction region. During a measurement cycle the elec-
tron energy was stepped through a preset range of values
different from the cooling energy thus introducing non-
zero mean relative velocities between the ions and the
electrons. In between two measurement steps of 30 ms
duration each, the electron energy was set to the cooling
energy (Fye = 0) for 30 ms in order to maintain good
ion-beam quality. The experimental data stream was con-
tinuously collected and stored each ms, thus allowing a
detailed off-line analysis. The recombined-ion-beam pro-
file was probed with a two-dimensional position-sensitive
multi-wire gas counter and recorded in the data stream.
This new feature made possible to monitor the ion-beam
location and size simultaneously with the recombination
measurements. The time-resolved measurements allowed
us to check for possible effects of the friction force be-
tween the electrons and the ions, which tends to shift the
relative energy between electrons and ions to a value lower
than the set value. Such effects have, in fact, not been ob-
served in the present study as well as in the previous study
on Bi®3*. This is in agreement with a detailed simulation
of the influence of the friction force.

The kinetic energy of the electrons F, is defined by the
cathode voltage Ugun, the drift tube voltage Uayige and the
space charge potential U, in the interaction region:

E, = _eUgun + eUqrity, + €Usp

Iremec?

== 76Ugun + eUdrift - [1 + 2 ln(b/a)] ’ (9)

e

where e, m. and v, are the electron charge, mass and ve-
locity, 7 the classical electron radius, c the speed of light,
I, the electron current, b = 10 cm and @ = 2.54 c¢m are the
radii of the drift tube and the electron beam, respectively.
The ion-beam diameter in the interaction region is only of
the order of a millimeter and, hence, the electron energy
distribution probed by the ions is rather flat across the ion
beam. For a typical electron current I, = 80 mA the space
charge potential on the drift tube axis is Uy, = —13.8 V at
cooling, i.e. for Ugun = —160 kV and Ug,iry = 0. The elec-
tron energy Ecoo1 at cooling, i.e. for Eye; = 0 (¢f. Eq. (10)),
directly determines the ion energy E; = (mi/me)Ecool-

The space-charge corrected electron energy FE, and ion
energy FE; are used to calculate the relative energy Ei
between the electron and the ion:

Bras = ic? [m — /07— D)2 — 1) cost0) - 1] ,

- mMeMnj
/’[/ (me + ml) I
E.
Ye=1+—3,
MeC
E.
=1+ W (10)

1

where m; is the mass of the ion, and 6 is the angle
between the electron and the ion beams. This formula
for the relative energy calculation is valid as long as
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E.aq < V2mic?mec?, which is always satisfied in recom-
bination experiments. For “normal” recombination mea-
surements the alignment of the beams was optimized to
6 = 0 mrad with an uncertainty of 0.1 mrad by minimizing
the width of the ion beam. This width was observed by a
beam-profile monitor based on the detection of secondary
ions produced by the circulating beam in the residual gas.
Alternatively, the position-sensitive detection of fast ions
that dropped out of the circulating beam after electron
capture from the residual gas provided a measure of the
beam width.

The counting rate measured at the scanning energy
FElineas 1s given by

@ Emeas L e Emeas Ni
(B nLne(Bnea)Ni g
C

R(Emeas) = (11)
with « denoting the electron-ion recombination rate coef-
ficient, 7 the detection efficiency of the recombination de-
tector which is very close to unity, L = 2.5 m the nominal
length of the interaction zone, ne(F) the electron density
at energy E, N; the number of stored ions, C' = 108.36 m
the ring circumference and v the relativistic Lorentz factor
for the transformation between the c.m. and the labora-
tory frames. Rp,cx denotes the measured background rate
due to collisions with residual gas molecules. In order to
extract an absolute rate coefficient from the experimental
data the background has to be subtracted by taking into
account the counting rate at a reference energy Fiof

a(Eref)nLne (Eref)Ni

R(Eref) = C’YQ

+ Rpack- (12)
Combining equations (11, 12) « at Epeas is calculated
from

[R(Emeas) - R(Eref)]O’YQ
77Lne (Emeas)Ni
Ne (Eref) .
Ne (Emeas)

In the present experiment the reference energy has been
set to the maximum accessible scan energy, i.e., at Fyof =
33 eV. According to RR theory the rate coefficient at this
energy is a(Eper) = 1.0 x 1072 ecm3 s71.

Electron and ion beams were merged and demerged
by bending the electron beam in and out of the ion-beam
direction using toroidal magnetic fields with a bending
radius of 120 cm. The electron beam of 2.54 c¢m radius is
still overlapping the ion beam for 25 cm before and af-
ter the straight overlap section of 250 cm. The merging
and demerging sections therefore contribute to the mea-
sured counting rate. However, the influence of the volt-
age applied to the drift tubes is restricted to the straight
overlap section of the cooler and thus, the electron energy
in the toroidal sections is always the same, independent
of the drift tube potential. Therefore the contribution of
the merging and demerging sections can be treated as an
electron-energy-independent background.

The electrons strictly follow the magnetic field lines.
Nonzero angles between the electron trajectory and the

a(Emeas) -

+ Oé(Eref) (13)
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Fig. 3. Relative energies between electrons and ions along the
straight overlap section inside the ESR cooler resulting from
the drift tube electric potential and the interaction-angle dis-
tributions. The voltages of 10, 50, 100, 500, 1000 and 5000 V
applied to the drift tubes correspond to Ere = 6.2 x 1074,
0.0039, 0.014, 0.34, 1.35 and 33.2 eV, respectively. Position 0
represents the middle of the drift tube.
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Fig. 4. Probability distribution of relative energies experi-
enced in the cooler at a few sample nominal (desired) energies
Ergminal Dygtted line represents distribution at 0.014 eV nomi-
nal energy; dashed line at 0.12 eV; dash-dotted line at 1.35 eV
solid line at 12.0 eV. The area under each curve is normalized
to unity.

ion-beam direction along the cooler geometrical axis are
introduced by the transverse components of the mag-
netic guiding field in the merging section. Figure 3 shows
the resulting relative energies along the straight overlap
section for sample voltages applied to the drift tubes.
Consequently the desired energy can only be realized with
a certain energy-dependent probability (see Fig. 4) or, in
other words, over a certain energy-dependent fraction of
the whole interaction length. Thus, the measured rate co-
efficient at a given nominal relative energy Ei,eas contains
contributions from other relative energies; i.e., it results
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from the convolution

L
(Emens) = % /0 dl a(Era(l)), (14)

with FEye(l) being the relative energy at the position
[ inside the cooler. The real rate coefficient a(E;e(l))
can therefore be obtained by a deconvolution performed
iteratively. The numerical procedure is described in
reference [23].

The systematic uncertainty of the experimental rate
coefficients is estimated to be +15% based on the pos-
sible error in the ion-current and electron-current mea-
surements and the uncertainty of the drift tube poten-
tial and angle distributions. Concerning the uncertainty
of the relative energies, at higher energies, e.g., 10 eV,
it comes mainly from the error in the drift tube voltage
measurement. It amounts to about 0.06 eV. At lower en-
ergies, it is determined mainly by the uncertainty of the
interaction angle between the two beams. The upper limit
of the possible error is about 2 meV if an uncertainty of
0.1 mrad is assumed for the interaction angle. Experiment
suggests that the error of the relative energies due to pos-
sible misalignment of the beams at lower energies (up to
Eie1 = 20 meV) is no more than 0.1 meV.

4 Experimental results and discussion
4.1 Comparison with theory

In Figure 5 the measured absolute recombination rate co-
efficient of U2t is plotted versus the relative energy from
0 to 33 eV. For comparison, rate coefficients calculated
with equations (5, 6, 8) are also shown in the figure.

The highest Rydberg state ny.x that can contribute
to the measured rate in experiments using storage rings is
determined by field ionization in the dipole magnet which
separates the parent ions and the recombined ions. The
field-ionization limit ny is determined [33] by

3\ 1/4
ny = (7.3 x 10 V/m x %) , (15)

where ¢ is the charge state of the ion and F' = v BL
the motional electric field seen by the ions with velocity
vj in the transverse magnetic field B, of the charge-
analyzing magnet. Practically, one has to take into ac-
count also higher Rydberg states which can radiatively
decay to states below ng before their arrival at the ana-
lyzing magnet. Calculations based on a detailed model [34]
for field ionization and cascading of Rydberg states formed
in recombination shows that nm.x = 130 is a realistic es-
timate for U%2*. Consequently, the value is used for the
calculations throughout the rest of this paper.

As seen from Figure 5a very good agreement between
the calculated and measured recombination rate coeffi-
cients is found for energies greater than 20 meV. Towards
lower energies up to 0.1 meV the measured rate is increas-
ingly greater than the calculated value and becomes flat
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Fig. 5. Absolute recombination rate coefficients of U%?* plot-

ted against relative energy between the electron and the ion.
Open circles represent measured results; lines the calculated re-
sults. (a) An overview of the whole energy range; (b) detailed
comparison for energies greater than 1 x 1072 eV. The solid
line (a, b) is a calculation with nmax = 130, kT = 120 meV
and £7)=0.1 meV. The magnetic guiding field strength was
104 mT.

below 0.1 meV. This is known as low-energy rate enhance-
ment as mentioned in the introduction. Obviously the size
of the enhanced rate is energy dependent. At 0 eV the rate
coefficient amounts to 1.8 x 1077 cm?® s™! exceeding the
theoretical value of 3.6 x 10™® cm? s~! by a factor of 5.
The scattering of the data points in the recombination
spectrum originates from the deconvolution procedure as
well as from the limited counting statistics particularly in
the higher energy region.

4.2 Variation of the magnetic guiding field strength

Motivated by previous surprising findings in the recom-
bination of Bi®3* [23], recombination rates at 0 eV have

been measured with variation of the magnetic guiding field
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Fig. 6. Recombination rates at 0 eV of U, Bi%** [23] and
Bi®?* for different magnetic guiding field strengths. The re-
combination rates were evaluated from the counting rate of
the recombined ions without any background subtraction and
corrections due to the drift tube potential and angle distri-
butions inside the cooler. The difference of the recombination
rates for Bi®*** measured with different electron currents are
mainly due to incomplete normalization of backgrounds orig-
inating from collisions with residual gas molecules in the ion
beam path.

strength. Data were taken for magnetic field strengths B
between 80 mT and 120 mT in steps of 1 mT and the
results are shown in Figure 6. Also shown in the figure are
results for Bi®2* and for Bi®3*. As for Bi®3*, the rates for
U2+ and Bi®?™ oscillate with the magnetic field strength.
It is striking that the recombination rates for the differ-
ent ions measured in different beam times react to the
change of the magnetic guiding field strength with a sim-
ilar behaviour. In particular the positions (magnetic field
strength) of the maxima and minima of the oscillations
coincide. This indicates that besides possible pure effects
of the magnetic field on the recombination process, the
magnetic guiding field may have influenced the properties
(e.g. temperatures) of the electron beam inside the cooler
consistently in a periodic manner, which in turn affects
the recombination process.

In order to further investigate this experimental phe-
nomenon, complete recombination spectra at 15 selected
magnetic field strengths between 80 mT and 110 mT were
measured. Sample spectra at four different magnetic guid-
ing field strengths are given in Figure 7. In these recom-
bination spectra the measured rate coefficients are essen-
tially identical for energies greater than 1 eV irrespective
of the magnetic field strength. At lower energies, however,
pronounced differences exist. Comparison of the mea-
sured spectra with RR theory facilitates the extraction
of the transverse temperatures characterizing the veloc-
ity distribution. Although the shape of the recombination
spectrum is rather insensitive to even order-of-magnitude
variations of the longitudinal temperature, the apparent
transverse temperature can be determined rather uniquely
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Fig. 7. Recombination spectra of U%>* measured at four dif-

ferent magnetic guiding field strengths. Full circles at 94 mT;
triangles at 80 mT; full triangles 84 at mT; open circles at
104.2 mT. To guide the eye, smooth curves are drawn through
the data points.

(with an estimated error of £20%) from the comparison
between experiment and theory for energies greater than
0.02 eV. In this energy range the rate enhancement does
not appear, and RR theory agrees with the experiment.
At the low energies a decreasing transverse temperature
leads to increased enhancement (see [8]).

In Figure 8 the excess rates A« at 0 eV together with
the transverse temperature k7| and ion beam sizes in hor-
izontal (x) and vertical (y) directions are plotted against
the magnetic guiding field strength. The quantities Aq,
kT | and the ion-beam size d, in the horizontal direc-
tion oscillate with identical periods. Thereby A« exhibits
a 180 degree phase difference as compared to the other
two quantities. In contrast to d;, the ion beam size dy in
the vertical direction does not oscillate. We note that the
change of the apparent transverse temperature with mag-
netic guiding field strength is related to the change of the
ion-beam size.

It is known that the excess rate and 7| are in-
terrelated. To remove the established (k7). )~'/2 depen-
dence [8], scaled excess rates Aa(kT) )2 are plotted in
Figure 9 against the magnetic guiding field strength. The
dependence of the scaled excess rate on the magnetic field
strength is much smoother than the excess rate itself as
expected. The ratio between the maximum and minimum
scaled excess rate is about 3, whereas for the unscaled rate
the ratio amounts to 7.

There appears three possibilities that may explain the
remaining oscillation behaviour and the general trend
of increasing recombination rate observed for increasing
magnetic guiding field. One possibility is a variation not
only of T, but also of 1. Assuming that the remain-

ing oscillation of Aa(kT'1)*? is due to oscillation of T
and considering the known Tlrl/ 2 dependence of Aq, one
would have to assume a variation of T} by up to a factor
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Fig. 8. Excess recombination rate Ac at 0 eV of U%T | trans-
verse temperature k7| and ion-beam sizes in horizontal (z)
and vertical (y) directions plotted against the magnetic guid-
ing field strength. Triangles represent Aq; diamonds show the
kT, invoked to reproduce the energy dependence of measured
recombination rates at energies above ~ 5 x 1072 eV; open
circles represent the measured ion-beam size in the horizon-
tal direction; open squares the ion-beam size in the vertical
direction. Different from Figure 6, Aa values are based here
on complete recombination spectra with corrections for back-
ground and the distribution of relative energies along the axis
of the cooler. The quantities k7| have been determined indi-
vidually by comparing each recombination spectrum with RR
theory. The ion-beam size is defined as 20 of the beam-profile
distribution. To guide the eye, data points are connected with
different sorts of lines.
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Fig. 9. Scaled excess rate Aa(kT.)"? at 0 eV of U%*T as
a function of the magnetic guiding field strength. The quoted
error +18% includes contributions from A« and kT, . To guide
the eye, data points are connected with dashed lines, a straight
solid line is drawn to show the gross trend of the magnetic field
dependence.
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of 9. Unfortunately, the complete energy-dependent re-
combination rate measurements such as those displayed
in Figure 7 cannot provide conclusive information on 7Tj
(as is possible for T'| ) because the RR rate is insensitive to
order-of-magnitude variations of 7). Direct measurement
of the temperatures by low energy DR resonances is desir-
able, but no isolated resonances at sufficiently low relative
energy have been found in very heavy ions accessible at
ESR so far.

The second possible reason for the oscillatory be-
haviour of the scaled excess rate could be a real magnetic-
field effect. The fact that the oscillations are almost identi-
cal for completely different experiments with U%2+, Bi®3+,
and Bi®?t with different settings of ring parameters sup-
ports the assumption of a periodic dependence of recom-
bination on the magnetic guiding field. However, as noted
already in the introduction the oscillations have not been
observed in recombination experiments at lower ion ener-
gies (corresponding to lower cooling energies).

A third parameter that influences the recombination
rate and might be changed when the magnetic field is var-
ied is the angle between the ion beam and the electron
beam. By increasing the magnetic guiding field strength
the trajectories of the electrons can be expected to change
only little, however, the ion beam — though having a high
rigidity — is bent sideways as the toroidal field in the cooler
is increased. Since this bending was not compensated in
the experiment one has to expect a change of the angle 0
between the ion-beam and the electron-beam axis. When
0 increases from 0 to 0.2 mrad the lowest accessible rel-
ative energy between the electrons and ions increases to
Emin(g = 0.2 mrad) = 0.0074 eV. Keeping this in mind in
combination with the very rapid decrease of the recombi-
nation rate when the relative energy is detuned from 0 eV,
a variation of 6 between 0 and 0.15 mrad would reproduce
the observed remaining oscillations of the recombination
rate. If this scenario were the only explanation it would
not at all be clear why this effect — the angular variation —
should be periodic with Bj.

The above discussion shows that none of the three ex-
planations is really satisfying without further knowledge.
What remains is that with increasing magnetic guiding
field strength the average recombination rate at the low-
est relative energy also increases (see solid line in Fig. 9).
This increase almost resembles a linear dependence of
AO&(k‘TL)l/Q with B”

4.3 Variation of the electron density

Recombination measurements with electron densities of
6.3 x 10° cm™3 (40 mA) and 1.3 x 105 cm=2 (80 mA)
were carried out. The shapes of these two recombina-
tion spectra are slightly different for the energy range
from 20 meV to 1 eV where rate enhancement is not ex-
pected. This difference seems to indicate slightly different
transverse temperatures at electron densities which dif-
fer by a factor of 2. Transverse temperatures of 250 meV
and 200 meV were evaluated for the velocity distribu-
tions at the two different densities by comparing the mea-
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Fig. 10. Nuclear charge dependence of the scaled excess rates
Aa(kTL)Y?(kT))"/? at 0 eV in the recombination of fully
stripped ions. All experiments for fully stripped ions utilizing
storage rings [3,4,7-9,23] are included. Aa(kTy)"?(kT})"/?
values are based on K7, and kT quoted in the respective pa-
pers. These excess rates have not been normalized to the same
magnetic guiding field strength. The magnetic field was 30 mT
for He?>T, N™* Ne'®* and Si'**, 42 mT for C%*, 63 mT for
CI'"™, 110 mT for Bi®¥¥*, and 104 mT for U°?T. An uncer-
tainty of 20% is assumed for all scaled excess rates, mainly
because of possible uncertainty in the transverse and longi-
tudinal electron temperatures. Full squares are experimental
results; dashed line is a Z%® scaling found previously by Gao
et al. [4] in the recombination of light ions; solid line is a Z%°
new scaling based on all data points plotted here.

sured and calculated rate coefficients for energies above
20 meV. The excess rates at 0 eV for the densities
6.3 x 10° em™3 and 1.3 x 10% cm ™3 are slightly different,
being 6.5 x 1078 cm?® s7! and 7.8 x 1078 cm? s™! respec-
tively. However, the scaled excess rates Aa(kT)"/? are
identical. In agreement with previous findings in recom-
bination experiments performed with a variety of ions at
different facilities, no significant influence of the electron
density on the rate enhancement was found in the present
study as well. The lack of electron-density dependence of
the rate enhancement rules out TBR (Eq. (2)) as a possi-
ble mechanism leading to enhanced recombination rates at
low energies. The TBR mechanism would suggest a linear
dependence of the enhanced rates on the electron density.

4.4 Nuclear charge dependence

In order to provide an overview of the low-energy rate
enhancement in the recombination of fully stripped ions,
scaled excess recombination rates at 0 eV of ions from
all available experiments performed with ion storage rings
have been plotted in Figure 10. We can see from the fig-
ure that the rate enhancement of the U%2% ion as well
as that of the Bi®3T ion essentially agree with the Z2%
scaling behaviour found in the recombination of light
ions [4]. However, a new fit based on all the data points



W. Shi et al.: Recombination of U%?* ions with electrons

plotted in Figure 10 yields a slightly different scaling with
Aa(kT,)Y2(KT))'/? o Z*6. We note that the Z>0 scal-

ing for the rate enhancement AOz(kTJ_)l/Q(kTH)l/2 is be-

yond the Z? scaling behaviour expected for the radiative
recombination rate org.

5 Conclusions

The recombination of U%2% ions with free electrons has
been studied experimentally. Absolute recombination rate
coefficients have been measured for relative energies from
0 to 33 eV. Comparison of the experimental recombina-
tion rate coefficients with available RR theory shows good
agreement for relative energies greater than 20 meV. At
lower energies the well known rate enhancement appears
also in the recombination of U%?*. New evaluation of the
nuclear charge dependence of the rate enhancement at
0 eV results in a Z%0 scaling, which is valid for both
light and the heaviest bare ions. As in the recombination
of other ions the size of the rate enhancement does not
depend on the electron density. This rules out TBR as
a possible mechanism leading to enhanced recombination
rates at low energies.

The present investigation shows that the oscillation of
the recombination rate at 0 eV with the magnetic guid-
ing field strength observed in the present experiment as
well as in the previous experiment with Bi®3* can partly
be explained by a change of the transverse electron tem-
perature accompanying the change of the magnetic guid-
ing field strength. The remaining dependence may be ex-
plained by variations of the longitudinal temperature and
possible variations of the interaction angle. Averaging over
the oscillations yields an increase of the rate enhancement
Aa(kT1)'/? by a factor of 1.7 when the magnetic guiding
field strength is increased from 80 mT to 105 mT.

Finally, we point out that a capture-state-selective
measurement of radiative recombination would provide a
more stringent test of theories for radiative recombination,
particularly of those for very heavy ions where relativis-
tic effects need to be taken into account. A photon-and-
recombined-ion coincidence measurement of the recom-
bination can distinguish RR from TBR as well as from
dielectronic recombination (DR) in the case of not fully
stripped ions and thus may lead to a better understand-
ing of the low-energy enhancement in the recombination
of bare ions and in particular of multicharged ions. Such
experiments are currently under consideration.
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