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Theoretical calculations of dielectronic recombination in crossed electric and magnetic fields
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Recently, Robicheaux and PindzdRhys. Rev. Lett79, 2237(1997] reported on model calculations of
dielectronic recombinatiofDR) in the presence of crossed electric and magnetic fields. They showed that the
enhancement of the DR by an electric field may be increased further when a magnetic field perpendicular to the
electric field is present in the collision region. In this paper, we describe the results of distorted-wave calcu-
lations of dielectronic recombination in the presence of crossed electric and magnetic fields for Lilike C
and S, Two sets of calculations are performed and compared. The first is based on a full intermediate-
coupling (IC) calculation, while the second is based on a much simpler configuration-aV&Age&pproxi-
mation. Both sets of calculations predict substantial added enhancement of DR due to the magnetic field.
However, the CA approximation overestimates the field-enhanced DR as compared to both the IC calculations
and previous measurements of total recombination. Comparisons of our IC results with total recombination
measurements are not possible because the IC Hamiltonian matrices are too large for the high values of
included in these experiments; however, in anticipation of possible high-resolution experimental studies of
partial DR in fields, we report on an IC calculation of the crossed-fields enhancement of DR as a function of
electric-field strength fon=24 in Si*'*. [S1050-294{08)08904-5

PACS numbd(s): 34.80.Lx

[. INTRODUCTION are several examples where the experimental measurements
were above those predicted from theory. In particular, the
Extensive experimental and theoretical studies of dielecmeasurements by Dittnet al.[13] on Li-like ions were well
tronic recombinatioDR) in the presence of external fields above the theoretical calculatiof] for all reasonable elec-
have been performed. Quite early, Burgess and Sumfhgrs tric field strengths. In addition, the measurements of Savin
suggested that the redistribution of angular momentum duret al. [20] were above the theoretical calculatidigs8] but,
ing collisions in a plasma could enhance DR and Jacobs angiithin their large experimental uncertainties, agree with
co-workers[2,3] predicted that plasma microfields would Griffin, Pindzola, and Bottchdi8].
strongly enhance DR through such a redistribution of highly More recenﬂy, an experiment was Comp|eted at the
excited / states. Huber and Bottchg4] also pointed out  heavy-ion storage ringCRYRING) at Stockholm University
that, in very strong magnetic fields, the diamagnetic term cafp1] in which the DR rate coefficient for " was mea-
also cause mixing of” states. Since that time, there have greq and compared to theoretical calculations of electric-
been a number of calculations of DR in the presence of elecﬁeld-enhanced DR. The agreement between theory and ex-
tric fields using a configuration-average distorted-wave apperiment was excellent for the zero-field measurements, but

proximation [5_73_ a:ﬁ%d i‘;] |$Lermehdlatel-cozplmg, dlst_ortted; the experimental values of the integrated rate coefficient as a
wave approximatiops—14. 1 here has also been a variety o function of electric field were above those determined from

measurements of DR in fields. The experiments at Oalfhe theoretical calculations. As in all comparisons between
Ridge National Laboratory on Na-like iofi$2], Li-like ions : P

[13], Be-like ions[14], and B-like ions[15] all suggested an experimental measurements and theoretical calculations of

enhancement of DR by the space-charge-produced electr R, there are a number of. factors that cc_)uld. cause such
field in the collision region, and the measurements at th&!fferences, one of the most important of which is the uncer-
Joint Institute for Laboratory Astrophysics on Ng[16], tglpty Wlt_h respect to fle.Id |pn|zat|on. However, there is ;uf-
provided the first experimental confirmation of the enhanceficiént evidence now to indicate that there may be additional
ment of DR as a function of the electric field in the collision €thancement of DR in these experimental measurements, be-
region. More recently, DR measurements in the presence &fond that due to electric-field mixing.
small electric fields were made for a number of Li-like ions  In response to this, Robicheaux and PindZ®a] per-
using a merged-beams apparatus at Aaffidsl§ and mea- formed model calculations of dielectronic recombination in
surements of DR in € in a well-determined electric field the presence of crossed electric and magnetic fields. Such
were performed at Harvard 9,20. crossed fields exist within the collision region in these ex-
In a number of the systems studied, the predicted enperiments. The probability of recombination into doubly ex-
hancement from theoretical calculations was within the un<ited stategthe reverse of autoionizatipralls off rapidly
certainty of the experimental measurements. However, thergith the angular momentum of the Rydberg states. Thus, an
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electric field enhances DR by mixing_ states with different <nj/jjjn/KJM|—I§-F| nj/jjj’n’/"K’J’M’>
angular momenta and, thereby, opening up many more re-

combination channels. However, in the presence of an elec-

tric field alone M is a good quantum number and the recom- =Edu,m 9, ,jj’( —1) T K@)
bination probability falls off rapidly with the magnetic
guantum numbef8]. In the presence of a magnetic field X (201 1) (20 +1)(2K+1)(2K '+ 1)

alone or a magnetic field parallel to the electric fieM,

remains a good quantum number. However, when the mag- D ,

netic field has a component that is perpendicular to the elec- ><(—1)'V'( J 1 1 )[]j /K ’
tric field, states with different magnetic quantum numbers -M 0 M'J|1 K' /'
are mixed; this will open up still more recombination chan-

nels and should further enhance DR. Indeed, the calculations 1

of Robicheaux and Pindzo[22] indicate that there is addi- K > J oW 7

tional enhancement caused by magnetic mixing and that it X (1P, @)
might be of sufficient size to account for the apparent dis- J 1K

crepancies between experiment and theory. Recently, LaGat-
tuta [23] also performed calculations of DR in Mgin
crossed electric and magnetic fields using his configuration-

average DR program. He found substantial enhancement #heren;,/j, andj; are the principal, orbital angular mo-
the DR rate coefficient in support of the prediction of Ro-Mentum, and total angular momentum quantum numbers for
bicheaux and Pindzolg22]. the first excited electron, respectively;and/” are the prin-

cipal and orbital angular momentum guantum numbers of the

The intent of the present study is to follow up on theR db lect tivelv- afdis the diol ¢
model calculations of Robicheaux and Pindzda] by per- yaberg electron, respectively, ardis the dipole operator.
The matrix elements for the paramagnetic term can be bro-

forming distorted-wave calculations of DR in the presence O&en UD into two parts:
crossed electric and magnetic fields fot'Cand Sit*. Two P parts.
approaches have been employed. One is based on a full
intermediate-coupling(IC), distorted-wave calculations of
DR. However, these calculations are limited to intermediate
values of the principal quantum number by the enormous
size of the Hamiltonian matrices that are involved. For that
reason, we have also performed a series of field-mixed cal-
culations of DR based on a much simpler configuration- :(nj/jjjn/KJMmOj-I§|nj/jjj’n’/’K’J’M’>
average(CA), distorted-wave approximation.

The remainder of this paper is organized as follows. In the
next section, we give a brief description of the theoretical
methods employed in these calculations. In Sec. Ill, we com-
pare our IC and CA calculations of DR as a functionnof
with each other and our CA calculations of total DR with
prior experiments; and, in anticipation of future high- (2
resolution partial DR measurements, we present an IC calcu-

lation of partial DR for the resonances associated witR24 ,
in Si'™ . In Sec. IV, we summarize our results and suggesWhere we have assumed that tffactor for the electron spin

some theoretical and computational methods for furthefS €qual to 2, ang, is the Bohr magneton. The first term is
study. given by the expression

(n;/j;n/KIM| = - B|n;/;j{n' /"K' I'M")

+(n;/j;n/KIM| oS BIn;/jjn" /' K'I'M),

Il. THEORETICAL METHODS (n;7jiin/KIM|pod-B[n;/jjn’' /"K' I'M")

The theoretical methods employed to perform IC calcula- L
tions of DR in electric fields, as implemented in the program :MOB5n,n/5//’5JJ- ,Jj’5K,K’5J,J’ 2
DRFEUD, is described in some detail in Griffin, Pindzola,
and Bottchef8]. Here we focus on the equations describing
the Stark and Zeeman matrix elements associated with dou-
bly excited Rydberg states in the presence of crossed electric
and magnetic fields. We first assume that the electric field is +VI+M)I=M+1)Syr m-1], (©)
in the z direction and the magnetic field is in tledirection,
and consider doubly excited Rydberg states consisting of two
singly occupied subshells ifK coupling. Then the Stark
matrix element is given by while the second term is given by

X[VI-=M)I+M+1)8ur m+1
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We notice the electric field mixes Rydberg states betweemagnetic fields is similar to our early calculations of DR in

n/ subshells that differ by one i, but the Stark matrix
elements are diagonal jn andM. The electric field can also
mix states of different values af, however, for the electric-
field strengths and the range ofvalues included in these
calculations, the effects af mixing should be very small.
The paramagnetic term mixes Rydberg states within
given n/ subshell that differ by one iM. We also notice

electric fields, and a description of the calculation of the
electric-field-mixed autoionizing and radiative rates is given
in Griffin, Pindzola, and Bottchdi8]. The only difference in

the equations for the autoionizing and radiative rates for the
case of crossed electric and magnetic fields arises from the
sum overM in the equations for the eigenvectors. Once the
field-mixed autoionizing and radiative rates are determined,

that when the magnetic field is included in the Hamiltonian,we again use the independent-processes approximation to
jj is no longer a good quantum number. We have foundgalculate the contribution to the energy-averaged DR cross
however, that the effect of magnetic mixing between statesection from resonandgeusing the equation

of different values of]; is small; at sufficiently high values

of n, this makes it possible to diagonalize the Hamiltonian

A(j— 1)

separately for different values pf. In addition, one can also

include the diamagnetic term within the Hamiltonian matrix,

and it will mix Rydberg states that differ by two if. This
term was included by LaGattuf23] in his CA calculation

, 2 A—DE
T i

T ACG K2 Y
Fe ; A(j—K) + A (j— 1)

for Mg ™; however, for the magnetic fields considered here,
the diamagnetic term would make a negligible contribution

to field enhancement.

Thus, for the lower values af, we assume that the only
good quantum numbers arg,/;, andn and the diagonal-
ization yields eigenvectors of the form

>

ni/iny)=
| iZj 7) i AR

n/ny

| Y. Pl ulniZiiin/ KImy,

©)

while for higher values oh, wherej; is assumed to be a
good quantum number, this becomes

:/2

YN/ in/KIMY;
KIm

|nj/ijjn7’> /KJM (6)

and wherey is a serial number used to completely specify an

eigenvector.

whereAe is an energy bin width larger than the largest reso-
nance width,G, is the total statistical weight of the initial
configuration k. is the linear momentum of the continuum
electron A, (j—f) is the radiative rate from a particular dou-
bly excited statg to all states of a lower level, and A (]
—K) is the autoionizing rate from a particular doubly excited
statej of the (N+ 1)-electron ion to all states of the level
of the N-electron ion. The sum overin this equation repre-
sents a sum only over the levels of the initial ion configura-
tion, while the sum ovek represents a sum over all lower
levels of theN-electron ion. When not comparing to experi-
mental measurements, it is convenient to present the results
of calculations in terms of the quantityAe, since it is in-
dependent of any choice of the energy bin width.

We have modified the progranRFEUDto calcuate DR in
the presence of crossed electric and magnetic fields in either

Now we could have just as well assumed that the electriof the two orientations of the fields discussed above. How-

field is in thex direction and the magnetic field is in thze

ever, there are some limitations on the use of this code. The

direction. We have also derived the expressions for the Starfact thatM is no longer a good guantum number leads to
and magnetic matrix elements for this case. Calculations pesignificant computational problems. First of all, the Hamil-
formed with both sets of field directions allowed for a usefultonian matrix becomes extremely large and has many near

internal check of the programming of this problem.

degeneracies. Secondly, we must determine all the eigenval-

Except for the added magnetic matrix elements that musties and eigenvectors in order to calculate the required radia-
be determined, the calculation of DR in crossed electric andive and autoionizing rates.
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For the dielectronic recombination associated with the 0.8 T T T T
25— 2p excitation in the Li-like ions considered here, there
are a total of 182 states for the doubly excited Rydberg 07 | i
configurations with a given value af. For n=20, this re- ' *
quires us to diagonalize a 488@800 matrix; byn=30 the
matrix has grown to 10 80910 800, and diagonalizing such 0.6 1
a matrix is impractical. By assuming thgtis a good quan- .
tum number, we can reduce the problem so that for each & g5 | 1

. ) T . ; 2 s

value ofn, we must diagonalize thg = ; matrix of size 4 ~
and thej; = 3 matrix of size 7. Forn= 20, thej;= 3 matrix g °
is 3200x 3200, while an=30, it has grown to 72087200. S 04 r o 1
The upper limit ofn=30 that we employ was then set by < //
available computer memory. However, as we shall see, inthe ¢ 03 | . ¢ el 1
measurements of total DR performed to date on these ions, g e 7
the upper limit onn before field ionization occurs is well oo | ° /:,// |
above 30. N SN S

For these reasons, we also tried a second approach to this ’—*\
problem that is based on the CA approximation for DR. 01 | .
Some of our earlier work on DR employed the CA program
DRACULA [24], and we have now modified that program to 0.0 L
carry out approximate crossed electric and magnetic field- 8 10 12 14 16 18 20 22 24 26 28 30
mixed calculations of DR. The zero-field wave functions n

[n/m) and energy levelss,, are calculated using the
configuration-average Hartree-Fock equations with the core FIG. 1. The energy-averaged dielectronic recombination cross
electrons frozen. The total autoionization rag(n/) and section times the energy-bin width as a functiomdbr C3* from
the total radiative decay rat®,(n/) for then/m Rydberg @n IC calculation. Solid curve, no figlds; dashedl curve, an elec.tric
state are calculated in a configuration average. Thé!eld of 12 Vi/cm, but no magr!etu_: field; solid circles, an electric
configuration-average orbitals are used to generate thie!d of 12 Vicm and a magnetic field of 24 G.
n2xn? Hamiltonian matrix

, , , C3* from n=8 ton=30 for no fields, an electric field of 12
H i =808/ Smm (N7 M| = Ez+ poBL,n/"m’). V/cm and no magnetic field, and finally an electric field of

(8) 12 V/cm and a magnetic field of 24 G. These field strengths

. . L . . ere chosen so as to match the fields in the experimental
This real, sym_metrlc m.atrlx is _dlagonal_lzed using itandar easurements of Savét al.[20]. The diagonalizations were
programs to give the eigenstatsThe eigenvectorY m;  carried out on all states of a given principle guantum number

are used to construct the total autoionization and radiativ%p ton=20 and then separately for each of the two values of

rates from jj from n=22 to 30.
As can be seen from this figure, the added enhancement
As(nj)=> Aa(n/)(Y;mj)Z, (99  of DR provided by the crossed magnetic field is small below
/m Y

n=20, but increases rapidly as a function maf By n=30,
this additional enhancement is nearly equal to that provided
) — YUY by the electric field alone, and is even larger than that pre-
Ar(nj)_;n ’(n/)(Y/m'j) ' (10 dicted from the model calculations of Robicheaux and Pin-
dzola[22]. It is not clear from these results at what value of
which are used in E(7) to calculate the contribution to the n the cross section will peak and begin to decrease. How-
energy-averaged DR cross section from resongnce ever, these calculations in the presence of crossed electric
Of course, the great advantage of the CA approximation isind magnetic fields required over 430 megabytes of main
that one must only diagonalize @Xxn? matrix for each memory and tok 5 h on aCray C90 computer; to carry out
value of n, which makes it practical to include Rydberg these calculations to say=44, which was the estimated
states up to values af corresponding to available experi- maximum value of in the experiment of Saviet al.[20],
mental measurements. The disadavantage of the methodvguld have required two gigabytes of main memory and
that it tends to overestimate the effects of field mixing, es-many more hours of computer time.

pecially for lower values of and lower field strengths. In Fig. 2, we again present our IC results fo? Cfor the
same values ofi, but now with an electric field alone of 30
lll. RESULTS OF CALCULATIONS V/cm and crossed electric and magnetic fields of 30 V/cm

and 180 G, respectively. These field strengths were chosen to
be comparable to those present in the experimental measure-
ments of Dittneret al. [13]. With these fields, the overall

We will begin by considering the results of our IC calcu- enhancement is not only larger in magnitude, but the added
lations on G* and Si*'". In Fig. 1, we show our results for enhancement from the magnetic field is now larger than that
oA e (with the energy bin width in Hartree atomic unifer ~ due to the electric field alone.

A. Comparison of intermediate-coupling
and configuration-average calculations
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FIG. 2. The energy-averaged dielectronic recombination cross FIG. 3. The energy-averaged dielectronic recombination cross
section times the energy-bin width as a functiomdbr C3* from section times the energy-bin width as a functiomdér Si'!* from
an IC calculation. Solid curve, no fields; dashed curve, an electrian IC calculation. Solid curve, no fields; dashed curve, an electric
field of 30 V/cm, but no magnetic field; solid circles, an electric field of 100 V/cm, no magnetic field, and the energy-level structure
field of 30 V/cm and a magnetic field of 180 G. for high angular momentum states determined from extrapolation;
dashed-dot curve, an electric field of 100 V/cm, no magnetic field,
and the energy-level structure for high angular momentum states

calculated using hydrogenic wave functions and perturbation

from n=14 to n=30, forf_ntl)dfleldj,f.an"electrlcl f|elq Off }(5)0 f theory; solid circles, an electric field of 100 V/cm, a magnetic field
Vicm and no magnetic field, and finally an electric field o of 300 G, and the energy-level structure for high angular momen-

100 V/em and _a magnetic field of 300 G The magnet?c ﬁe_ldtum states determined from extrapolation; open triangles, an electric
we employed is equal to the longitudinal magnetic field inieiq of 100 Vicm, a magnetic field of 300 G, and the energy-level

the cooler of the CRYRING at the University of Stockholm styycture for high angular momentum states calculated using hydro-
Where the eXpe”ment Of BaI’tS(Eh al. [21] was performed, genic wave functions and perturbation theory.

and the electric field is in the middle of the range of those
fields employed in their experiment. from perturbation theory using hydrogenic wave functions;
For the electric field alone and the crossed electric anghe code is set to choose the maximum value for each of the
magnetic fields, we show the results of two separate calcuwo quantities calculated by these methods. For values of
lations. This is done to demonstrate the sensitivity of the/=8, we calculate the spin-orbit parameter of the outer elec-
crossed-fields calculations to the details of the atomic structron using a hydrogenic formula and ignore the exchange
ture for high#” Rydberg states. For the present calculationsparameters.
in addition to the spin-orbit parameter of the@ 2lectron, In the case of Si", the maximum values for all the
there are only two parameters of much importance to thguadrupole parameters and quantum defects are those deter-
energy of a particular level belonging to a highRydberg  mined by extrapolation of the relativistic HF values. The
state: they are the configuration-average quantum defect @dxtrapolated relativistic HF values are different from those
the 2pn/” configuration and the quadrupole Slater parametetalculated from hydrogenic wave functions in this eleven-
F2(2pn/), the latter of which only affects the levels asso-times ionized species mainly because of the of the mass-
ciated withj;=3/2. The exchange parameters and the spinvelocity correction, the effects of which are included in our
orbit parameter of the outer electron are very small for highrelativistic HF wave functions, but only perturbatively in our
values of/’. To calculate the structure of the Rydberg statescalculations using hydrogenic wavefunctions. The dashed
for relatively low / values(in the case of Sit", /<7) we curve and the solid circles represent the results of our
employ parameters calculated using the wave function proelectric-field-mixed and crossed-fields-mixed calculations
gram developed by CowdR5]. The wave functions are so- for this choice of quantum defects and quadrupole param-
lutions to the Hartree-Fock equations with relativistic modi-eters. However, for comparison, we also show the results of
fications, in which the mass-velocity and Darwin correctionsthese same calculations when perturbation theory and hydro-
are included within modified differential equatiof6]. Our  genic wave functions are used to determine the quantum de-
IC DR program then determines the quantum defects anfects and quadrupole parameters for high valueg offhe
guadrupole parameters for high values 6fby either ex- dot-dashed curve and open triangles represent the results of
trapolation of the relativistic Hartree-FodldF) values or these calculations. As we see, this change in atomic structure

In Fig. 3, we present our IC results ferAe for Sitlt
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FIG. 4. The energy-averaged dielectronic recombination cross FIG. 5. The energy-averaged dielectronic recombination cross
section times the energy-bin width as a functiomdbr C3* from section times the energy-bin width as a functiomdbr C3* from
a CA calculation. Solid curve, no fields; dashed curve, an electri@ CA calculation. Solid curve, no fields; dashed curve, an electric
field of 12 V/cm, but no magnetic field; solid circles, an electric field of 30 V/cm, but no magnetic field; solid circles, an electric
field of 12 V/cm and a magnetic field of 24 G. field of 30 V/cm and a magnetic field of 180 G.

{1=30. This may indicate that the crossed-fields enhancement
Is overestimated by the IC calculation, possibly due to an
derestimate of the separation between levels for high val-

has only a small effect on the electric-field-mixed results, bu

begins to have a sizable effect on our results in the presen

of crossed electric and magnetic fields fox26. In this i/

case, we believe that the quantum defects and quadrupoﬂee solz.

arar,neters determined from extrapolation of the relativistic Finally in Fig. 6, we show our CA results for Si" for

ﬂF values are the nlwst accurat)t(a Hpowel/er this sensitilxlt Io?:14 ton=30, with no field, an electric field of 100 V/em
. . ' . Y %nd no magnetic field, and an electric field of 100 V/cm and

the theoretical crossed-fields DR cross sections to the atomic

o N a magnetic field of 300 G; this should be compared to the
structure of the higl Rydberg states makes it fjn‘ﬂcult to results of our IC calculation in Fig. 3. Here we see that the
estimate the accuracy of the theoretical calculations.

We now consider the results of our CA calculations on(.:A calcu]ation yi?ld.S.DR cross sectiqns, with or without
C** and SH. In Fig. 4, we present the CA values of e flglds, wh|ch are §|gnlf|c§\ntly above their IC counterparts. As
for C3* from n.=8ton.=530 for no fields, an electric field of discussed, in, Griffin, Pmdzolg, and Botictex], evenin

e > . the absence of an external field, the CA approximation is
12 V/cm and no magnetic field, and finally an electric field

of 12 Vicm and a magnetic field of 24 G. Comparing thisonly valid when the autoionizing rates are much larger than

. oL the radiative rates, or vice versa, for all levels of a given
with the results of the IC calculation in Fig. 1, we see that the 9

CA val hi tor the | | ah configuration. This condition does not seem to hold in the
values are much larger for the lower valueidnan are g0 of gji+ Furthermore, as we have seen from the IC
the IC results. Byn=30, the CA values ofrAe in the pres-

- ) . calculations, the crossed-fields enhancement of DR is sensi-
ence of the electric field alone are still about 40% higher thaqive to the separation between the levels within the doubly
the IC yalues, but the crossed-fields results from the théxcited configurations, and this level structure is not included
calculations are closer.

In Fia. 5 CA Its forE f _g in the CA approximation. On this basis, we might expect that
N Fig. 5, we present our results forCfromn=810  yhe CA calculations would significantly overestimate the DR
n=30, with no fields, an electric field of 30 V/cm and no

e - cross section when compared to experiment.
magnetic field, and an electric field of 30 V/cm and a mag- P P

netic field of 180 G; this should be compared to the results
from our IC calculations in Fig. 2. The situation here is simi-
lar to that shown in Fig. 4, except that the enhancement of Although it is not possible at the present time to carry out
DR due to the electric field alone is only slightly larger, IC calculations of DR in the presence of crossed electric and
while the added enhancement arising from the crossed fieldmagnetic fields to high enough valuesrofto enable com-
shows a noticeable increase. Again the CA field-mixed reparisons with total DR measurements, this can be done in the
sults yield a larger field enhancement for relatively low val-case of the CA approximation. In Fig(&f, we show such a
ues ofn; however, in this case, the IC crossed-fields resultsomparison with the earlier measurements of Dittaeal.

are actually 15% higher than the corresponding CA values 4dt13]. As indicated before, the electric field of 30 V/cm and a

B. Comparisons with experiment
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FIG. 6. The energy-averaged dielectronic recombination cross
section times the energy-bin width as a functiomdbr Sit'* from 20
a CA calculation. Solid curve, no fields; dashed curve, an electric ®)
field of 100 V/cm, but no magnetic field; solid circles, an electric 185
field of 100 V/cm and a magnetic field of 300 G. 6l
crossed magnetic field of 180 G were chosen to match the 14 |
experimental conditions of this measurement. [ 4
These experiments do not measure the DR cross section, = 12| [ L)
but rather a rate coefficient as a function of energy that in- “g I
cludes the effects of a small component of the electron ve- :° 10 | o
locity perpendicular to the ion beam, with a highly asymmet- ‘s SN
ric distribution; and a component of the velocity parallel to = 8 [} ’ \“:{
the ion beam, with a symmetric distribution. As can be seen g y ;
from this figure, these early DR experiments had an electron 6| //' \
distribution that was far too wide to resolve resonances as- I// \
sociated with individuah values. It is somewhat satisfying 42 \I
that the experimental values are, in general, between the CA 5l TN \\ [} |
results in the presence of the electric field alone and those in N AN I
the presence of the crossed electric and magnetic fields. In 0 ‘ ‘ ‘ N ETT
order to provide some indication of what might result from 0 2 4 6 8 10 12 14
an IC calculation for the crossed-fields case, we also show a
comparison of the IC calculation with no field and an electric Energy (eV)

field of 30 V/cm with the same experimental points in Fig. ) . L - N
7(b). It is hard to say whether the IC calculation for the FIG. 7. Dielectronic recombination rate coefficients fot'Q(a)
crossed-fields case would go through the experimentaﬁrom a CA calculation for no fieldelashed curve an electric field

. . S . . f 30 V/cm and no magnetic fiel@dlashed-dot curyeand an elec-
points, but & comparison between the solid circles in Figs. & "1 ¢ 30 viem and a magnetic field of 180(olid curve. (b)

and 5 Kvoturl]d rllndlcate that it might be close, but perhapﬁzrom an IC calculation for no fieldglashed curve and an electric
somewnat hign. field of 30 V/cm and no magnetic fiel(Hashed-dot curye The

In F'g' 8@, V¥ﬁ Sh_OW a S|m|Iar comparison of the CA maximum value of included in both sets of calculations is 44. The
calculation for St with the experimental measurements of g, herimental points are from RétL3] for an approximate electric

Bartschet al. [21] at a field of 91.5 V/cm and a crossed fig|q of 30 V/icm and a crossed magnetic field of 180 G.

magnetic field of 300 G. Here the electron-distribution is

quite narrow and the experiment is close to the point of recient that are far too large compared to experiment. This is
solving some of the resonances associated with individuatot only due to the breakdown of the approximation itself,
values ofn, even for the relatively high values of in this  but also because the CA approximation does not separate the
energy region. As we might expect from the discussion2p,,n/ resonances from thep3,n/ resonances. In Fig.
above, the CA calculation yields results for the rate coeffi-8(b) we show the no field and electric-field-mixed IC results
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FIG. 8. Dielectronic recombination rate coefficients for'Si
(a) From a CA calculation for no field&ashed curve an electric
field of 91.5 V/cm and no magnetic fieldashed-dot curyeand an
electric field of 91.5 V/cm and a magnetic field of 300 (&blid
curve. (b) From an IC calculation for no fieldslashed curveand
an electric field of 91.5 V/cm and no magnetic figitashed-dot
curve. In both sets of calculations, the maximum values a$ 38.
The experimental points are from R¢R1] for an electric field of
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Energy (eV)
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Energy (eV)

91.5 V/cm and a crossed magnetic field of 300 G.

with the experimental separation betweepy,2 and 23
levels in SH*. Nevertheless, a comparison of the solid
circles with the dashed line in Fig. 3 would indicate that an
IC calculation might result in reasonable agreement with the
experimental measurements, although again, it may be some-
what high.

C. Patrtial field-mixed DR for individual values of n

Even if we could carry out our IC calculations for DR in
the presence of crossed electric and magnetic fields to values
of n comparable to the maximum valuesroin the various
experimental measurements of total DR, comparisons with
the experiment would still present serious difficulties. In all
of these experiments, the ions travel from the interaction
region, where recombination in the presence of the crossed
electric and magnetic fields occurs, to the analyzing region,
where the Rydberg states with high valuesrofare field
ionized in a very large Lorentz field. As these field-mixed,
recombined ions travel toward the detector, the higRyd-
berg states have time to radiatively decay to lower values of
n, thus introducing an uncertainty regarding how many of
these states will survive the stripping field. Even without this
uncertainty, the calculation of field ionization of field-mixed
Rydberg states for nonhydrogenic systems presents a signifi-
cant challenge. Thus, one of the most serious difficulties in
making comparisons with total DR experiments is the deter-
mination of what values should be included in the theoret-
ical calculations.

A solution to this problem would be to study field effects
in a set of recombination resonances associated with a par-
ticular intermediate value afi that is small enough to sur-
vive the stripping field, but large enough to show significant
field-mixing effects. However, until now, the resolution of
these experiments has been insufficient to separate the reso-
nances associated with different intermediate values.of
That now appears to be changing. Recently Zenhgl. [27]
reported on high resolution measurements of DR in Li-like
argon in which they resolved, separately, the groups of reso-
nances from g,,,n/" and 23,0/ for a given value oh up
to n=18, and with the help of calculations, up rie=23.

For this reason, we have calculated valuesodfe for
both the 3,247 and 23,24/ resonances with no mag-
netic field and with a magnetic field of 300 G and the eight
values of the electric-field strengths employed in the experi-
ment of Bartschet al. [21]. The results are presented in
Table I. We chosen=24, since it is high enough to show
significant field enhancement, yet small enough to easily sur-
vive the stripping field and have a chance of being resolved
from adjacentn values. In the last three columns of this
table, we give the ratio of the value ofA € calculated in the
presence of crossed electric and magnetic fields to the value
of oA e calculated with only the electric field. This provides
a measure of the added enhancement due to the crossed mag-

in comparison to the experimental points. There is some innetic field. In Fig. 9, we present calculated field-

dication that the separation between the,Z/ and

enhancement ratios far = 24, with an electric field only

2psn/ resonances is smaller experimentally than that preand with crossed electric and magnetic fields; these are sim-
dicted from the theory, which results in the larger dip at 23ply the ratios of the field-mixed values ofA € to their val-

eV in the calculated rate coefficient. This is somewhat surues with no fields present.

prising because we made a small adjustment in the theoreti- From Table | and Fig. 9, we notice that the field enhance-
cal spin-orbit parameter for the2electron to make it agree  ment of the DR cross section is significantly larger for the
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TABLE I. DR cross section times the energy-bin width fot'Si with n=24 as a function of electric-field strengih with B=300 G.

Energy(j;=1/2)=0.775805 H Energyj;=3/2)=0.814037 H

oAe (E only) oAe (EXB) Ratio for added enhancement

£ (1072 cn? H) (1072 cn? H) from the crossed magnetic field

(V/icm) jj=112 jj=312 total jj=112 jj=312 total jj=12 jj=312 total
0.0 0.1109 0.2244 0.3353 0.1109 0.2244 0.3353 1.000 1.000 1.000
9.2 0.1331 2291 0.3622 0.1411 0.2465 0.3876 1.060 1.076 1.070
18.4 0.1463 0.2377 0.3840 0.1559 0.2741 0.4300 1.066 1.153 1.119
32.0 0.1670 0.2534 0.4204 0.1815 0.3116 0.4931 1.087 1.230 1.173
46.0 0.1854 0.2697 0.4551 0.2108 0.3379 0.5487 1.137 1.253 1.206
68.8 0.2065 0.2938 0.5002 0.2495 0.3660 0.6155 1.208 1.246 1.231
91.5 0.2208 0.3117 0.5324 0.2829 0.3853 0.6682 1.281 1.236 1.255
137.5 0.2392 0.3391 0.5784 0.3273 0.4192 0.7465 1.368 1.236 1.291
183.1 0.2517 0.3605 0.6121 0.3509 0.4464 0.7973 1.394 1.238 1.303

jj=1/2 resonances than for thg=3/2 resonances in the large. This again points to the sensitivity of DR cross sec-
presence of the electric field alone, and especially with theions in the presence of crossed electric and magnetic fields

crossed electric and magnetic fields. Furthermore, the ene the details of the level structure of the highRydberg
hancement of the®,,n/" resonances in crossed electric andstates.

magnetic fields is increasing at a much higher rate than is the
case for the B3N/ resonances. This is due to the difference
in structure between thg=1/2 and thej;=3/2 levels. As
mentioned earlier, the quadrupole Slater parameter The results presented in this paper support the predictions
F2(2pn/) only affects the structure of thepg,n/ levels, made by Robicheaux and Pindz¢R2] regarding the addi-
and as” becomes large this is the only factor, other than thetional enhancement of dielectronic recombination provided
guantum defect, that has any appreciable effect on their ey the presence of a magnetic field crossed with an electric
ergies. Thus, the four levels for a givep;n/” subconfigu-  field. Our comparisons of DR cross sections as a funation
ration become degenerate for highand the mixing effects demonstrate the importance of the energy-level structure of
between magnetic states within the subconfiguration becomigigh Rydberg states to the calculation of field-mixed DR.
The CA approximation tends to overestimate the size of the
field-mixed cross section, especially for lower valuesnof
and lower field strengths. This is supported by our compari-

IV. CONCLUSIONS
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FIG. 9. Plot of the enhancement of the zero-field DR cross secEurthermore, we are hoping that it may be possible to in-
tion of the 2,24/ and 23,24/ resonances in $t by an electric
field (short-dashed and dot-dashed cujvasd by an electric-field
crossed with a magnetic field of 300 (ong-dashed and solid
curves as a function of electric-field strength.

200

sons of the CA results with measurements of total DR.

Experimental measurements are now reaching sufficient
resolution that it may soon be possible to study field effects
on a group of resonances associated with a given value of
by comparison of experiment with calculations such as the
one presented here for=24. This would eliminate the pri-
mary difficulty in making comparisons between theory and
experiment for the total field-mixed DR; namely, the uncer-
tainty regarding the maximum value afto be included in
the theoretical calculations.

Although experimental studies of field-mixed partial DR
cross sections would eliminate the necessity of pushing the
IC calculations to high values of, we are now beginning to
investigate computational methods that may make it possible
to carry these calculations to highewalues, and at the same
time, improve their accuracy. We are considering modifying
the present code to solve this intermediate-coupled field-
mixed problem using techiques that will only require us to
store the nonzero elements of the Hamiltonian matrix, and
which can be implemented on a massively parallel machine.

clude the higher-order effects associated with overlapping,
interacting resonances. The inclusion of these effects,
coupled with some improvements in the calculation of the
structure of the high¢ resonances, may also remove some of
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