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Abstract. Dielectronic recombination (DR) of Ar15+(ls22s) 
ions was studied in a single-pass merged-beams experiment 
at the UNILAC (universal linear accelerator) of GSI. Abso- 
lute recombination rates and cross sections were measured 
for electron-ion center-of-mass energies from 0 to 580 eV. 
A number of Rydberg states formed by DR with 2s --+ 2p 
( A n  = O) and 2s --~ 3g ( A n  = 1) core excitations and even 
individual terms in the ls23g3g ' configuration could be re- 
solved. Theoretical calculations of DR cross sections are in 
good overall agreement with the data. In the calculations 
for A n  = 0 transitions, effects of electric fields have to be 
included to reproduce the magnitude of the measured DR 
rates at the limit of the 2pl/2ng and 203/2ng Rydberg series. 
Discrepancies between theory and experiment are observed 
at the series limits of the (lsZ3gng ~) Rydberg series. 

PACS: 34.80.Kw 

1. Introduction 

Electron-ion collisions are fundamental processes, which 
play an important role wherever ionized matter occurs. Data 
on electron-ion collision processes are needed for the model- 
ing and understanding of astrophysical and laboratory plas- 
mas [1] such as the solar corona, the discharge in a toka- 
mak, or the spark produced by an intense laser when it hits 
solid material. Among a variety of other electron-ion pro- 
cesses, recombination is particularly interesting both from 
an applied point of view and as a testing ground for our the- 
oretical understanding of atomic structure and atomic col- 
lision phenomena. Due to experimental difficulties inher- 
ent in the colliding-beams techniques, direct measurements 
of electron-ion recombination cross sections and rates have 
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been carried out only since a few years [2, 3] . During this 
time enormous progress has been achieved, both in the ex- 
periments and theory [4], 

Much of the present interest in the field of electron-ion 
recombination is related to the construction and operation of 
heavy ion storage rings. In particular, ion beam cooling by 
interaction with a cold electron beam raises the question of 
losses due to recombination processes. Experimental studies 
of electron-ion recombination are needed to understand more 
about the loss mechanisms. They can also serve to diagnose 
the effectiveness of ion beam cooling. An ion storage ring 
with an electron beam cooling device in itself provides an 
excellent toot to study recombination processes and to ob- 
tain data which are useful for plasma applications. 

A free electron and an ion A q+ can recombine by radia- 
tive recombination (RR) 

e + A q+ ---> [ A  (q-l)+]* + hz., ,  (1) 

where the excess energy is carried away by a photon in a 
direct process. Alter RR the captured electron can be in a 
highly excited (bound) state and hence further radiation will 
be emitted until the electron is in the lowest possible level. 

The recombination can also proceed in a resonant manner 

e + A q+ --+ [A(V-')+] ** -+ [A(q-1)+] * + h u ,  (2) 

where the excess energy released by the capture of the elec- 
tron is used up by the excitation of a core electron within 
the ion. This so called resonant recombination or dielectronic 
capture can only occur, if the kinetic energy of the projec- 
tile electron matches the difference Ei - Ef  of total binding 
energies of all electrons in the initial and final states of the 
ion. Inevitably, dielectronic capture produces a multiply ex- 
cited autoionizing state, which can decay by the emission of 
photons 

(3) 

and thus stabilize the reduced charge state of the ion. The 
whole two-step process of resonant recombination followed 
by stabilization via photoemission is termed dielectronic 
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recombination (DR). Usually, however, electron emission 
from the intermediate resonant electron-ion complex 

[A(q - 1)+] ** ~ Aq+ + e (4) 

is much more likely than photoemission so that the com- 
pound disintegrates again into the original constituents. 

The situation becomes morn complex when the inter- 
mediate state is so highly excited that cascades of stabiliz- 
ing transitions are possible. Then radiative transitions are 
in competition with autoionization in more than one inter- 
mediate step, which makes it difficult to follow the path of 
radiative stabilizations through all possible decay channels. 

With increasing electron densities, another recombina- 
tion mechanism becomes important: In the three-body re- 
combination process 

e +  e +  A q+ --+ A (q-t)+ + e , (5) 

one of the two electrons carries away the excess energy 
released by the recombination of the other electron and the 
ion. This process is important at very low center-of-mass 
energies of electrons and ions. In this paper we exclude the 
discussion of recombination processes at very low energies 
and rather deal with two-body DR collisions only. 

Much of the present activity in the field of electron-ion 
recombination has been devoted to lithium-like ions. These 
ions provide a relatively simple electronic structure and cor- 
respondingly can be treated more easily by theory than ions 
with a more complex structure. Moreover, beams of such 
ions are usually free of metastable components which would 
make the interpretation of results difficult. Pioneering ex- 
periments with the lithium-like ions B 2+, C 3+, N 4+, and 05+ 
were carried out at Oak Ridge by Ditmer, Datz and co- 
workers [3, 5]. With a better electron beam target and vastly 
improved energy resolution the ions C 3+, N 4+, 05+, F 6+, and 
Si 1t+ were studied in Aarhus by Andersen and co-workers 
[6, 7]. All these experiments were restricted to the An = 0 
transitions of the (2s) electron 

A(q-1 )+( l s22p l /2ng)  
e + A q + ( l s 2 2 s )  --+ (6) 

A(q-1)+( l s22p3/2ng)  , 

where ng characterizes a high Rydberg level into which the 
incident electron is captured. 

The first measurement providing data also for An  = 1 
transitions of the (2s) electron where carried out at the Hei- 
delberg test storage ring (TSR) with Cu 26+ ions [8]. In these 
experiments an ultimate resolution of 0.1 eV was reached 
at the lowest relative energies of electrons and ions. This 
resolution is even slightly better than that in the Aarhus 
experiments. (Of course the finite longitudinal temperature 
of the electron beam always leads to an increasing energy 
spread in the merged-beams experiments as the center-of- 
mass energy is raised.) 

The most highly charged lithium-like ions studied so far 
with respect to DR and RR are A u  76+ [9, 10] and U s9+ [I 1]. 
These experiments were carried out at the experimental stor- 
age ring ESR of GSI. Due to the technical difficulties in the 
detuning of the electron energy in the cooling device, these 

measurements have had to be restricted to An = 0 core tran- 
sitions (see (6)). 

The present measurements were carried out in a single- 
pass merged-beams experiment at the UNILAC of GSI. An 
extremely dense cold electron beam target was employed 
providing an energy spread as low as 0.2 eV at the lowest 
energies in the center-of-mass frame of electrons and ions 
studied. DR with both An  = 0 and An = 1 transitions of 
the (2s) core electron of Ar 15+ was investigated. The exper- 
imental results are compared with theoretical calculations of 
cross sections for DR. Effects of electric fields in the colli- 
sion region are taken into account. 

After a rather comprehensive description of the exper- 
imental apparatus and its components, the data acquisition 
and the evaluation of experimental cross sections and rates 
are then presented in detail. The theoretical methods and 
assumptions are :next briefly summarized and the results of 
theory and experiment are finally compared and discussed. 

2. Experimental arrangement 

For studying recombination of highly charged ions and free 
electrons we have set up a single-pass merged-beams ex- 
periment [12, 13] at the UNILAC of GSI in Darmstadt (see 
Fig. 1). Briefly, the ion beam from the accelerator enters 
the experiment through narrow (variable) slits with typically 
lmm × lmm aperture. It is charge analyzed by a 22.5 ° de- 
flection magnet and the ions with selected charge state are 
then transported to the electron target [14 - 18]. A second 
identical magnet analyzes the charge states of ions emerging 
from the target. Recombined ions are detected by a position 
sensitive detector. The parent ion beam is collected in a wide 
Faraday cup. 

The first section of the apparatus serves to decouple the 
moderate vacuum (some 10 -6 mbar) in the beam transport 
line of the UNILAC from the ultra-high vacuum in the ex- 
periment. Low background-gas pressure is necessary' in or- 
der to reduce electron capture by the highly charged ions 
in ion-atom or ion-molecule collisions. The pressure reduc- 
tion is primarily accomplished by separating the two vac- 
uum regimes with a long, narrow tube. The whole system is 
pumped by 5 turbomolecular pumps with a nominal pumping 
speed of about 500Us each, two titanium sublimation pumps, 
and two NEG (non-evaporable getter) pumps. In addition, 
the electron target itself with its inner bore cooled to liquid 
helium temperature, provides an efficient cryo-pump with a 
surface of about 1 m 2. Already in front of the charge-state se- 
lection magnet a typical pressure in the order of 1.10-1°mbar 
is achieved, 

The ion beam from the UNILAC is bent about 135 ° by 6 
identical magnets before it enters the present setup through 
the entrance slits, Each of these magnets is provided also 
with entrance and exit slits so that a relative ion-beam en- 
ergy resolution of better than 10 - 4  is achieved. Before the 
narrow tube, that limits the gas flow from the accelerator 
beam line into the ultra-high vacuum in the experimental 
setup, a second pair of movable slits is installed which set a 
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Fig. 1. Schematic overview of the entire experimental merged-beams setup 
at the UNILAC of GSI. For details, see text 

final limit of 27r mm mrad to the emittance of the beam. Us- 
ing beam steerers and focussing elements, located upstremn 
from the experiment, the beam current through the collima- 
tion slits is optimized. A magnetic quadrupole triplet in front 
of the charge selection magnet then focuses the ion beam to 
a spot size of 1 mm diameter in the center of the electron 
target. The maximum ion beam diameter inside the electron 
beam (at the given emittance) is 2 mm. Thus, the ion beam 
is completely contained inside the electron beam, which has 
a diameter of 3 mm. The interaction region of electron and 
ion beams is sketched in Fig. 2. 

The electron target facility provides a dense electron 
beam serving as a target for the incident ion beam. The max- 
imum density is ne = 10 t° cm -3. This value is attained for 
an electron energy of 8 keV. The electron beam is immersed 
in a strong axial magnetic field, which is produced by a su- 
perconducting solenoid. Tilted elliptical windings enclosing 
the solenoid provide transverse magnetic field components 
which serve to merge and separate the electron beam and 
the ion beam. The transverse field components are strong 
enough (up to t 5 % of the maximum field obtained in the 
middle of the solenoid, i.e. up to 0.15 T), that they bend not 
only the electron beam but also influence the ion beam. The 
resulting deflection would not allow transport of the ions 
from the target to the detector chamber without correction 
of the trajectory. For the same reason the ion beam cannot 
be injected into the electron beam directly on the symmetry 
axis. The ion beam rather has to be injected into the target 
at a given angle with respect to the main solenoid axis and 
it has to be injected from a given position displaced up to 
several millimeters from the axis. Therefore the ion beam 
trajectory has to be adjusted both upstream and downstream 
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Fig. 2. Schematic diagram of the present merged beams experiment de- 
signed for the heavy ion accelerator UNILAC of GSI, Darmstadt. The elec- 
tron gun is inside the homogeneous field of a superconducting solenoid. 
Bending the electron trajectories onto the ion beam axis is accomplished 
by additional tilted elliptical windings embracing the solenoid, Two sets of 
slits are indicated by solid arrows. These slits can be moved in small steps 
leaving a nearly circular aperture between 3 mm and 10 mm diameter. The 
electron beam is 3 mm in diameter. The electric potential of the interaction 
volume is defined by the voltage applied to a pair of parallel metal strip 
electrodes. These electrodes are separated by 30 ram. They are schemat- 
ically indicated by the two solid lines below and above the electron-ion 
interaction region. In reality, these strips are parallel to the plane of the 
present figure, i. e. mounted left and right when viewed in the electron 
beam direction 

from the electron target. These requirements are met by em- 
ploying six rotatable magnetic steerers, three in front of the 
electron target and three behind, which compensate for the 
deflection of the ion beam caused by the transverse magnetic 
field components in the target. 

A second (analyzing) magnet with a 22.5 ° deflection an- 
gle is then used to separate the parent ion beam from those 
ions which have changed their charge downstream from the 
charge selection magnet (see Fig. 3). The recombined (and 
also the parent) ions are focused into the detection cham- 
ber by a magnetic quadrupole doublet positioned in front 
of the analyzing magnet. The detector chamber contains a 
rather wide (20 mm × 70 mm) and deep tantalum Faraday 
cup with electric supression of secondary electrons. It col- 
lects the primary ion beam (charge state q). The detector 
for the recombined ions (charge state (q - 1)) consists of a 
chevron arrangement of two 40 mm diameter microchannel 
plates and a resistive anode. The detector is mounted inside 
a cylindrical housing whose fi'ont opening is covered by a 
thin aluminum foil (20 #m thick). This foil shields the de- 
tector from low-energy stray electrons, ions and photons. 

The energetic ions from the accelerator do not change 
their energy when they pick up a free electron in the elec- 
tron target. They can easily penetrate the entrance foil and 
are detected by their production of secondary electrons in 
the foil and on the surface of the first microchannel plate. 
When the detector is used without the entrance foil, in order 
to detect low energy particles, the total operating voltage is 
about 2300 V (with 1900 ± 100 V across the stack of the 
two microchannel plates). With highly charged ions of sev- 
eral MeV/u energy, the detector voltage can be reduced to 
1500 V for obtaining the same pulse heights. Apparently, 
the production of secondary electrons is so efficient that lit- 
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Fig. 3. Schematic view of the separation and the detection of parent and 
recombination-product ions. The wide Faraday cup is fixed to the rear flange 
of the detector chamber. The position sensitive microchannel-plate detector 
(PSD) can be moved J:25 mm in the plane of the different ion beams 
(perpendicular to the axis of the beam pipe) and thus accomodate different 
ratios q/(q- 1) of parent and product ion charge states. Moreover, the PSD 
can be rotated around a vertical axis perpendicular to the plane of the two 
beams. This can be used to reduce the width of the non-sensitive PSD area 
(the "dead area") as seen by the recombined ions. Finally, the PSD can also 
he retracted from the plane of the two beams. In the figure the situation is 
shown for two different parent ion charge states q and q/with q/ > q and 
hence for two different positions of the PSD. The sensitive PSD surface is 
shown as a shaded area. The ceramic screen serving as a beam viewer can 
be moved into and out of the parent ion beam 

fie amplification is needed. This also indicates that there is 
a very low probability for an ion to produce no secondary 
electron arriving at the microchannel plate front surface, and 
hence the ion detection probability must be very close to 
100 %. 

The detector is supplied with a resistive anode, i.e. the 
collector for electron avalanches emerging from the rear sur- 
face of the second microchannel plate is covered with a 
resistor material conducting the collected charge to 4 differ- 
ent corners of the resistive layer. Thus, the resistive anode 
provides 4 signal pulses for every incoming ion. The pulse 
heights of these four signals allow us to obtain the position 
of the incoming ion with a precision of about 0.2mm. Hence, 
it is possible to monitor the beam position in the detector 
chamber while the ion beam is tuned for optimum quality 
of transmission through the experimental apparatus. This is 
an important diagnostic tool, which helps to find the correct 
settings of the ion optical elements. In fact, optimizing the 
ion beam for an experiment is extremely difficult because 
of the necessary compensation of the transverse magnetic 
field components in the electron target and the related beam 
handling. This difficulty is ultimately caused by the require- 
ment of high density and low temperature in the electron 
target: the transverse magnetic field component, Bx, has to 
be strong with respect to the longitudinal component, BII, 
(here Bx/BII = 0.15) to limit the length of the merging 
section; B[I has to be strong to keep the transverse tempera- 

ture T j_ of the electron beam low; hence, B l  reaches up to 
0.15 T in the present arrangement. 

The range of parent ion charge states which can be stud- 
ied by the present experiment is limited by the geometrical 
separation of parent and product ion beams in the detec- 
tor chamber. The beam pipe between the magnet chamber 
and the detector chamber limits the acceptance of a pair of 
beams emerging from the analyzing magnet to a maximum 
angular separation of less than 3 °. This geometrical limi- 
tation together with the specific data of the magnet (i.e. a 
bending radius p = 2730mm, effective path length of an ion 
trajectory inside the magnet 2g ~ 108 cm as well as distance 
between the effective magnetic field edge and the detector 
plane L = 1785 mm) allows detection of both the product 
ions and the parent ions in the detector chamber provided 
the parent ion charge state is q > 12. 

With increasing ion charge state q the separation Dq,q_ 1 
of parent and product ions at the position of the single 
particle detector becomes smaller, approximately with the 
r e l a t i o n s h i p  Dq,q-1 = 890 mm/q. When the parent ion is 
very highly charged, the product ion beam may be separated 
only a few millimeters and then the non-sensitive area be- 
tween the microchannel-plate detector and the Faraday cup 
becomes the limiting factor for recombination experiments. 
The limiting distance between the parent and product beams 
-assuming a beam diameter of 5mm- is 30mm, which results 
in a maximum charge state q = 29. However, the ion beams, 
being only few millimeters wide, do not require a 40 mm 
diameter detector area. By rotating the detector around a 
vertical axis (perpendicular to the plane defined by the par- 
ent and product beams), the effective detector area can be 
reduced. For a rotation by 75 ° the effective width of the de- 
tector area is about 10ram instead of 40mm and at the same 
time the width of the non-sensitive area is also reduced. Be- 
cause of the geometry of the detector housing, a minimum 
distance D between the parent and product ion beams of 
18 mm is required. As a consequence, the maximum parent 
ion charge state, allowing recombination experiments with 
q -+ q -  1, is about q < 50 in the present setup. These 
numbers depend on the beam diameter in the detector plane. 
A beam diameter of 5 mm is assumed. 

Between the limiting cases, different charge states can 
be accomodated by moving the detector with an ultra-high 
vacuum manipulator in the horizontal direction until its po- 
sition matches the beam requirements and the fixed position 
of the (wide) Faraday cup. A new detector geometry which 
reduces the dead area around the sensitive surface is un- 
der development and will allow the access of higher charge 
states q. With the initial charge state q = 15 in the present 
experiment the separation and the collection of the parent 
and product ion beams were easy. 

3. The electron target 

Compared to gas or even solid targets, a beam of charged 
particles typically provides particle densities which are many 
orders of magnitude smaller [19]. Counting rates and the 
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signal-to-background ratio in electron-ion collision studies 
can be enhanced by designing electron beams with high cur- 
rent densities and a geometry which allows enhanced inter- 
action lengths. These features can be provided by electron 
cooling devices [20] in storage rings, where electron beams 
with densities of the order of 107 cm -3 are merged with 
circulating ion beams over a length of up to 2.5 m. This 
solution involves the use of toroidal magnetic guiding fields 
to bend the electron beam in and out of the ion beam. 

A different approach was used by Ditmer et al. [5, 21] in 
their experiments on DR. They used a convergent electron 
beam from a spherical cathode with electrostatic focussing. 
The electron beam was further compressed by an axially 
increasing magnetic field so that electron densities of the 
order of 109 cm -3 could be achieved. The ion beam entered 
the electron beam through a hole in the cathode and was 
thus merged with the electron beam. The disadvantage of 
that approach was the increase of the transverse tempera- 
ture in the compressed electron beam, and hence, the energy 
resolution of electron-ion collision experiments was rather 
limited. Compared to storage-ring cooler devices the energy 
spread in the Oak Ridge electron beam target was increased 
by more than a factor 10. The question arising from that 
result is whether it would be possible to combine high par- 
ticle density in the electron beam with low transverse and 
longitudinal beam temperatures. A solution to this twofold 
demand is given by the electron target used in the present 
experiments. 

If the low transverse temperature 7~ of the electron 
beam given by the temperature of the cathode (kTj_ 
0.1 eV, where k is Boltzmann's constant) is to be con- 
served, the electron beam must not be compressed. It has 
to be guided in a very homogeneous axial magnetic field 
and the acceleration has to be in a certain functional depen- 
dence on the magnetic field along the axis. The conditions 
for proper operation are known as Pierce's resonance focus- 
ing [22] and provide a beam which does not become radially 
heated. The requirement for a certain current density in the 
electron beam relates the strength of the magnetic field to 
the square root of the acceleration voltage. The maximum 
electron current density (saturation current density) that can 
be drawn from an oxide impregnated tungsten cathode is 
about 10 A/cm 2. For such a high value the necessary mag- 
netic focusing field strength has to be 1 T, homogeneous to 
within 10 - 4  , to  conserve the radial energy spread given by 
the cathode temperature. An electron beam with these fea- 
tures was realized for the present experiments. 

The configuation of the electron gun designed for the 
production of a cold electron beam with a maximum den- 
sity is shown in Fig. 4. Calculated equipotential lines and 
electron trajectories are displayed together with the electrode 
geometry. The calculation includes the space charge fields 
produced by the electron beam as well as the external mag- 
netic field of the solenoid. It is apparent from this calculation 
that the electron beam has a homogeneous current density 
and, very important, is absolutely parallel. 

Fig. 4. Schematic view of the electron gun. The electrodes are indicated 
as shaded areas. Voltages (with respect to ground potential) applied to the 
electrodes are indicated for the high-perveance mode. The abbreviations 
are: C, cathode; W, Wehnelt electrode; A1, first anode; A2,I and A2,2, 
splitted second anode. A part of the subsequent drift tube is also shown. 
Calculated electron trajectories 23 as welt as equipotential lines, obtained 
by iteratively solving the Poisson equation and the resulting equations of 
motion, are displayed as solid lines. The space charge of the electron beam 
as well as an axial magnetic field of 1.03 T are included in the calculations 

The electron gun was designed by employing the SLAC 
electron optics program [23]. The perveance of this electron 

gun is 0.95.10 .6  A /V  3/2, providing a current of 660mA at 
8 keV. With a beam diameter of 3 mm this corresponds to 
the maximum achievable current density of 10 A/cm 2. The 
maximum electron density is 10 I° cm -3, which exceeds the 
density of electron coolers in storage rings (or of other sim- 
ilar target devices) by more than two orders of magnitude. 
At the same time a low radial temperature is maintained. 
A numerical analysis of the potential distribution inside the 
electron beam and of the trajectories of single electrons pro- 
vides information about the expected energy spread in the 
electron beam. The potential depression inside the electron 
beam, i.e. the potential difference between the center and 
the edge of the electron beana due to its space charge, is ex- 
pected to be ~ 110 V .  Since the electrons are fixed to their 
magnetic field lines, however, they gain little radial energy 
from the electric space charge field. The result obtained from 
the electron optics calculation yields a radial temperature of 
the electron beam lower than 0.3 eV at the maximum elec- 
tron density. 

The space charge potential differences in the electron 
beam only have an effect in the longitudinal direction, i.e. 
electrons at the center of the beam have about 100 eV less 
energy than those at the edge of the beam. In the transition 
fiom the laboratory frame to the electron-ion center-of-mass 
frame this longitudinal energy spread is very much reduced 
by the kinematics of the merged beams experiment. In other 
words, the longitudinal energy differences in the electron 
beam at 8 keV correspond to a low value of kTil in the range 
of some 10 -3 eV. For further reduction of the longitudinal 
temperature 71t, a second mode of electron target operation 
was provided. Such a mode with a perveance a factor of 
10 less than that for the high density operation required a 
third anode to maintain resonance focusing. By space charge 
compensation as well as by lower electron currents, space 
charge effects are reduced accordingly and hence the longi- 
tudinal temperature of the beam can be expected to be much 
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lower. The present experiments were carried out with the 
electron gun in the high perveance mode and with Ar  15+ 
ions of 5.96MeV/~, corresponding to an electron energy of 
3270 eV in the laboratory frame for matching the electron 
and ion velocities. In this regime the electron densities were 
below 40 % of the maximum value and hence, space charge 
effects were also considerably reduced from those expected 
for the maximum density. The experiments discussed be- 
low had a radial electron temperature which corresponds to 
kT± ~ 0.2 eV. 

The requirements for the magnetic field needed to con- 
fine the electron beam were fulfilled by a superconducting 
solenoid. The cold bore of the solenoid magnet serves as 
the vacuum vessel for the electron beam target. This has the 
advantage of very efficiently cryopumping the interaction re- 
gion. Different from the design of other devices of this kind, 
e.g. the cooler devices in ion storage rings, the present ar- 
rangement does not use toroidal magnetic fields for merging 
and separating the electron and ion beams [18]. Instead, a 
straight solenoid with elliptical windings for the transverse 
magnetic field components is used. The electron gun and the 
collector are placed 22.5 mm off-axis but fully immersed in- 
side the homogeneous magnetic field. A distance of 45 cm is 
required to merge the electron beam with the ion beam. The 
interaction length is 42.5 cm, so that a homogeneous field 
region of about 1 m length is required. The necessary homo- 
geneity of the magnetic field can be achieved by the use of 
properly distributed single current loops. An overall length 
of the solenoid of about 2 m is sufficient to meet these re- 
quirements with the collector placed in the decreasing fringe 
field. 

A superconducting solenoid with windings consisting of 
thin Nb Ti wire provides the required magnetic field strength 
of 1 T with a homogeneity of 10 -4 for the production of the 
high-density, tow-temperature electron beam. The length of 
the solenoid is 1.9 m, with the open bore of the cylindrical 
vacuum vessel 150 mm in diameter. The electrical current 
necessary to achieve 1 T is 105 A. 

Transverse magnetic field components, necessary for 
merging and separating the electron beam and the ion beam, 
are provided primarily by oppositely energized elliptical 
coils consisting of 6 x 48 windings with a pitch of 4/3. 
Additional elliptical windings with different pitches as well 
as additional annular windings are used to compensate the 
return fields and provide the desired field configuration. The 
accuracy of the magnetic field configuration was checked 
at various stages of the production process. Trim windings 
were designed and installed at these steps in order to com- 
pensate inaccuracies of the actual windings. The final result 
of this procedure is a magnetic field with less than 10 -4 
variation in the interaction region [18]. 

The superconducting solenoid is surrounded by two ther- 
mal shields which are cooled by a closed-cycle refrigerator 
system to less than 20 K and 60 - 80 K, respectively. All 
components of the target surrounding the merging section are 
thermally grounded to the 6 0 - 8 0 K  shield. The water-cooled 

collector is completely thermally insulated. The electron gun 
and collector are optically shielded from the inner bore of 
the solenoid, which is at 4.2 K. This is accomplished with 
chevron baffles, that allow for sufficient pumping. All inner 
parts of the electron target are attached to tubes connected 
to the 60 - 80 K shield. The tubes provide a very rigid and 
stable structure. The correct alignment is accomplished by 
using thermally isolated glass stems to position the entire 
structure inside the precisely machined magnet bore. 

Secondary electrons produced at the collector or by ion- 
ization of residual gas particles need to be prevented from 
oscillating through the interaction region. The collector is 
therefore kept at a slightly positive potential with respect to 
ground. Thus the total power deposited is up to 5 kW. The 
primary electrons are therefore collected in a long narrow 
wedge-shaped gap between two water-cooled copper plates 
in order to reduce the heat load per unit area. 

An important feature of the electron target is the abil- 
ity to check electron and ion beam positions and diameters 
during an experimental run. This is accomplished by two 
sets of electrically isolated variable slits just in front of and 
behind the interaction zone of the two beams. These slits 
are 42.5 cm apart and also define the length of the merging 
section of the two beams (see also Fig. 2). By measuring 
electron or ion currents to the slit jaws it is possible to tune 
the ion beam for complete overlap with the electron beam, 
i. e. the ion beam can be set and controlled to be completely 
contained inside the electron beam. These slits are particu- 
larly useful for finding the optimum settings of the ion beam 
steerers used to compensate the deflection by the transverse 
magnetic fields of the electron target. 

4. Experimental procedures 

For the present experiment an ion energy of 5.96 MeV/~. 
was chosen, with a beam of Ar I°+ at the desired energy 
available from the UNILAC accelerator. A debuncher cav- 
ity of the UNILAC was used to reduce the energy spread 
of the incident ion beam (or increase the ion current for 
given tight settings of the magnet slits). The ions were then 
passed through a stripper foil and thus AP 5+, i.e. lithium- 
like argon, could be obtained with a fraction of about 25 % 
of the total beam current. The beam transport line upstream 
from the target contains 7 magnets not including the sepmm 
magnet after the UNILAC. These magnets, together with 
slit systems in between, allowed the preparation of an ion 
beam with low relative energy spread (better than 10-4). 
The time structure of the ion beam for the present experi- 
ment was characterized by a macropulse length of 5 ms and 
a repetition period of 20 ms. Within the macropulse, the RF 
accelerator provides beam pulses at a frequency of 27 MHz 
and a micropulse duration of about 2 ns. This duty factor 
of 25 % had to be considered in estimating dead times of 
the detector, since the instantaneous counting rate of recom- 
bined ions is 4 times higher than the average. 
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The tightly collimated ion beam must be transported 
through the experiment into the final Faraday cup. The avail- 
able beam diagnostic elements, which have to be compatible 
with the ultra-high vacuum requirements, consist of several 
movable Faraday cups and ceramic screens that could be in- 
serted at appropriate positions along the ion beam line. En- 
ergetic ions produce a lightspot on the surface of the ceramic 
screens which can be monitored by a television camera while 
the ion beam is "on" (and produces safety-relevant neutron 
radiation). The two pairs of slits inside the electron target 
are installed in such a way, that they may touch the electron 
beam when they are adjusted to a 3 mm aperture. Therefore, 
an ion beam focused through the centered slits, set to 3 mm 
diameter or less, is completely contained inside the electron 
beam. When the ion beam has the desired shape and posi- 
tion inside the electron target, the superconducting solenoid 
including the elliptical windings is energized in small steps. 
As the magnetic field is increased at each step, the two sets 
of beam steerers have to be adjusted to keep the ion beam 
within the interaction volume, defined by the slits, and to 
also keep it on the final Faraday cup. When the magnetic 
field strength necessary for the desired electron energy is 
reached and the ion beam traverses the 3 mm slits without 
losses, the slits are opened (by stepping motors with very 
small gear ratio allowing very precise positioning) and the 
electron gun is switched on. The electron beam is always 
reproducible in its position and the ion beam does not move 
once the ion optics and the collimation slits are properly set. 
Thus, complete overlap of the two beams can be checked 
and assured. 

The electron-ion center-of-mass energy, E ~ ,  in the col- 
lision region is changed by variation of the electron labo- 
ratory energy, E~, while the ion beam energy, E~, is fixed. 
E~ can be varied in two ways. One technique is to keep 
the interaction volume at a constant potential and change 
the cathode potential (as well as the potentials of the other 
electrodes, according to the requirements of resonant focus- 
ing and collection of the electrons at a fixed power level 
in the collector). The other technique is to vary the poten- 
fal Ui~ of the interaction volume and keep everything else 
unchanged. The potential Ui~t is determined by the voltage 
(with respect to ground), applied to a set of two parallel strip 
electrodes separated by 30 mm. Centered between the two 
strips are the interacting beams. At the high densities possi- 
ble in the electron beam, the space charge of the electrons 
produces a considerable potential difference U~c- between 
the plates and the electron beam center. For the actual ge- 
ometry, U~__ ~ 5.7- 10-Sn~Vcm 3, which is typically about 
300 V for the present experiment. This means that the elec- 
tron beam center is at a potential 300 V more negative than 
the drift electrodes. 

In the experiment, we tried both positive and negative 
potentials (with respect to ground) on the strip electrodes. 
The energy resolution determined by the widths of reso- 
nances from DR processes was lowest when Ui~t was less 
than -100V.  For scanning Ecru we chose, therefore, a volt- 
age range - t 0 0 V  < Uint _< - 5 0 0 V .  With the two sets 
of slits in front of and behind the interaction volume fixed 
at ground potential a trap for positive ions is formed in this 

mode of operation. Such ions are always produced by the 
electron beam in collisions with residual gas particles. The 
(slow and partially trapped) positive ions provide a positive 
space charge, which partially compensates the electron space 
charge. The experiment can be used to determine the elec- 
tron energy in the interaction region provided the ion energy 
is known. The Tatter is continuously controlled by time-of- 
flight measurements and is therefore well known. When the 
electron velocity matches the ion velocity the recombination 
rate has a pronounced maximum. This is expected for ra- 
diative recombination for which the cross section diverges 
if Ec~,~ goes to zero. Hence, the experiment provides a sig- 
nal from which the instantaneous electron energy at a given 
cathode voltage and for given Ui~t can be determined. From 
such measurements it could be inferred that stow ions com- 
pensate typically 70 % of the electron space charge. The 
effect of this compensation is a greatly improved energy 
resolution of the measurements. At the same time, the ions 
may produce additional background in the counting of re- 
combined (fast) ions, which can quite easily be subtracted. 

The voltage range - 1 0 0  V to - 5 0 0  V for U~t  was cov- 
ered with up to 1024 equidistant steps. Each voltage step 
was set by a computer via a 16 bit digital-to-analog con- 
verter (DAC) to a programmable power supply within the 
15ms pause after a macropulse of the accelerator. The power 
supply is fast enough to reach the desired voltage at less than 
1 ms. Thus, 50 voltage steps could be made within one sec- 
ond so that one complete scan took only 200 s. By repeating 
scans many times, the desired level of statistical uncertain- 
ties of the numbers of counts per energy could be reached 
within typically a few hours. 

The electron current I~ was measured both as an electri- 
cal current emitted by the cathode and a current measured 
on the collector. Ie is stable during the time intervals of 
about 5 ms of each individual energy step. The ion current 
collected by the Faraday cup was measured by a current 
digitizer whose output pulses were counted with a scaler. 
The single particle detector for the recombined ions is con- 
nected to an electronic unit providing a number of different 
signals which were recorded appropriately: A "rate" signal 
is available from a sum pulse taken from the resistive anode 
after amplification and fast discrimination. The dead time of 
this data channel is about 0.6 #s. In addition, the position 
information on the ion, incident on the detector, is available 
in two 1-byte words for the x- and y- directions. In order 
to keep the amount of accumulated data within a reasonable 
frame, only the 3 most significant bits were recorded for 
each of the two coordinates of each detected ion. In addi- 
tion, the "data-ready" signal for each position signal of an 
ion was measured by a separate scaler. This channel has a 
dead time of 3 #s. The data taking time per energy step was 
also recorded. 

At each voltage step, the electron current, the average 
parent ion current, the number of counts of recombined ions 
(both from the fast and the slow channel of the position elec- 
tronics), the pulses from a constant-frequency pulser and a 
8 x 8 position matrix are recorded as a function of the ac- 
tual electron energy. The position information is stored in a 
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Fig. 5. Center-of-mass energy Ecru as a function of electron laboratory 
energy Ee for merged beams of electrons and 5,96 MeV/u Ar 15+ ions, 
(see (7)) 

histogramming memory with an address space of 64 kB so 
that for each energy a position matrix of the detected ions 
is available. The other quantities are recorded in different 
spectra where the accumulated number of counts per energy 
step is available as a function of the electron energy. 

The scalers and the histogramming memory were gated 
by a logic pulse obtained from an AND-gate which combines 
the macropulse of the accelerator with a "ready" signal of 
the computer used for controlling the experiment. Thus, data 
were only taken when the ion beam was on and the computer 
had completed it 's controlling and data handling tasks, and, 
in particular, when the new voltage Ui~t was set. 

5. Kinematics  

When a beam of particles with rest mass rnt and kinetic 
energy E1 collides at an angle @ with a beam of particles 
with rest mass m2 and kinetic energy E2, then the relativistic 
center-of-mass energy is given by 

Ecru = [(mlc 2 + m2e2) 2 + 2(E1E2 + E1HZ2 c2 -1- E27Tt, I C2 

- ~ ( - E I  + 2mlcZ)v/E2(E2 + 2-m2c 2) cos 0]  1/2 

--(?~Dq e 2 + 7~2(~ 2) (7) 

For kinetic energies much smaller than the rest energies of 
the particles this formula can be reduced to the classical form 
of Ecru = #(vl - -  V2)2 /2 ,  w h e r e  # = mtm2/(ml +m2) is the 
reduced mass, and Vl and v2 are the particle velocities in the 
two beams, respectively. At the present energies and veloci- 
ties, the differences between the classical and the relativistic 
energies are at most a few eV. Nevertheless, the relativistic 
formula was used to determine E~m in the present electron- 
ion recombination experiment. Figure 5 shows E ~  versus 
the electron energy Ee for merged electron and ion beams, i. 
e. O = 0 °. The specific ion energy is Ei/mi = 5.96MeV/u 
corresponding to the actual situation in the experiment. 

Near the region, where electron and ion velocities match, 
the electron energy has to be detuned considerably in order 

to access only a small range of electron-ion center-of-mass 
energies. This implies also that a rather big energy spread 
in the electron beam transforms to a small spread in E¢,~. 
Clearly, a given E~,~ can be realized by two different volt- 
age settings in the electron beam, The ions can be faster or 
slower than the electrons for the same relative velocity. In 
the present experiment, a range 1100 eV _< E~ < 5150 eV 
was investigated. In order to span this range with the tech- 
nique of scanning Ui,,t, a number of scan measurements, 
each with a 400 V span in U~Lt, were carried out with dif- 
ferent voltage settings on the electron gun fixed for each 
single scan measurement. The spectra obtained by this pro- 
cedure were measured with overlapping energy regions and, 
hence, could be combined to one total spectrum. 

6. Evaluation of  cross sections 

When electrons with a spatial density n¢(r) and ions with a 
spatial density n~(r) interact in a volume ~- via a cross section 
~(v), where v is the vector of relative velocity between the 
collision partners and v = tvl its absolute value, then the rate 
R of interactions is given by 

R=ffn,~(r)n~(r)c~(v)vf(v)d3vd3r (8) 

For the deduction of cross sections from measured counting 
rates R the spatial density distributions of the particles and 
the distribution function f(v)  of the relative velocities have 
to be determined. In the equation it has been assumed al- 
ready that f is independent of the location r. In electron-ion 
colliding beams experiments the integral over spatial density 
distributions is usually taken into account by introducing so 
called form factors [19]. In the present experiment the situa- 
tion is somewhat simpler. The density n~(r) of the electrons 
is uniform in space with calculated variations of tess than 
5 % across the electron beam. The homogeneous magnetic 
guiding field for the electrons guarantees a constant electron 
beam diameter through the whole system (except inside the 
collector). The electron beam diameter can be checked by 
using the slits in the electron target, The measurements show 
a beam diameter of 3ram at both locations. This is the design 
value and is equal to the diameter of the cathode. Strongly 
inhomogeneous electron density could therefore only result 
from dead spots on the cathode emitting fewer electrons than 
expected. This is very unlikely, however, since the cathode 
was operated in the space-charge limited mode at energies 
where only one third of the maximum emission current den- 
sity is required. The total electron current drawn from the 
cathode coincides with the design value and hence the emis- 
sion from the cathode must be as uniform as predicted (oth- 
erwise the total current would be less). 

With uniform electron density n¢, (8) can be simplified 
considerably since the two integrations are assumed to be 
independent of each other and he(r) can be taken out of the 
integral. Integration over n~ just yields the number of ions 
present in the interaction volume. In case the ion beam is 
completely inside the uniform electron beam, this number is 
simply given by £ig~fy/(qevi), where [i is the electrical ion 
current, q the ion charge state, e the charge of an electron, 



g~?7 the length of the interaction path, and v{ the ion velocity. 

The integral over the velocity distribution f (v)  can be 
carried out separately by introducing a rate coefficient oz. 
In plasma experiments, f (v)  is determined by the temper- 
ature of the plasma electrons and is often described by 
a Maxwellian distribution. In colliding beams experiments 
with electrons and ions, f is usually a distribution centered 
at an average relative velocity v<~z of the colliding particles. 

oz(v~) = / a(v)vf(v~.¢t, v)d3v (9) 

Equation (8) can now be written in the form 

R = ozneg~yfI~/(qev(y 2) (10) 

In (10) an additional factor "72 = [1 - (vi/c2)] -1 has been 
introduced to account for the relativistic transformation be- 
tween the center-of-mass and the laboratory frames. In the 
present experiment this factor has an effect of less than 2 %. 

The factor oz occuring above is usually only then called a 
"rate coefficient" in the literature, when f (v)  is an isotropic 
Maxwellian distribution characterized by a temperature T. 
In a merged beams experiment a has a slightly different 
meaning. Its definition is given by (9) . Here, v~z and f 
still have to be specified in order to provide an unambigous 
physical quantity oz accessible to experimental evaluation. 

For the energy-analyzed ion beam in the present experi- 
ment, the distribution function f is dominated by the electron 
velocity distribution because of the large mass difference 
between electrons and ions. With respect to the kinemat- 
ics in the experiment and the axial symmetry of the elec- 
tron and ion beams, two velocity coordinates are necessary 
to describe this distribution: vii the velocity component in 
electron beam direction and v± the velocity component per- 
pendicular to the electron beam direction. The energy (or 
velocity) spreads are therefore characterized by two corre- 
sponding temperatures TI[ for the longitudinal and Ta for the 
transverse direction. In the accelerated electron beam these 
temperatures are quite different with 5ril << T±, so that f (v )  
is highly anisotropic and is therefore often called a "flat- 
tened" electron velocity distribution. Its mathematical form 
is given by 

f f b  e TlZe qd 2 

x m~ exp 2kTi I ] ,  (1 1) 

where k denotes Boltzmann's constant. The quantity v~.d 
in this formula is the average longitudinal center-of-mass 
velocity 

Vret : I%,11 - v~,l] I/( 1 + Ivi,llve,ql I/c2), (12) 

where v~,fl and vi, ll are the longitudinal velocity components 
of the electron and ion beams, respectively. They are deter- 
mined from 

Ve,]l = C ~  --  [1 + Ee/(mec2)] -2 
v~,l I = cX//] - - [1 + E~/(rnic2)] -2. (13) 
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The energies E~ and Ei are determined by acceleration po- 
tentials and do not include additional kinetic energy (with 
randomly oriented velocity vectors) due to finite beam tem- 
peratures. Therefore, the relative velocity vret as defined by 
(12) can be different from the velocity v ~  in the electron- 
ion center-of-mass frame. This is particularly true for low 
energies, where E~m comes close to kT±,ll. At high center- 
of-mass energies Ec,~, clearly v~et = veto. At low Eo~, v~d 
can be much less than vc,~. Since it is the only one of the 
two quantities directly accessible to a measurement, experi- 
mental data are usually displayed as a function of the relative 
energy E<ez. Therefore cross section or rate data in the lit- 
erature are displayed for energies Er~z reaching as far down 
as to 10 -3 eV, although the energy- spread in the center-of- 
mass frame is 10 -1 eV or more (which becomes visible e.g. 
by the energy spread in the measured resonance peaks). Be- 
cause of the lack of an alternative we also display in the 
present paper rates and cross sections as a function of E.,-ez. 
The energies are calculated by using the correct relativistic 
transformation according to (7). 

By the experiments, normalized rates oz are determined 
from 

J~"72viqe 
oz(ET,~t) - (14) 

I~g~ffn~e 

The number of recombinations per unit time R is determined 
from the counting rate of the position sensitive detector. 
These rates were so low (well below 104 s -1 instantaneous), 
that the dead time losses were very small. Necessary cor- 
rections were made on the basis of the information from 
two counting channels with different dead time constants 
(see section on experimental procedures). The detection ef- 
ficiency c of the detector has been already discussed above. 
A value E = 0.95 -t- 0.05 is used in the determination of 
nomaalized rates and cross sections. The relativistic Lorentz 
factor "7 is within 2 % of 1.00 and its uncertainty can be ne- 
glected. It is determined from the ion energy Ei as measured 
by a time-of-flight technique which results in a maximum 
relative uncertainty AE, i /E i  of 0.1%. This same measure- 
ment also yields vi with half the relative uncertainty of Ei. 
The total electrical ion current/:~ is measured with a relative 
uncertainty of 5 %. The application of (14) requires, how- 
ever, that the ion beam is completely contained inside the 
electron beam. Therefore, an additional uncertainty of Ii (or 
more precisely: the average number of ions instantaneously 
present inside the electron beam) has to be considered. This 
uncertainty can be obtained from ion beam losses to the di- 
agnostic slits in the electron target when these slits are set 
to 3 mm diameter, i.e. when they just touch the volume oc- 
cupied by the electron beam. Of course, the electron beam 
has to be switched off for such a measurement as described 
above. The currents measured on the different slit jaws were 
at most 20 % of the current collected in the final Faraday 
cup. Considering that there is no suppression of secondary 
electrons emitted from the slit surfaces, the real current loss 
is probably even less. Current lost in this diagnostic part 
of the experiment means current that does not go through 
the electron beam even when the slits are opened again and 
hence, a reduced number of ions in the interaction volume or 
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a reduced ion current should be used in (14). Using the cur- 
rents lost in a measurement as described above, we corrected 
the current Ii and allow an additional relative uncertainty of  
20 %. 

The effective target length is determined from the dis- 
tance of the two sets of  slits which define the limits of  the 
interaction region. Outside this region the electric potential 
is zero without the electron beam and only altered by the 
electron space charge. Hence, the electron energy outside the 
interaction region is different from that in the interaction vol- 
ume and stays constant during a scan of Uj~t. Thus, it can at 
most contribute to the energy-independent background of  the 
observed electron-ion recombination. Moreover, the electron 
beam is displaced from the axis in that region, the merging 
and separating sections of  the electron target, and the finite 
angles with respect to the ion beam quickly lead to very high 
collision energies where no strong resonances in the recom- 
bination are expected. So the uncertainty of  Qf f  = 42.5 cm 
is only due to the potential distribution around the slits due 
to their finite aperture. A relative uncertainty of 7 % is esti- 
mated. 

Finally, the electron density' follows directly from the 
measured electron current I~ with n~ = Ie/(evdrr2),  where 
r = 1.5 mm is the radius of  the electron beam. The uncer- 
tainty of the electron current measurement is 7 %. Compared 
to that, the uncertainties of  ve and r are negligible. Hence, 
also the uncertainty of n ,  is 7 %. The above uncertainties 
can be assumed to be independent of each other. The overall 
most probable systematic uncertainty of  the measured rate c~ 
is therefore determined from the square root of  the sum of 
all squared relative uncertainties of the quantities entering 
(14). This uncertainty is ~:24 %. In the figures, displayed 
in this paper, only statistical uncertainties are shown. For 
obtaining the total probable uncertainty, the statistical un- 
certainties have to be included in the quadrature sum of all 
possible errors. 

Apart from the uncertainty of  the measured rates ct, the 
possible error of  the collision energy is also very impor- 
tant. The main source of uncertainty of  E ,  ez is the degree of  
electron space charge compensation which can vary when 
Ui~t is scanned. It was mentioned in the section about the 
experimental procedures that the space charge of the elec- 
tron beam causes an overall potential depression of  several 
hundred Volts. This is partly offset by slow positive ions 
trapped inside the electron beam. As long as this compensa- 
tion is constant, there is only a shift in the electron energy 
with respect to the case of an uncompensated electron beam. 
This requires that the pure space charge contribution to the 
total potential of  the interaction region does not change when 
the voltage set to the strip electrodes is varied. The shift can 
be easily measured by observing the appearance of  the max- 
imum in the recombination rate which occurs at v~d = 0 
(see Fig. 6). Thus, the experiment can be used to calibrate 
the measured U.~t (for known cathode potential Uc)  to the 
real electron energy E.,d. There is an uncertainty, however, 
because of  possible variations of the space charge compen- 
sation. In the experiments reported in this paper variations 
of the degree of space charge compensation were observed 
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Fig. 6. Experimental rate for recombination of 5.96 MeV/u Ar 15+ ions and 
free electrons as a function of the apparent electron laboratory energy. At 
about 3365 eV the parallet velocity components of electrons and ions are 
matched and the RR rate shows its maximum. The true electron energy 
is slightly less because of the negative space charge of the electron beam. 
DR resonances are marked by the intermediate states populated during the 
collision. Background is not subtracted 

leading to laboratory energy shifts of  a few eV. This results 
in uncertainties of  resonance energies of  only about 0.2 eV 
at E~.~z = 1 eV, of 2.5 eV at E r~l = 35 eV and up to 14 eV 
at E ~ l  = 525 eV. 

7. Experimental results 

Figure 6 displays a normalized spectrum of the experimental 
recombination rate (obtained by the detection of  recombined 
Ar  t4+ ions in the present setup) versus the apparent labora- 
tory energy Eapp = e (Ui~t - Uc)  of the electron beam. The 

parent ion beam consisted of  5 .96MeV/u  Ar 15+ ions. Back- 
ground, arising mostly from collisions of  the fast ions with 
residual gas atoms or molecules and also from slit scatter- 
ing, is not subtracted. In the present example this background 
leads to an apparent uniform rate of  3 to 4 - 10 -9 cm3s -1. 
At an apparent electron energy of  Eap p = 3365 eV there is 
a peak which one can attribute to RR at Vrel = 0. Since the 
ion energy is known, one can calculate an electron labora- 
tory energy of  3270 eV for the peak. The difference of the 
two numbers is due to the space charge of  the electron beam 
and the trapped slow ions. The two peaks at 3240 eV and 
3490 eV correspond to E ~ l  ~ 1 eV and are due to the DR 
leading to an intermediate configuration ls22pl/2103. The 
spectrum is roughly symmetrical about the matching energy 
as suggested by the kinematics given in Fig. 5. The left peak 
is due to a situation where the ions are faster than the elec- 
trons, the right peak occurs when the ions are slower than 
the electrons. In both cases the relative velocity is the same 
and hence also the collision energy. Therefore the same res- 
onance is seen at two different settings of  Uin~. 

It is known from theory that the cross section for RR 
[24, 25] rapidly drops with increasing relative energy E~,~ 
between the electrons and the ions. Hence, the background 
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Fig. 8. Recombination rates for Ar ~5+ ions and electrons observed for rela- 

tive electron energies E~.el up to about 38 eV. The DR resonances involve 
~ n  = 0 transitions of the 2s core electron. The experimental data are dis- 
played with their statistical error bars. The energies of Rydberg states with 
configurations 1 s22Pl/2r~g and ls22p3/2r~g, populated during the recombi- 
nation process, a'e indicated by vertical lines 

observed in addition to the DR resonances becomes quite flat 
already for E~d greater than or about equal to 5 eV. There- 
fore, subtraction of the energy-independent background is 
straightforward. The remaining normalized rate is shown in 
Fig. 7 as a function of E,r~z for the raw data displayed in 
Fig. 6. Only the low-energy branch of the data was used, 
since it provides better energy resolution. By the transfor- 
mation of the measured spectrmn into the system of relative 
energy the peak at E~z = 0 eV has become remarkably nar- 
row. It is much more pronounced than expected on the basis 
of the available theory for RR. An additional mechanism 
(e.g. collisional radiative recombination) has to be invoked 
in order to explain the enhanced recombination rate at the 
lowest relative energies [26]. This part of the measurement 
is not welt understood yet and will have to be studied in 
more detail. In the present paper we exclude the discussion 
of recombination processes other than DR. Only for the data 
presented in Fig. 7 we show an estimate of the rate of RR of 
Ar t5+ in order to discuss the background of DR resonances. 

The peak at about 1 eV in the measm'ement displayed 
in Fig. 7 is asymmetric with a relatively sharp cutoff to- 
wards higher relative energies. This phenomenon has been 
discussed previously [6]. It is a consequence of the "flat- 
tened" electron velocity distribution in the electron beam 
and reflects the difference of T± and Ttj. These two quanti- 
ties may in return be determined by a fit of convoluted rates 
(calculated according to (9) and (11) to the measured data. In 
the present example, calculated energy-binned cross sections 
(see Sect. 8. of this paper) were convoluted with the distribu- 
tion function (11) and as a best fit the following parameters 
were found: kT± = 0.26 eV and k:7~l = 0.0024 eV. The 
solid line in Fig. 7 is the sum of our calculation of the rate 
for radiative recombination and of the rate for DR into the 
particular intermediate configuration ls22pl/210L Only the 
theoretical energy of the resonance was slightly shifted (by 
0.14 eV) to better match the experimental result. The tern- 

peratures obtained from this analysis are in good agreement 
with the design values of the electron target. Considering the 
fact that the density of electrons is a factor of more than 100 
above the density in similar devices, it is very remarkable 
that a radial temperature increase of only a factor 2 to 3 can 
be realized. This is important for the following presentation 
of results. 

The experimental spectrum of the measured rates for 
electron-ion recombination in the energy range of the An = 
0 core transitions is shown in Fig. 8. As expected, one can 
see resonances from two separate Rydberg series of interme- 
diate states with configurations ls22pl/2ng and 1J2p3/2ng. 
The expected energies for the different Rydberg states of 
each series are indicated by vertical markers at the top of 
the figure. Clearly, structure in the spectrum is visible for 
Rydberg quantum numbers up to about 20. At the two se- 
ries limits, resonances pile up to produce two well separated 
peaks showing the resolution of the ls22pl/2 and ls22p3/2 
fine-structure splitting. The peak denoted RR is only partly 
due to RR. An additional contribution from collisional ra- 
diative recombination has been suggested [26], which can 
significantly contribute only at very low relative energies 
and at high electron densities. This phenomenon is being 
treated in a separate investigation and will not be discussed 
here in more detail. 

Figure 9 displays our experimental results for DR of 
Ar 15+ ions with An = 1 core transitions. This time, aver- 
aged cross sections <c~> are displayed since the energies 
are already so high compared to the energy spreads that 
<or> can be obtained from c~/vr~z (see (9-14)). All inter- 
mediate configurations ls23gr~g t with n >_ 3 are included in 
the investigated energy range. Rydberg states with quantum 
numbers up to ~z = 9 are resolved. For the lower r~ numbers 
even some fine-structure splitting becomes visible. This is 
particularly true for the 1s2393g I configuration where four 
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Fig. 9. Energy averaged cross sections <cr>=<Vrelo'>/v,rel for DR of 
Ar 15+ ions involving An = 1 core transitions. Intermediate states with con- 
figurations ls23gng ' are marked by the corresponding principal quantum 
numbers n. The experimental data are shown together with their statistical 
uncertainties 

sublevels can be distinguished (see also Fig. 12). 

For the understanding of the present experimental results 
it is necessary to discuss the influence of electric fields on 
the measured rates. Electric fields are present during the re- 
combination process inside the electron beam. Such fields 
may be due to the space charge potential distribution inside 
the target or due to non-zero field components of the mag- 
netic solenoid field with respect to the ion beam. Already a 
divergence of the ion beam of 1 mrad can produce an ap- 
parent electric field Ivi x B I ~ 200 Vcm -1 in the present 
experiment. Also the space charge of the electrons can re- 
suit in electric fields of the order of hundreds of Vcm -1. 
Beyond the interaction region, the ions have to pass through 
the transverse magnetic field component of the electron tar- 
get which was up to about 0.1 T. The resulting motional 
electric field has a strength of roughly 34 kV cm - t .  Electric 
fields with different directions are then felt by the ions when 
they pass through the steering magnets and the magnetic 
quadrupole lenses, however, the maximum field is envis- 
aged in the analyzing magnet. A good estimate of the field 
strength experienced in the analyzing magnet by an ion with 
charge state q, mass number A, and specific energy E (in 
MeV/u) is F = 7550A E / q V  c m -  2. Here, the bending radius 
p = 2730 ram of the magnet has been used. For the present 
example this results in a field strength of 120 kVcm -1 . 

Electric fields have a number of effects on the measure- 
ments presented here. For high Rydberg states the rate of 
DR itself can be enhanced when electric fields are present 
(see also the section on theory). Lifetimes of states change 
with the presence of fields and depending on the slew rates 
of the fields seen by the ions there may be a rearrange- 
ment of states when an ion "collides" with an electric field. 
Last not least field ionization will occur in an electric field 
F stripping off Rydberg electrons with quantum numbers 
n > n , ~ .  In reality, there is no sharp cutoff in the Ryd- 

berg state distribution [27], however, the often used formula 
[28] 

( 6 . 8 .  108q3 V c m - t )  1/4 
nm~x = F (15) 

gives a reasonable estimate of the range of principal quan- 
tum numbers up to which an ion state can survive a given 
electric field F. For the present investigation nmax ~ 64. 
In the analyzing magnet, all Ar 14+ ions in Rydberg states 
with n > 64 are field ionized and do not reach the de- 
tector. (As mentioned above, there is a range of n-values 
rather than a sharp cutoff, adding even more complication to 
the present discussion.) Between the electron target (where 
nma~ ~ 90) and the analyzing magnet, however, some of 
the ions with 90 > n > 64 can already undergo transitions 
to states with n < 64 and will thus be detected as Ar t4+ 
ions and contribute to the signal. The experiment does not 
directly provide numbers for the effects discussed above. In 
connection with theory, however, the role of Rydberg states 
beyond n,~a~ can be discussed. In some cases, a contribu- 
tion of high'Rydberg states can be ruled out anyway and then 
the true cutoff does not matter (as is the case in the present 
investigation). A systematic measurement of recombination 
rates, in which the ion energy is changed over a considerable 
range, would possibly provide some insight into the prob- 
lem involved with the high Rydberg states. In the present 
experimental arrangement the motional electric field is di- 
rectly proportional to the specific ion energy and hence, a 
certain range of nm~z might be studied by variation of the 
ion energy and its influence on the experimental rate might 
then be observed. 

8. Theory 

In the isolated-resonance approximation, the energy-averaged 
DR cross section for a given initial level i through an inter- 
mediate level j is given by [29] 

27r2 9j Aa(i  --~ j )  ~f A~(j  --~ f )  

(r(i ~ j )  - Ae  k 2 29i ~ m  AaO " -+ m ) +  ~ f  A,.(j  --+ ).)(t6) 

The above equation is in atomic units and Be is an energy 
bin width larger than the largest resonance width, k is the lin- 
ear momentum of the continuum electron, 9j is the statistical 
weight of the N-electron target level. First-order many-body 
perturbation theory is used to evaluate both the radiative, 
A,-, and autoionization, A~, rates for the many intermediate 
levels j in the energy range of interest. To evaluate (16) 
for the An = 0 transitions in Ar 15+, we made use of the 
previously written computer code DRFEUD [30] which cal- 
culates intermediate-coupled single-configuration DR cross 
sections for low n explicitly and for high n by extrapolating 
matrix elements of the dipole radiative and electron-electron 
Coulomb interactions. In the presence of an external electric 
field, the doubly excited levels for each n are constructed 
from the matrix diagonalization of a Hamiltonian which in- 
cludes Stark g-mixing effects. These field-mixed levels are 



then used to calculate radiative and autoionizing rates which, 
in turn, provide a field-dependent DR cross section. We ig- 
nore mixing between different n states, and the effects that 
the electric field may have on the continuum electron. 

To evaluate (16) for the A n  = 1 transitions in Ar 15+, 
we made use of the previously written computer code AU- 
TOSTRUCTURE [31,32] which calculates LS-coupled or 
intermediate-coupled multi-configuration DR cross sections 
for low n explicitly and for high r~ by extrapolating radial 
wavefunctions using quantum-defect theory. External elec- 
tric field effects are not included in the AUTOSTRUCTURE 
code. 

2s --+ 2p core excitations 

For DR in Ar 15+ involving An = 0 transtions we consider 
the following reaction pathways: 

e + (ls22s) ,~- 

(lsZ2png)..-+ { (ls22srzg) } 
(ls22pn,g,) + hu, n > 10. (17) 

(ts22p) + e 

The Auger decay channel (1 s22p + e) depends on the 2p (j = 
1/2) to 2p( j  = 3/2) core splitting and is available only 
for relatively high n values. The calculation includes final 
states with n _< r~,~a:c = 64, which is determined to be 
the maximum value which survives field ionization by the 
charge-state analyzer. We find that results are insensitive to 
the precise value of the cut-off used. 

2s -+ 3g core excitations 

For DR in Ar 15+ involving An  = 1 transitions we consider 
the following reaction pathways: 

e + (18228) .~- 

(ls23p~zg) --+ { (ls22g'3P) 
(ls22sng) } 

t 
(1 s22p) + e 

+ hu, n _> 3, (18) 

and 

e + (1 s22s) 

(1J3dr~g) -~ (lsa2g'3d) + hu, n > 3, (19) 

f+ ( 1 s22p) + e 
.. 2., + ~. . __~ f (ls22sng) "~ 
kls zpng)+tzu ~(ls22pntg, )J  +hu +hut , n >  3, n'  < 10 

( l s22s )+e  r~> l0 
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The reaction pathway of (18) corresponds to the normal DR 
process, that is of dielectronic capture followed by radiative 
stabilization. However, the reaction pathway of (19) includes 
a pathway to recombination that requires radiative cascade. 
This requires that (16) for the DR cross section be mul- 
tiplied by an additional fluorescence yield A~/(A~ + Aa). 
Configuration mixing effects within the lsZ3gng complex 
were included for rz = 3 and n = 4, but were found to be 
negligible for higher n. 

9. Comparison of' theory and experiment 

Theoretical cross section data can only be compared to the 
experimental results directly, when they are convoluted with 
the experimental energy spread. The convolution has to be 
carried out according to (9). If the variance of f(vreL, v) 
is small compared to v~el, it is reasonable to deduce from 
the measured rate c~ the energy-averaged experimental cross 
section <or>= a/v~d. This has been applied to the An = 1 
dielectronic resonances displayed in Fig. 9, while the condi- 
tion for extracting an experimental cross section were not 
fulfilled in the energy range of the An  = 0 resonances. 
Therefore, these data are the experimental rates a which 
have to be compared with the theoretical data convoluted 
according to (9). The temperatures T± and TII are chosen to 
match the experimental line shapes. Typical numbers have 
been discussed in the context of Fig. 7. 

2s --+ 2p core excitations 

Figure 10 shows a comparison of the experimental data on 
2s --+ 2p core excitations with theory. Different from Fig. 8, 
the contribution of RR (and possibly collisional RR) has 
been subtracted by using an extrapolation of the measured 
low-energy rates and the known energy dependence of the 
cross section for RR. For the convolution according to (9), 
the following parameters have been used: kT± = 0.33 eV 
and kTil = 3 .5 .10  - 3  eV. 

Overall, there is good agreement between theory and 
experiment for the ls22png resonances from 0 to 20 eV 
incident energy. At higher energies the DR cross sections 
calculated for zero electric field (Ec) in the collision region 
are about a factor of 3 below the experimental measurements 
(see dashed line in Fig. 10), showing that electric fields in the 
experiment strongly enhance the Rydberg series limit peaks 
at 31 eV (j = 1/2) and 34 eV (j = 3/2). With the inclusion 
of an electric field/~c = 100 V/cm, the calculations (solid 
line in Fig. 10) are in reasonable agreement with experiment 
for the j = 1/2 peak, but the j = 3/2 peak is above the 
experiment. 

The peak positions do not always line up perfectly in the- 
ory and experiment. The most probable reason for this is in 
the uncertainty of the experimental energy axis due to vary- 
ing degrees of space charge compensation during the scan 
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Fig. 10. Dielectronic recombination rates for Ar 15+ ions and electrons in- 
volving An = 0 transitions of the 2s core electron. The experimental data 
points were obtained by subtracting a calculated RR rate from the mea- 
sured rates c~ =<  v,~eg~r >. The experimental data are displayed with their 
statistical error bats. The energies of Rydberg states with configurations 
lsZ2pl/2ng and ls22p3/2ng, populated during the recombination process, 

are indicated by vertical lines. An electric field Ec = t00 V cm - l  in the 
interaction region of electrons and ions has been invoked to reproduce the 
magnitude of the peaks at the series limits of the 2prig resonances (solid 
line). In the zero-field limit a much reduced rate has been calculated for 
the high Rydberg states (dashed-line) 

measurements. Another discrepancy between theory and ex- 
periment occurs between about 15 eV and 28 eV. The ex- 
perimental rate is roughly a factor two bigger than the theo- 
retical one. A similar discrepancy has been observed before 
by Andersen et al. for lithium-like ions [6, 7]. There is no 
explanation for this observation so far. 

2s --~ 3g core excitations 

Figure 11 shows a comparison of the experimental data on 
2s --~ 3g core excitations with theory. At the high ener- 
gies E~ t  under discussion in this context, T± of the elec- 
tron beam does not play a role. The energy spread is de- 
termined by the longitudinal electron beam temperature and 
the resonance peaks can be described by Gaussians with 
F W H M  = 4 (ln (2) E~el kTII) 1/2. The experimental widths 
are best reproduced by kTll = 0.0075 eV for the measure- 
ment of the 3[3[' resonances and kTtl = 0.0035eV else. The 
differences are explained by the fact that the data were taken 
in separate scan measurements with slightly different quali- 
fies of the electron beam. Overall, there is good agreement 
between theory and experiment for n < 10. More detailed 
views are presented in Figs. 12 and 13. Figure 12 provides 
an enlarged plot of the data from the group of intermedi- 
ate ls23[3[ ~ states. Term assignments to the resonances re- 
solved in this experiment are given. The experimental cross 
sections found for the ls23[3g ~ resonances agree with the- 
ory within less than 10 %. Slight shifts of peak energies are 
observed between theory and experiment. This is also true 
for the resonances at higher energies. Again, these discrep- 
ancies are attributed to the uncertainty in the experimental 
energy determination rather than to the theory. The experi- 
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Fig. 11. Comparison of theory and experiment on energy averaged cross 
sections <~r>=<v~¢z~r>/vr¢z for DR of Ar 15+ ions involving A n  = 1 core 
transitions. Intermediate states with configurations ls23gng ~ are marked by 
the corresponding principal quantum numbers n. The experimental data 
are shown as a dashed line connecting the measured cross sections. For 
better visibility of differences statistical uncertainties are not given here. 
The theoretical curve, represented by a solid line, includes partial cascade 
(see text) 
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Fig. 12. Comparison of theory (solid line) and experiment (data points 
with statistical-error bars) for energy averaged cross sections < ~r >=  
<VreZC~>/Vrel for DR of Ar 15+ ions involving a An  = 1 core transi- 
tion to intermediate states with configurations 1 s2393g t. Term assignments 
to the peaks are given 

mental uncertainty in energies is due to small space charge 
variations during the scan measurements. 

Although there is a substantial drop in both the theo- 
retical and experimental cross sections for n _>_ 10, theory 
underestimates the cross section by nearly a factor of two 
compared to experiment (see Fig. 13). The substantial drop 
in cross section observed for n >_ 10 is due to the fact that 
the dominant DR process is 2s + e --~ 3dng --~ 2pnl + hv ,  for 
which 2pn[ --~ 2s + e is energetically allowed for n > 10. 
Theoretically, we find that there is little cascading, just com- 
pare the no-cascade and partial cascade curves (fluorescence 
yields equal to 0 and A,,-/(A~ +A~),  respectively) in Fig. 13. 
The full cascade curve (yield = 1) shows that there is a large 
reservoir of states that could contribute to the recombination 
process, but in our current theoretical description in fact au- 
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Fig. 13. Comparison of theory and experiment on energy averaged cross 
sections <cr>=<VrelCr)'/Vrel for DR of Ar 15+ ions involving z~n = 1 core 
transitions to intermediate states with configuration ls23£ng ~ where n > 6. 
The experimental data are shown together with their statistical uncertainties. 
The theoretical curve, represented by a solid line, includes partial cascade 
(see text). Also shown are theoretical cross sections obtained under the 
assumptions of no cascade (dashed curve) and full cascade (dot-dastwd 
curve), The latter shows the reservoir of intermediate states which could 
contribute to DR provided they would all stabilize via photoemission 

toionize, i.e. they contr ibute to resonant-exci tat ion instead. 
The one obvious omission f rom our calculations is the effect 
of  electric fields which would  increase the populat ion of the 
high-g states due to dielectronic capture. This would  merely 
redistribute the DR cross section in the absence of  cascade 
since Aa(3 --+ 2) << A~.(3 --+ 2) for the field-affected high-n.  
In the presence of  cascade, f ie ld-mixing could increase the 
DR cross section since the h igh-[  f luorescence yields are 
larger than the low-[  yields, at least in the zero-field case. 
The field-redistributed autoionizat ion rates also lead to a re- 
duct ion in the high-g fluorescence yields. It would  require an 
explicit  intermediate  coupl ing f ield-dependent  cascade cal- 
culat ion to determine the size of  any f ie ld-enhancement  in 
this case, but  this is beyond  the scope of  the current  com- 
puter codes. 

10. Conclusions 

We have described with some detail a new experimental  fa- 
cility, set up at the U N I L A C  of  GSI  in Darmstadt  for the 
purpose of  recombinat ion  studies on highly charged ions and 
free electrons. The electron target designed for this experi- 
men t  can provide an electron density near ly  a factor of  1000 
higher than densit ies reached in similar  devices,  inc luding  
the electron cooler devices of  ion storage rings. Neverthe-  
less, the radial electron temperature is less than 0.5 e V / k  
and thus the present  electron target provides features which 
are not  available at any other laboratory worldwide.  In par- 
ticular, the target allows to study density effects on recom- 
binat ion at very low relative energy of  electrons and ions. 
A research program aimed at this topic is underway and has 
provided first excit ing data. 

In the present  paper, DR of  l i th ium-l ike Ar 15+ ions is 
studied both exper imental ly  and theoretically. The measure-  
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ments are used to characterize the properties of the present 
merged beams arrangement and to check the design values 
of the electron target. At the same time, new data on both 
A n  = 0 and A n  = 1 core transit ions are obtained and com- 
pared to theory. The present  data provide a test case for 
an intermediate atomic number  ( Z  = 18) addit ional  to the 
previous measurements  carried out  at Aarhus  with l i thium- 
like ions up to Si it+ (limited to zSn = 0) and at the TSR 
in Heidelberg with l i th ium-l ike Cu 26+. At  the series l imit  of  
ls23gn[ t states, the present  exper iment  with its high densi ty 
electron target and the result ing high luminos i ty  provides a 
level of  statistics which al low the determinat ion of  a dis- 
crepancy between theory and exper iment  at energies where 
cascading from the intermediate highly excited states pop- 
ulated by DR begins. This discrepancy has not  yet  been  
explained.  The compar ison of  the present  exper iment  with 
theory also shows features for the A n  = 0 core transit ions 
which are not  explained.  These again involve  the contr ibu- 
tions of intermediate  states with higher  Rydberg quan tum 
numbers .  
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