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The influence of electromagnetic fields on the dielectronic recombinatiort dfids has been measured at
the Stockholm heavy ion storage ring CRYRING. The experimental energy range covered—a2p2An
=0 resonances. Electric fields up to 600 V/cm were applied and a noticeable enhancement of the dielectronic
recombination cross section as a function of electric-field strength was observed. Field ionization of highly
exited Rydberg states was used to investigate the enhancement of the recombination rate for two narrow bands
of n states ranging from~19-22 and frorm~23-25. The experimental data are compared to theory. After
applying a field-ionization model to the calculations, the field-free spectra show good agreement with the
experimental data. Although experiment and theory show the same trend of increasing strength of dielectronic
recombination with increasing external electric field and with increasjrguantitative discrepancies remain.

DOI: 10.1103/PhysRevA.65.052728 PACS nuntber34.80.Lx

[. INTRODUCTION periment was carried out by Bartselal. [8] with lithium-
like Si*'" ions at CRYRING at the Manne Siegbahn
Dielectronic recombinatioiDR) of an ion and an elec- Laboratory in Stockholm. Lithiumlike ions have been chosen
tron is a resonant two-step process in which the dielectroniéor this and the following experiments because of their fa-
capture of the projectile electron into a doubly excited inter-vorableg/m ratio that requires minimum magnetic fields in
mediate statéd) is followed by the radiative decay of this the bending magnets of a storage ring. In comparison with
state to a bound level below the first ionization limit. The other isoelectronic sequences this leads to the least effect of
doubly exited state can be weakly bound and hence be veifield ionization of Rydberg states produced by the recombi-
sensitive to the influence of electromagnetic fields. Dielecnation processes. Lithiumlike ions are also favorable because
tronic recombination in the presence of external electromagef their fairly simple electronic structure.
netic fields(DRF) was studied first theoretically by Burgess  As the electric field imposed on the interaction region of
and Summer$l] and Jacobt al. [2,3]. It was recognized Si''* ions and electrons was increased the recombination
that an external electric field mixes states with different or-rate of the high Rydberg states increased up to a factor of 2.5.
bital quantum numbers, which leads to an enhancement @fomparison of experiment and theory showed qualitative
the DR cross section. Discrepancies between theory and eagreement. It was speculated that the remaining discrepan-
periment in early DR measurements were speculatively assies might possibly be ascribed to the magnetic fig|dhat
cribed to the existence of electric fields in the interactionguides the electron beam through the cooling device. This
region and stimulated further theoretical investigations. magnetic field that is perpendicular to the applied electric
The first DRF experiment was carried out by Muet al.  field had not been considered in the theoretical analysis of
with a crossed beams apparatus using sodiumliké Mgs the SH* DRF experiment of Bartscht al.[8]. In a theoret-
[4,5]. Differences from theoretical resulf§,7] were in the ical model investigation Robicheaux and Pindz@aquali-
order of 15-25%. DRF measurements with highly chargedatively showed that a magnetic field perpendicular to the
ions became feasible with the implementation of the mergedapplied electric field influences the recombination rate by
beams method at heavy-ion storage rings. The first such exdditional magnetic sublevel mixing. This was verified with
an experiment on &t* at the heavy-ion storage ring TSR of
the Max-Planck Institute for Nuclear Physics in Heidelberg
*Email address: Sebastian.G.Boehm@physik.uni-giessen.de  [10]. The magnetic field perpendicular to the electric field
TElectronic address: http://www.strz.uni-giessen @8/ was varied, and indeed an effect on the recombination rate
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was observed. However, due to the complexity of the prob-

(@ (b}

lem, no theory was available to which these data could be “ ol o
compared quantitatively. o 100 a5 ANANARANALIS

The difficulties enter via the influence of the magnetic & _ P R e
field on the magnetic sublevel population. As long as only g . ppPPoPEy, 9 ©
electric fields are present the magnetic quantum number & ... 10°k h > 09°%%% >
remains a good quantum number. This is still valid if a mag- § —----5’-9-;—}3?-*—‘%;—‘2-‘3 -----
netic field parallel to the electric field exists, which was veri- "c;?s' 10° ; 10°F  °* o000, *°
fied experimentally by Klimenket al.[11]. Applying an ad- '€ " ot
ditional perpendicular magnetic field breaks the cylindricalg 107 10" F o o
symmetry and an explicit treatment of eaohsubstate is 2
required in the diagonalization of the Hamiltonian. Presently ~ 10° 10°+
such calculations can only be carried out for low values of

(n<30), since the size of the matrices to be diagonalized 1050 15 20 0 0 0 20
increases as®. An example for such a calculation is given in | K
Ref. [12] for the n=24 resonance of 8i". Unfortunately,
such Rydberg resonances cannot be resolved in the experi- FIG. 1. (a) Configuration-averaged autoionization rates of
ments. The measured enhancement can only be observed@% (1s?2p20) states calculated byAUTOSTRUCTURE (open
an average value for the sum of states influenced by electr@ircles. The full curve was obtained by fitting E¢4) to the data
magnetic fields to which a detailed comparison with theory ispoints with the fit parameterd,=3.535< 10! s7%, d;=0.5424,
hardly possible. d,=—0.1633,d;=0.002 740, andd,=0. The horizontal dashed
To minimize the number of states that have to be considtines represents the radiative rate of the—22s transition and the
ered in the theoretical treatment, we here introduce a differvertical line the value of the critical angular-momentum quantum
ential field-ionization technique for the storage ring measurenumber .. (b) Configuration-averaged autoionization rates
ments; it is similar to the one that was used previously forAa(n,«,m) of O**(1s?2p 20km) states as given by E@8). The
measuring DRF of a narrow band of Rydberg states in" Mg m-substategm|=0 to|m|=9 are denoted by the following symbols
[4,5]. This method utilizes state selective field ionization of beginning with|m|=0: squares, circles, up triangles, inverted tri-
Rydberg states. The present experiment also extends a seriyles, diamonds, left triangles, right triangles, hexagons, stars, and
of measurements on lithium-like ions (Ne[13], S [8], pentagons. The_number of states participating in DR is 1208)in
Cl4+ [10], Tile+ [14], and NS+ [15]) towards lower values and 1608 in(b), i.e., the states witlh,>A, .
of the nuclear charge numbgr
In Sec. Il an outline of DRF is given. Some general re-where Eys .5, is the energy of the 2 to 2p transitions
marks on the theory that is compared to the experiment arshown in Eq.(1), R is the Rydberg constant, arglis the
given in Sec. lll. Sec. IV describes the experimental procecharge of the ion in units of the elementary charge. The cross
dure with special emphasis on field ionization. The resultssection for DR is given by the product of the cross section
are presented in Sec. V and compared to theoretical calcul&r the dielectronic capture, and the branching ratio for
tions. We summarize the paper in Sec. VI. stabilization[ A, / (A, +A,) ], whereA, andA, are the radia-
tive and autoionization rates, respectively, of the intermedi-
ate resonant statfel) with configuration 2nl. Dielectronic

Il. MODEL DESCRIPTION OF DRF . . Lo L
capture is the inverse of autoionization. From the principle of

For the present case, DR can be represented by detailed balance, it follows.=kA,, wherek includes sta-
tistical factors. The DR resonance strengtitegrated cross
e +0°*(1s22s)—O** (1s22pnl) section can then approximately be represented by
0*"(1s?2s nl)+hp type |
- 4+(l 29 'I)’ hy' P |)| ;(DR):SO%E L’I)A’ ©)
O™ (1s°2pn’l”)+hv’  (type ). nl g E.| AN TA, |

)

The quantitiesgy=12(2+1) andg;=2 are the statistical
Type Il transitions involve the radiative decay of the Rydberg, d Ha ( ) i

I B e o d fadiat _ﬁeights of the intermediatest2pnl and initial 1s?2s state,
electron. Because of the rapid decrease of radiative rates wiffi oo iivelyE. is the resonance energy asglis a constant

increasingn, type Il transitions are unimportant for high- Sy~10"2 cnPeV?s).
states and are therefore neglected in the following discussio
of DRF via highn Rydberg states. The lowest Rydberg state; |
that is energetically allowed is=6. The position of the
resonances can be represented by

The autoionization rate&, strongly depend on the quan-

m numberan and|. They are large for small values of

and| and decrease with asn™ 3. They decrease even more

rapidly with increasind, since the overlap of the wave func-

5 tions of the inner and outer electron decreases. This is visu-

E—E R q @) alized in Fig. 1a), where the configuration-averaged rates for
nT=2s—2p n/’ the 1s?2p20l states of O ions obtained by the
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AUTOSTRUCTURE[ 16] atomic structure code are shown. The T 7
full line is a fit to these points with the fit function being

A=A n"3exp(dyl +d,12+da3+d,1%), (@)

and with the fit parameter&, andd, . & _

Because of the neglect of type Il transitigms. Eq. (1)] 2
the radiative raté\, is due only to the p— 2s transition and ;
therefore is independent of the Rydberg quantum numbers SE
andl. It is represented by the horizontal dashed line in Figs.

1(a) and ib). 2
In the limiting cases oA > A, or A,>A, the cross sec- E
tion \°R) is given by e T
Main quantum number n
“DR) _ Oa 7™
o =So g g A<y (5 FIG. 2. Model calculation of the field-induced enhancement of

nl
g E ) ;
tn the DR cross section of the*®(1s2pnl) resonances as a function

. of the main quantum numbex
whereA_ is the smaller of the rate&, and A, . For small g

values ofl the autoionization raté\, is far larger than the
radiative rateA, and the cross sectioﬁ'?R) is proportional

to A,. The autoionization rate decreases rapidly with in-
creasing and above a certain vallig[vertical dotted line in
Fig. 1(a)] it drops below the value of the radiative rate. Be- For the case of full mixing, the states significantly con-
yond that point the cross sectiorl;" is proportional to the tributing to DR, i.e., the states for which the relation
autoionization raté\, . However, this rate is so small that the A,(n,x,m)>A, is valid, can be extracted from Fig(H.
contributions from states with equal tol. and above are The number of states is 1608, which is a factor of 1.34

negligible. This means that in thisé example whre 10 and  pigher than in the field-free case. The resulting enhancement
the total number of states in th&2p20 manifold is 4800 j5"shown more quantitatively in Fig. 2 where the relation

the number of states participating in DR is reduced ttﬁ 12
=1200 with the resonance strength given by

for the transformation from spherical to Stark states. The
sums overm and « run over —n+1,—n+2,...n—2n

-1 and —n+|m|+1,—n+|m|+3,... n+|m|—-3n—|m|

—1, respectively.

o PRP/ PR} is given as a function ofi, and the cross sec-
tion o{P? has been calculated a$""=3,¢5R with ¢ (PR
- from Eg. (3). The field enhancement sets inrat 10, and
;,(TDR)%Glﬁ(n)SOE—A< . (6)  then with increasing reaches a maximum af{°R?/ PR
n ~6 atn~60, and then it decreases again. Due to field ion-
] ization in the experiment, only Rydberg states umte29
The excluded states can be made available for DR byontripute significantly to the detected recombination rate
applying an electric field that mixes hidhstates with lower- (see below That means only a small part of Rydberg states
| states. More exactly, in the presence of an electric field théhfluenced by electromagnetic fields are detected.
eigenstates of the ion are given by Stark states characterized |, external electric fieldsn remains a good quantum num-
by the quantum numbers, «, andm, and the DR cross per. This does not change if magnetic fields parallel to the
section can be written as electric fields are present in the interaction redibh]. How-
ever, in our experimental setup magnetic fields perpendicular
) T Aa(n,k,m)A, to the applied electric fields are always present because of
;EPRF):(ZI +1)S°E_n % AN, k,m)+A, D the longitudinal guiding field; in the electron cooler. This
additional magnetic field mixes thm states, which further
influences the recombination rate. At low magnetic figtds
mixing in principle enhances the electric-field effect. At
higher magnetic fields the rate enhancement decreases again,
N1 because of the increasing energy splitting of thdevels,
nl which hampers the electric field mixing of these states
Aa(n,K,m)=|;m‘ (Clm)*Aa(n.]), () [10,12. In the theoretical treatment of DRF in crossed elec-
tric and magnetic fields the additional magnetic field requires
the explicit consideration of eaah substate, increasing the
computational demand significantly. Calculations of DR in
crossed electric and magnetic fields can therefore presently
> 9) only be carried out for relatively low values of, i.e., n
=30. For a detailed comparison of experiment and theory,

In the case of full mixing the autoionization rates are simply
given by

with the Clebsch-Gordan coefficier|ts7]

K,m

. <(n—1)/2 (n—l)/Z‘I

“\(m=)2 (m+x)2m
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the observation of DRF on a single lawresonance would

@

be required. In the experiment, however, lowesonances r

that can be resolved are not affected by external fields anc e,

highn resonances that are affected cannot be resolved g o*

Therefore, an adaption of the method used for'Md,5] is Floton e o"

introduced to investigate DRF for narrow-bandwidth ‘ 'X

samples ofn states. This approach employs state selective , Loy /’,%‘ \

field ionization of highn Rydberg states. bg’a”m > n Recombi.

\Toroids Correction Dipole nation

lll. THEORY magnets magnet  detector

. . . Electron cooler
The DR calculations in the absence of fields have been

carried out using the atomic structure code&rOSTRUCTURE FIG. 3. Schematic representation of the experimental setup. The
[16]. For the DRF calculations the programrreUD (dielec- ion beam enters the electron cooler from the left. There it is merged
tronic recombination field enhanced using diagonalizationWith a cold electron beam. On their way from the merging section
[18] has been used. This calculates the intermediate coupletf, the detector the recombined ions pass several regions where they
energy averaged DR cross section for a given field in th&an possibly b_e fle_ld |_0n|_zed in motlonal _ele_ctrlc fields. The flight
interaction region. It was first developed to calculate the in{iMe to these field-ionization regions are indicated.
fluence of a pure electric field on DR. The wave functions
are solutions to the Hartree-Fock equations with relativistidiere only an outline is given. ThO>* ions were produced
modifications. Since diagonalization of the Hamiltonian ma-in a cryogenic electron-beam ion souf@RYSIS, preaccel-
trices has to be performed for each valuenoind m, the  erated by a radio frequency quadrupole to about 300 keV/u,
program had to be designed for efficiency. The number ofnjected into the ring, and accelerated to their final energy.
matrices that have to be solved is reduced by the fact that thEhe ion energies used in our experiment were 9.4 MeV/u
cross section falls off rather rapidly with and matrices for ~ (which is almost the highest energy that can be achieved at
high m can be excluded. This changes as a magnetic fiel€RYRING), 5.0 MeV/u, and 3.3 MeV/u. A further lowering
perpendicular to the electric field is introdudd®] andmis  of the ion energy was not possible because of strongly in-
no longer a good quantum number. The Hamiltonian matrixcreasing background of electron capture events arising from
then becomes extremely large leading to computational protsollisions of ions with the residual gas. The ion beam has a
lems. In Ref.[12] an upper limit ofn=30 set by available large energy spread and therefore has to be cooled. This is
computer memory is mentioned. However, for I@ions the  done with a colinear beam of cold electrons in an electron
cutoff valuen, is in the same range, so that calculations oncooler [22] as illustrated in Fig. 3. The cooler consists of
DR in crossed electric and magnetic fields can be carried odhree main parts that are the cathode, the interaction region,
for nearly all states involved experimentally. and the collector. Each of these parts is surrounded by a
These calculations do not account for the effect of inter-nagnet. Two toroid magnets are used to deflect the electron
acting resonances, which was treated by Robichesitad. ~ beam into the interaction region and out into the collector.
[19] and Griffin et al. [20]. They modified theorRFEUD pro- ~ The vertical component of the magnetic field in the toroid
gram to include interacting resonances in the calculation omagnets causes a horizontal deflection of the ion beam that is
DR in electric fields. However, the Hamiltonian then be-compensated by a correction dipole magnet placed just be-
comes complex; thus such calculations were not carried outind the cooler. The 4 mm cathode for electrons is immersed
in the presence of crossed electric and magnetic fields, sind®@ @ 3 T magnetic field. The emitted electron beam has an
the complex matrices become prohibitively large. energy spread determined essentially by the cathode tem-
The electric field in the interaction region defines a quanferatureT.~900 ° C. The longitudinal energy spread of the
tization axis. Before being detected, the ions in high Rydberglectron beam is reduced by the electrostatic acceleration of
states pass through motional electric fields that are rotatedhe electrons. The transverse energy spread is reduced as the
with respect to this axis, which could lead to a redistributionelectron beam expands in the decreasing axial magnetic field
of m substate populations. This effect has been theoreticall{23]. After expansion the transverse electron beam tempera-
treated by Nasser and Hah2l]. A comparison of their the- ture amounts to
oretical data to experimental results of Néw et al. [4]
showed that these effects should be considered in general.
However, in our experiments, these effects do not appear to TL:ZTC! (10
be important, as has been shown by Schipeem. [15].

with the expansion factof= B|“’/BH=29.6 calculated from
IV. EXPERIMENT the magnetic guiding fieldB; at the cathode andB,

The experiment has been carried out at the heavy-ion stor- 100.6 mT in the straight section of the electron cooler.

age ring CRYRING at the Manne Siegbahn Laboratory inAftgr epran»sion and acceleration the electron ve_locity distri-
Stockholm. The experimental procedure for DRF measurebution f(v,v) around the average parallel velocity compo-
ments at CRYRING is explained in more detail in Rf3]. nentv can be described as

052728-4



MEASUREMENT OF THE FIELD-INDUCED. .. PHYSICAL REVIEW A5 052728

L m mu(v;—0)2] m relative ion current for the spectra in one cycle was deter-
f(v,v)= 5 keT exg — eZkH T 5 keT mined by a fit to the radiative recombination rate observed
TRl B el during the intermediate cooling intervals. The uncertainty for

(11 recombination rate is also about 1%. Background subtraction
(here radiative recombination is regarded as background

with kT;=0.35 meV andkT,=3.7 meV in the present was achieved by fitting a formula with five fit parametBrs

case. The experimental energy resolution corresponds to the

width of this distribution and amounts {@4] P,

ap(E)= ———— =+ P,+PsE (14)
1+ P,E+ P3E?

4 m.v? ) that is about 1%. The statistical uncertainty for the integrated
ev 1
Xexp — ,

AE(FWHM)={[In(2)kgT, 1?+16In(2)kgT| E} 2
12
12 to those parts of the measured spectra where no DR reso-
The relative energf ~1/2m.v? was calculated more ac- nances occurred. All uncertainties added in quadrature in-
curately using the relativistic transformation of energies fromcluding those for background subtraction add up to 11% un-
the laboratory to the center-of-mass frame including thecertainty in the absolute rate coefficients.
angle between the beams. In the course of our DRF measure-
ments, this angle acquired values up to about 1°. To verify
the energy scale we used the Rydberg formisg. (2)],
neglecting quantum defects, to fit the measured resonance In \_/iew_ of the determination of DR rate coefficients dif-
energies. Spectroscopic values were used forBhe,,, ferential in the Rydberg quantum number of the

A. Field ionization

transition. 0**(1s?2pnl) DR resonances, the field ionizing properties
The absolute merged-beams rate coefficient is given b@f our experimental setup have to be known. In the follow-
[25]: iIng, a detailed model is described, which accounts for the
field ionization of high Rydberg states in motional electric

Ruige , fields caused by the magnetic fields that are used to steer the

a=(vo(v))= IiLng 1 (13 electron and ion beams. Furthermore, the model accounts for

the radiative decay of high Rydberg states to levels below the

HereRis the count ratey; the ion velocity,q the ion charge, field-ionization limit. The model was introduced by Schip-
e the elementary charge; the Lorentz factor for the ions; perset al.[26] for analyzing recombination measurements at
the ion currentL the interaction lengtti95 cm), andn, the  the heavy-ion storage ring TSR and is here modified for the
electron density that is assumed to be constant across tfigRYRING experiments.
diameter of the electron beam. On their way from the interaction region to the detector

After injecting ions into the ring, accelerating and cooling the ions pass through three magnets. Theséipathe toroid
them, the relative-energy range<@<15 eV was scanned Magnet that guides the electron beam out of overiapthe
by varying the cathode voltage. This was done five times foforrection dipole magnet just after the cooler, diid the
different electric fields wh 1 s ofintermediate cooling. The bending dipole magnet that separates the different charge
remaining ions were then dumped and the whole Cydestates(Flg. 3). The transverse magnetic flealds*that*these mag-
started over. This was repeated until a satisfactory level ofiets exert on the ions cause electric fiefdsv; X B in the
statistical precision was reached. system of the ions. The fields are listed in Table | and their

Electric fields were introduced in the interaction region byvariation along the path of the ions is shown in Fig. 4. These
employing correction coils mounted on top of the solenoidfields ionize ions in highly excited Rydberg states. In a sim-
that produces the longitudinal guiding fieR]. The correc-  plified treatment only recombined ions with the electron cap-
tion coils usually serve for optimizing the alignment of the tured into statesi<n. account for the measured recombina-
electron beam with respect to the ion beam. In the preseriton rate. Considering the Stark shifts in the lowest order in
experiments, these coils are used to introduce well definelf, n. can be approximately calculated as
transverse magnetic-field componets, which transform 3 14
to electric fieldsE, =v;B, in the rest frame of an ion. In ne=[q*/9F]™, (15
order to avoid confusion it should be noted that the motional
electric field E, in the interaction region, that causes thewhere F is the electric field in atomic units (1 au
enhancement of the DR cross section is different and spa=5.142<10° V/cm) [27]. In the detailed model of the field-
tially well separated from the motional electric fielHsthat  ionization properties of our apparatus, the survival fractions
cause field ionization of recombined ions in high Rydbergare determined for eaahl state populated by DR, consider-
states as will be discussed in Sec. IV A. ing the flight timestg to the field-ionization zones and as-

The uncertainty of the determination of the ion currentsuming hydrogenic decay rates of the Rydberg states. With a
with the current transformer is abottt10% and the uncer- constant recombination probability along the lengtbf the
tainty of the interaction length is about5%. The ion cur- merging section, the probability that a state characterized by
rent was only measured for one spectrum at the beginning afuantum numbers and| has decayed upon reaching the
the run and all other spectra were normalized to that one. Thiteld ionization zone is given d26]
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TABLE I. The motional electric field# leading to field ioniza-  burg and Koloso\29] (modified in order to account for an
tion are given for the different magnets passed by the recombinedrbitrary nuclear chargg26]) to be
ions on their way to the detector, the toroid, the correction dipole

magnet, and the ring dipole magnét. is the flight time to the 1 I n-|m-1 ol o
corresponding fieldAty the dwell time in this field, andh, is the Ps(n,l,Ate ,F)= 1 > (Cem)
critical quantum number for field ionization. m=-1n;=0

Xexd —AteAp(ng,ny,,m)], 1
E; (MeV/u) Region F (kVlcm) Atz (n9 tg (N9 ng H FAR(NL N, M)] (17

Toroid o1 9 2 19 42 whereCT(*"m are the Clebsch-Gordan coefficients from E9j.

9.4 Corection magnet 60 5 14 33 anq n, andn, are the parabolic quantum numbers, which
satisfy the relationsn=n;+n,+|m|+1 and n;—n,=«

Dipole magnet 490 27 119 [27]. The detection probability is calculated from the decay
Toroid 16 12 25 46 and survival probabilities g26]

5.0 Correction magnet 45 6.6 19 35 B

Dipole magnet 276 36 15 22 Ynllote Ate F)=[1=Py(n Lt te) ] PynlLAte F)
3.3 Correction magnet 36 8 23 37 n<n ' =1=1

Dipole magnet 177 45 19 25 L

X Pgy(n,,t  tp)Pg(n’ 17 Ate F),
(n,l) te—1t./2 (18)
Pd(n,|,t|_,t|:)—1—T %—W

where the branching ratio for a dipole transition from stdte
te+t,/2 to state n’'l’ is defined asb(nl—n'l")=r(n,l) y,(nl
—exp{ - } (16) —n'l"). A more general formula including cascade correc-
7(n.1) tion can be found in Ref[26]. Here, cascading has been
neglected because transitions to lowémalways dominate as
Heret, is the flight time through the electron coolr,is the  has been verified for DR of € [26]. High | states where
flight time from the center of the cooler to the field- cascading would be important are not significantly populated
ionization zone, and the radiative lifetime of thé state is by DR. To obtain the detection probability, we have to con-
given by 7(nl)=[Z,/ < 1121+ 1¥(nl—n’l "Y]71. The hy- sider all field-ionization regions shown in Fig. 4. The corre-
drogenic transition rateg,(nl—n’l") are calculated analyti- sponding detection probabilitie‘ﬁﬁﬁ), Yﬁﬁ), and Yﬁﬁ), re-
caly [28]. In the field-ionization zone the ion spends a timespectively, are calculated individually and the overall
At during which field ionization may take place. As in Ref. detection probability is finally given by the product of the
[5], the ion’s survival probability is calculated from approxi- three individual ones, i.e.,
mate hydrogenic field-ionization ratés derived by Dam-

Yo(v) =Y P(® A0 FO YOO -0 At F©)

g [T I XY DO ) At FO) (19
1000 i For the calculation ofy({ and Y{{ thet,—0 limit of Eq.
= ] ] (16), i.e., Pg(n,1,0tr)=1—exd —te/7(n,)] has been used.
E 800 F 3 The dependence on the ion velocity enters viaitthdepen-
@ aﬁ;;rfi‘;g i dence oftg, Atg, andF. Numerical values ofz, Atg, and
2 e00F dipole 3 F for the three experimental ion velocities are listed in Table
5 E correction I. Detection probabilities for 3.3 MeV/u ions are shown in
T 400F dipole E Fig. 5. In contrast to the simple concept of a sharp cutoff at
S n. [Eg. (15)] a considerable fraction of lowwRydberg states
g 200 toroid 1 is detected with high probability even for high i.e., n
0 ?_ion | >N
fbeam e A A A A
0 500 1000 1500 2000 2500 3000

V. RESULTS AND DISCUSSION
A. Field-free DR

Position on z axis (mm)

FIG. 4. Magnetic fields encountered by the ion beam on its way . . . o
from the cooler to the recombination detector. In the frame of the FOF three different ion energies recombination spectra
ion the magnetic fields transform into electric fields leading to fieldh@ve been obtained for a set of different electric fietds
ionization of high Rydberg states. The values for the toroid and thel Ne field-free spectrumE; =0 V/cm) for an ion energy of
correction dipole magnet have been measured. For completeness4 MeV/u is shown in Fig. @). It contains all 5”2pnl
the magnetic field of the bending dipole magnet has been addei@®sonances associated wite-22p transitions ranging from
schematically. n=6, which is the lowest energetically allowed resonance,
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FIG. 5. Contour plot of detection probabilitiés, (v;) for an 5.0 - (b) _

ion energy of 3. 3 MeV/u from the detailed model described in Sec.

IV A. Each contour line marks a step of 0.1 in the detection prob- 4.0 F 3
ability. A considerable fraction of low-Rydberg states is detected E E
with high probability even for higm>n.. The vertical white bro- £
ken line is the cutoff quantum numbeg=25 as calculated by Eq. 3.0 3 E
(15). The hatched area is unphysical. 3

20F =

up ton~20. Individual resonances can be resolved up to
=15. Forn=6, even thd substates are partially resolved.

Figure 6b) shows amauTOSTRUCTURECcalculation that does 1.0 ' j\ j\ A A

not include field ionization. The highest Rydberg state con- E
sidered isn=1000. 0.0 F—~
The access to DR differential imis via the unavoidable 2 4 6 8
field ionization described in Sec. IV A. It limits the maxi-
mum detected Rydberg state roughlyrto[Eq. (15), Table
I]. The motional electric fieldF depends on the ion velocity, FIG. 6. (a) Zero-field @ DR spectrum for an ion energy of 9.4
ie., MeV/u. (b) The AUTOSTRUCTURE calculation including Rydberg
) states up tan=1000 demonstrates that due to field ionization most
Yim;v; of the recombination rate contributed by high Rydberg states is not
- “qgep (200 getected in the experiment. The vertical bars denote fivel 2eso-
nance positions as calculated by the Rydberg forrfiata (2)].

10 12
Relative energy (eV)

As the ion velocity is decreased, the magnetic field of the ] » )
bending dipole magnetsvith bending radiug) is reduced with the resonance enerdy, . Under this conqmon the in-
and therewith the motional electric fief=uv;B. This shifts  t€gration in Eq(21) can be carried out analytically and we
the cutoff quantum numban, to higher values. The field- ©Ptain

free spectra for all three energies are shown in Fig. 7 together

with results from anAUTOSTRUCTURE calculation to which . 2E, .

the field-ionization model has been applied by multiplying “(DR)(E):% Me Yui(w)offVH(EEy, (23
the nl-dependent DR cross section with thé-dependent

survival probability. For the comparison the theoretical Cross, 1 are
section has been convoluted with the experimental velocity
distribution resulting in the theoretical rate coefficient

X 1 E—E/¢2 JE+EI&
f(E,E)= T gex T TT erf N
a(B)=3 Ym<vi>f on(E@) 1(0,0)d%.  (2D) ol ol keTj/¢
n ~
verf YE2 ol 24
Since the natural width of the DR resonances is negligible er ‘/kBTH/f 49

compared to the experimental energy spread, we assume a

o-like energy dependence of the DR cross section, i.e., i £=(1-T, IT,)Y2 As the ion energy is decreased and

o n. grows, the recombination rate coefficient in the high-
o(E)=0,6(E,—E) (22 energy part of the spectra increases. Experimental and theo-
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Energy (eV) FIG. 8. Integrald ,; from 9.4 to 12 eV for all three ion energies
9.4 MeV/u (squares 5.0 MeV/u (circles, and 3.3 MeV/u(tri-

FIG. 7. Zero-field " DR spectra for three different ion ener- ) )
gies 9.4, 5.0, and 3.3 MeV/u. With decreasing ion energy, increasgngle3' The curves were fitted using EP6). The error bars rep-

o o .
ingly higher Rydberg states contribute to the measured rate coefff€Sent the normalization error of 11% given in Sec. V.
cient. Included are the theoretical results to which our field-
ionization model has been appliéthick gray lines.

8.5 9.0 9.5 10.0

w
T rrTeYy
1

retical data shown in Fig. 7 agree quite nicely. From this we
conclude that field ionization is sufficiently well understood
in our experiment.

B. DRF

For each ion energy a series of spectra were taken fo
different applied electric field&, . The ranges of electric
fields are listed in Table Il. With decreasing ion velocity the
maximum electric field E, =v;B,) decreases. The longitu-
dinal guiding field was 100.6 mT for all measurements.

The enhancement of the DR via high Rydberg states is
quantified by extracting rate coefficientg integrated over
the energy range of 9.4-12 eV of the measured spéeiga
8). For normalization purposes we also monitored the inte-
gral I, (1.3-7.25 eV comprising DR contributions from
=6-8. The high Rydberg contributiorig; monotonically
increase with the electric field, while the lowereontribu-
tion 1, remains constant when the electric field is changed.
In order to provide a quantity characterizing the field effects
we use the electric-field enhancement fagtof]

Ihi(Ey)
l Io( Ey) '

The constanC is conventionally chosen such that fits to the
data points(see belowyield r(™(0)=1.0. The formula

actor

Enhancement f

r(gy)=C (25

TABLE Il. Ranges of motional electric fieldg, =v;B, that by
were applied in the experiment. Hewgis the ion velocity and
the transverse magnetic field. The values are given for the three
experimental ion energies.

Electric field (V/cm)
FIG. 9. Enhancement of the recombination rate due to an elec-

E; (MeV/u) v; (10° cm/s) B, (mT) E (V/icm) tric field for 9.4 MeV/u(c), 5.0 MeV/u (b), and 3.3 MeV/u(a).
Each panel includes the experimental regsifuares, full ling the
9.4 4. 20 0-1.4 0-602 theoretical result wittBj=0 T (circles, dashed ling and the the-
5.0 3.15 0-1.4 0-449 oretical result fo3)=100.6 mT(triangles, dotted line The curves
3.3 2.53 0-1.2 0-301 have been fitted to the data points using E2§). The fit valuess

andEg, are given in Table lII.
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1.0 AAARAY ' 1 b T T TABLE llIl. Parameters of the fitEq. (26)] to the measured and
Y | the theoretical data of the enhancement factor. Haeethe initial
3 >06} slope andEg,; is the saturation field.
o8l ! 1
L} _Q I
1= { 1§osr E, (MeV/u) s(1073 cm/V) Egy (Vicm)
s *°r / 1304t Experiment 9.4 2.80.22 354-61.1
s ! i (Bj=100.6 mT) 5.0 48030  304:56.0
o4 i 12 | 3.3 56:053 347118
2 \ B ool
2 .l 4 15 | Theory 9.4 9.81.6 86+ 18
@ Joit (Bj=0 mT) 5.0 15-2.6 75-15
g a 33 20-3.6 68+ 14
0.0 0.0
520 s a0 3 a0 20 pvs " Theory 9.4 9.40.4 161+9.8
Main quantum number n (BHZ 100.6 mT) 5.0 141.0 15917
B 3.3 19+1.8 149+ 21
FIG. 10. (a) Survival probabilitiesY ,(v;) averaged over the

angular momentum for the th_ree experi_mental_ ion ene_rgies 9.4, 5.Qurves from one another one gets the integrated recombina-
and 3.3 MeV/u(from left to righy (b) Differential survival prob- tion rate coefficient only due to these twobands. After
abilities, i.e., the difference between adjacent curves showa)in ;

obtaining the integrated recombination-rate coefficient for
these twon bands one can determine the enhancement fac-
tors for these samples as described above.
: . The result is shown in Fig. 11. The enhancement factor at
wh|c_h we have fitted to the_: m_easured enhancement factorg00 v/em increases from 2.5 far=20-26 to 3.5 forn
provides an easy parametrization of our data. The parameter . L - .

. L . - LT TT=23-29, i.e., the sensitivity to electromagnetic fields in-
Esatis the saturation field anglis the initial slope, which is

the tangent ta (™ (E,) at E,=0. The result of the present Csrggsgiz fc;-r growing as suggested by the model calculation
experiment is shown in Fig. 9. The enhancement factor firs{ '

grows linearly and then saturates for high electric fields. FOIEh
these high fields the maximum mixture df states is
achieved. This saturation has been seen even more clearly
our N€* experiment[13]. For decreasing ion energy, the
enhancement of the recombination rate increases. This is d
to the fact that the additional higharstates are more sensi-
tive to electromagnetic fieldas shown in Fig. 2

Curves have been fitted to the data shown in Fig. 8 usin
Eqg. (26). The difference between these curves is associat
with n states added by lowering the ion enefgy~20-26

and n~23-29 as shown in Fig. 18]. By subtracting the

r(M(E,)=1+SsE{1—exp —E,/Es], (26)

In the comparison of theoretical and experimental results
e following problem has to be considered. In the presence
of an electric field alone or crossed electric and magnetic
I’f%lds, the angular momentulris not a good quantum num-
ber. On the other hand, in order to compare these results to
Sur experimental data we have to use our field-ionization
model that calculatess| dependent detection probabilities. In
a proper treatment tHeandm mixed states in the interaction
eﬁzﬁgion would have to be mapped onto spherical states when

e ion leaves the cooler. Such a mapping, however, is pres-

Rate coefficient (10"°%cm®s)

Differential enhancement factor

PR S PR S PR PR S P |
) 10 11
......... | IS R S S ST S | 1

Energy (eV)
300 400

Electric field (V/cm) FIG. 12. Experimental DR spectra for an ion energy of 3.3

MeV/u (full line) and anAuTOSTRUCTURE calculation up ton=30
FIG. 11. The enhancement of the recombination rate of the twdo which the field-ionization model has been applied usihgle-

distributions ofn states shown in Fig. 1B) (solid line,n=20-26, pendent detection probabilitigghick dashed ling and I-averaged
dashed linen=23-29). detection probabilitiegthick full line).
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ently not at hand since the theoretical data can only be given VI. SUMMARY AND CONCLUSIONS
:fogagjiﬁgggn ofn. Therefore we usé averaged detection Previous studies of dielectronic recombination in the pres-

ence of electromagnetic fields have been extended towards
elements with lower atomic numb&rwhere in our storage
ring merged-beam experiments field ionization sets in much
= earlier than for higheiz values. Nevertheless, still an en-
Yn(vi):ﬁ EO 21+ )Y i (vi). 27 hancement up to a factor of 2 can be observed. A first step
has been made to providedifferential DRF data. This has
been done by varying the ion energy. The additional narrow-
) ) ) bandwidth sets of detected Rydberg states has been deter-
The difference in usingl dependent antlaveraged detec- mined using a field-ionization model. Comparing the influ-
tion probabilities is small as shown in Fig. 12 where bothence of electromagnetic fields on the two sets-0—26
have been applied to a zero fieldTOSTRUCTURE calcula-  and n=23-29) an increasing sensitivity to these fields has
tion. DRF has been calculated using thRFEUD package. peen observed. Comparison of the field-free experimental
This has been done for 0, 42, 126, 252, and 419 V/cm for th@ata to theory after applying the field-ionization model de-
case of a pure electric field in the interaction region and for &criped in Sec. IV shows a quite good agreement, especially
magnetic field of 100.6 mT. From the theoretical cross secfor high n states.
tion we have derived a rate coefficient analog to E2p), The experimental results on DR in fields are compared to
Le., theoretical calculations. The theoretically calculated en-
hancement is about 50% above the experimental result, i.e.,
the experimental DRF measurements cannot quantitatively
EV(ORA_N v —(DRF)¢ £ be explained by state-of-the-art theory. Based on previous
«(E) F)_; Yn(vi) oy "B, Bn). (28 theoretical results for DRF in zero magnetic fi¢lkd,2q it
can be speculated that the effect of interacting resonances
has to be considered also for DR in crossed electric and
magnetic fields in order to remove the remaining discrepan-

been derived, which were used to obtain theoretical enhanc&!€s- On th_e ex_per?menta_l sid_e it_is c_iifficult to j_udge how far
ment factors included in Fig. 9. This has been done for aifhe approximation in the field-ionization modeling affects the

three ion energies. The theoretical result is far above th§omParison with theory. Further experimental and theoretical
experimental result for the whole range of electric fields. AEfforts are clearly needed for a full understanding of the DRF

reason for part of this discrepancy could be the fact that thes& 0¢€Ss-
calculations have been carried out in the isolated resonances
approximation. It has been shown by Robicheatial.[19]

and Griffinet al.[20] that the static field enhancement of DR We gratefully acknowledge support by Deutsche Fors-
may be strongly reduced by the interaction between rescehungsgemeinschaft under Project No. MU 1068/8. We
nances through common continua. Because of the size of ththank G. H. Dunn for his suggestions concerning the manu-
complex matrices involved, the investigation of these effectscript. D.M.M. and D.C.G. were supported by the U.S. De-
in lithiumlike ions for crossed electric and magnetic fields ispartment of Energy, Grant No. DE-FG02-96-ER54367 with

n—1

In the next step theoretical integralg from 9.4—12 eV have
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