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Recently, we demonstrated that the enhancement of dielectronic recombination by an electric field, or
crossed electric and magnetic fields, may be reduced by the interaction between resonances through a common
continuum[Phys. Rev. Lett80, 1402(1998]. However, these calculations were carried out in a configuration-
average(CA) approximation and the question then remained as to how these predicted reductions might be
affected when one removes the degeneracy inherent in the CA approximation and includes the interactions
between the resonant states associated with individual intermediate-coupled levels. In the present paper we
address that issue for the case of dielectronic recombination in the presence of an electric field. Indeed we have
found that these more detailed calculations support the general conclusions of our earlier work and provide
additional insight into the effects of interacting resonances on dielectronic recombination in the presence of
fields. Results for the Li-like ions T, Ne'*, and St'* are presented S1050-294798)02712-7

PACS numbd(s): 34.80.Lx

[. INTRODUCTION the Rydberg electron. However, the electric field mixes Ry-
dberg states that differ ih by one; this redistribution of

In recent years there has been a significant number aingular momentum then opens up many more channels for
high-resolution measurements of total electron-impact rerecombination and thereby increases the DR cross section.
combination. In general, these measurements have been hore recently it has been demonstrated that additional en-
good agreement with theoretical calculations using thénancement of DR occurs with crossed electric and magnetic
independent-processes, isolated-resonance approximationfields [10,11. In the presence of an electric or a magnetic
which one ignores interference effects between radiative refield alone or parallel electric and magnetic fieldis,is a
combination and dielectronic recombinatiidR) as well as  good quantum number and the probability of recombination
between individual dielectronic resonances. A number ofalls off rapidly with M. However, when the magnetic field
theoretical studies have considered the effects of the interattas a component perpendicular to the electric field, states
tions between individual resonancEs—9] on dielectronic  that differ in M by one mix; this redistribution of magnetic
recombination. However, in the absence of external fields, nquantum numbers opens up still more channels for recombi-
one has yet been able to demonstrate clearly that such intemation and further enhances the DR cross section.
actions have any significant effect on total DR. This mixing of states in the presence of fields can also

When there are no external fields, only a small fraction ofcause a significant increase in the interaction between dielec-
the total number of resonances can interact with each otheronic resonances through a common continuum. For ex-
through a common electron or photon continulBh In or-  ample, since the electric field mixes states of opposite parity
der to interact through the electron continuum, they mustand states that differ by one in the total angular momentum,
have the same parity and the same total angular momenturmany more states can interact through a common continuum.
In order to couple through the photon continuum, they musFurthermore, the field-mixed states in the presence of rela-
differ by no more than two units of angular momentum; in tively small electric fields are sufficiently closely spaced that
addition, they cannot couple through a core radiative transimany of the resonances are overlappiing., their widths are
tion unless they also exhibit strong configuration interactiorlarger than the energy spacijng
and radiative coupling through the Rydberg electron can be Indeed, in an earlier study12], we employed a
appreciable only for relatively small values of the principal configuration-averag€CA) approximation to demonstrate
guantum number. Furthermore, those resonances that can itivat interactions through common continuua can substan-
teract must be separated by no more than a few times theiially reduce the enhancement of DR by electric and crossed
natural widths in order to show any appreciable interferencelectric and magnetic fields. However, all the levels of a
effects[5]. All these factors significantly limit the impor- given doubly excited configuration are treated as a single
tance of interacting resonances on total DR in a field-freeentity in these CA calculations; therefore, they do not in-
environment. clude the interactions between the resonant states associated

With the introduction of static fields, things change sig-with individual levels. It was then essential to examine how
nificantly. It is now well known that an external electric field the removal of this degeneracy between levels of a configu-
can cause a large enhancement of DR. This is due to the facition would affect the magnitude of these interactions and
that the probability of recombination into doubly excited Ryd- thereby our general conclusions regarding the importance of
berg states decreases rapidly with the angular momehtdm interfering resonances to field-enhanced DR. In this paper we
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have done that by considering the effects of interacting resaaation. In Eq.(2) we also ignore cascades among the doubly
nances on dielectronic recombination in an electric field, usexcited autoionizing levels@gDQ=0). Finally, in Eq.(3)
ing a full level-to-level intermediate-couplindC) approach. we ignore the detailed level structure of the bound electrons
The remainder of this paper is arranged as follows. In th€d RVR=0), although in the case of the Li-like ions consid-
next section we present a summary of the theoretical methered here, we do correct the energies of the doubly excited
ods that are employed. In Sec. Il we consider the Li-likebound levels of the typenl for the spin-orbit interaction
ions G*, Ne'*, and St and present the results of our of the 2p electron.
intermediate-coupled total DR cross section calculations for We see from Eg. (1) that P¥=Py*+(E
these ions with and without the inclusion of interacting reso-— PHyP) "!PVQQ¥ and from Eq. (3) that R¥=(E
nances. We also compare our IC results féf @nd SH*  —RHR) 'RDQQ¥; thus we may formally solve foDW¥
with our earlier CA DR cross sections. Finally, in Sec. 1V, by substituting these into E@2):
we summarize our findings and discuss their implications.
Q¥ =(E-H) 'QVPy". 4
Il. THEORETICAL METHODS -
) ) ) ) Here the HamiltoniaH is given by
In our earlier paper on this subjet2] we gave a brief
development of interacting resonance theory leading to the A=0QH,Q+QVQ+QVP(E—PH,P) PVQ
calculation of dielectronic recombination in the CA approxi-
mation. Here we repeat that theoretical development, focus- +QDR(E—RHyR) 'RDQ (5)
ing on the specific form of these equations that applies to our
present treatment of the individual doubly excited levels inand¢™ is a wave function consisting of CAHF solutions for
intermediate coupling. the N bound electrons plus a CADW solution for the con-
We employ the projection operator technigiie,14 in  tinuum electron, which satisfies the outgoing-wave boundary
which the Schrdinger equation may be written as three conditions; in the above notatiog;" corresponds to the ho-
coupled equations mogeneous solution of EqLl). The matrix element for DR is
given by
(E=PHP)P¥T=PVQQV, (1)
M=(x|RDQQV¥), (6)

where y is a solution to the CAHF equations for the final
3) (N+1)-electron bound states; in the above notation, it cor-

responds to the homogeneous solution of ). Substitut-
ing Eqg. (4) into Eq.(6), we find that the matrix element for
DR from a statei of the initial level plus the continuum
%Iectron to a final bound stafds given by

(E-QHyQ-QVQQ¥=QVPP¥+QDRRY, (2)
(E—RH,R)R¥=RDQQV,

where the total HamiltoniaH=Hy+V+D and the projection
operatorsP+ Q+R=1. The HamiltoniarH, represents the
electron-nuclear interactions and the configuration-averag
portion of the electron-electron interactions;includes the
residual electron-electron interactions, the spin-orbit interac-
tions, and the electron interactions with the external electricl_
field; andD represents the interaction of the electrons with
the radiation field, which in the dipole approximation is

given byD = \/2w3/37rc32iﬂ , Wherew is the frequency of
the emitted radiation andis the speed of light.

P projects onto states dil bound electrons, one con-
tinuum electron, and no photons and is expanded in a bas
set consisting of the solutions to the configuration-average _ _
Hartree-Fock(CAHF) equations for theN bound electrons (E-QHuQ)[¢4)=0. ®)
and the configuration-average distorted-w&@ADW) equa-

tions for the continuum electro® projects onto doubly ex- ,,.p of the degenerate levelsof a given doubly excited

cited autoionizing states ®+1 “bound” electrons and o .,xfigyration. In the pole approximation for outgoing waves,

photons and is expanded in a basis set consisting of the so th trix el t<Fbin this basi ti
lutions to the CAHF equations for these autoionizing states/ € May EXPress the matrix elemen N tIS basis setin
rms of the generalized autoionizing ra@ﬂ and the gen-

Finally, R projects onto the ground and bound excited state® ) " h
of N+1 bound electrons and one photon and is expanded ifralized radiative ratek,, ; as

a basis set consisting of the solutions to the CAHF equations i

for these states. In Eq.l) we have ignored continuum- T T __(ra r
continuum coupling either by the electron-electron interac- (el HI#s)=Hap=Eadupt Vap 2 Tastlap) ©
tion (PVP=0) or the radiation field PDP=0) since we

employ distorted waves. In addition, we have not includedvhere

the coupling of the continuum channels directly to the

S 4
N+ 1 bound electrons in either E(l) (PDR=0) or Eq.(3) a _ VPl MWt PV 10
(RDP=0) since we are not interested in radiative recombi- ap kZ (a|QVPIYT) (Y7 [PVQl¢p) (10

M= {x;|RDQIEE—H)"1QVP|y). (7)

he DR cross section is proportional 81 5;|2. However,
before applying this equation, we must first analyze the
HamiltonianH in terms of a basis set of the doubly excited
autoionizing states. We choose the lsgt), which consists

of the solutions of the configuration-average Hartree-Fock
?Squation

and in our work will be represented in puirek coupling for
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and 4
a _ * _ * a
Fpp’_EZ VP’iVPi_aE,;; UgpUapl ap (17

I =272 ($.]QDRIX)(xi[RDQdp). (1D
f and

In Eq. (10) the continuum wave function is normalized to ; . . ]
one times a sine function arldis the linear momentum of FpprZZWz Dp’f Dpf=2 Uﬁp'UapFaﬁ (18)
. . f a,B
the continuum electron. The diagonal elementd"§f;, and
I,z are the total autoionization and total radiative rates inand are complex and include the effects of intermediate cou-
atomic units evaluated in puieK coupling; it is important  pling, electric-field mixing, and interacting resonan¢gs.
to note that they do not include the effects of intermediate Finally, we convolute this total cross section with a
coupling or field mixing. The DR cross section to go from weight functionW(E,E,), which has an energy width much

statei to statef may then be written as greater than the imaginary parts Bf :
. 872 ~ 2
o5r (E)= a7 2 Dol (E-F) MgV . (12 (oBR)(Eo) = f o SK(E)W(E, Eq)dE. (19
whereD;,=(x{|[RDQ #,) andVz=(dsQVP|y"). In using the residue theorem to evaluate this integral, we

gverage over two possible contour integrals, one in the upper
half, of the complex plane and the other in the lower half, to
obtain the approximate result

We now consider the eigenvalues and eigenvectors of th
complex matrixH 4

M. U, =U E. 13 !
2 Falp= Vs, B = e T,
SinceH .4 is not Hermitian, the eigenvalues will be complex XW(3 Re[Ep+~Epr],Eo)/(E:r —Ep). (20

and with the outgoing wave boundary conditions, the imagi-

nary part of the eigenvalues will be negative. However, sincgn this paper we will present the results of the total cross
H,z is symmetric, the eigenvectors must be orthogonal andection integrated over the energy of the doubly excited
they can also be normalized to one so thggUg,U g, states of a particular prinicipal quantum numbeinof the
=46,, . Furthermore, the closure relationship3gU ,,U g, Rydberg electron. To do this we use a weight function of
=Jd,5- One can now transform the Green’s function to thewidth AE larger than the largest energy spread of the doubly
space described by the complex eigenvalues and eigenveexcited states within any manifold and with a constant

tors of Eg.(12) using the equation magnitude equal to AME. We then obtain the following re-
sult for cAE:
(E_H)Zyé:z/ Uap(E_H);p];Uﬁp' n.tot 772i a r =% =
PP <O'D’R >AE:g_kZE’ Fpp’rpp’/(Ep’_Ep)' (21)
= U, (E-E,)) %5, Us, . (14 ’
p.p’ where the double sum overandp’ is now over all eigen-

vectors ofH «p Within a givenn manifold. Although it is not
obvious from this equation, it is quite straightforward to
o w2 - 2 show that the double sum in E1) is purely imaginary so
opr (E)= & > D (E-E,) "WV, | , (15  that the cross section will be real, as required.
p Equation(21) is the primary working equation of this pa-
where D;,=3,Dy,U,, and V,i=3,VzU,, . In order to per; however, for cgmparison we have also evgluated the
stotal DR cross sections for a given value ofusing the
isolated resonance approximation

We then obtain the expression for the cross section

evaluate the total DR cross section from the initial level o
the ion, we sum over the final bound statésof the

(N+1)-electron ion and average over the initial states of the 2
N-electron ion plus the continuum electron to obtain (oBRY AE= W; ATAII(AT+A]), (22)
re T
oSHE)= il pp'_ pp! (16)  Where the sum ovey is over all doubly excited resonant

29k2p,p’ (E—E:r)(E—Ep) , states within then manifold. Here we use the symbol§'

) o ] o _ and A to represent the intermediate-coupled, electric-field
whereg is the statistical weight of the initial level of the ion, mixed autoionizing and radiative rates for a given doubly
the factor of 2 in the denominator is the statistical weight ofexcited resonance stajtethey are calculated in the isolated
the continuum electron, anid’ , andI") , are the general- resonance approximation from the expressions

ized autoionizing and radiative rates, respectively, evaluated

in the basis set formed from the eigenvectorsFIg]‘B. They A?=§E > Y4V
B

2
=2 Y Ylss, 23
are given by ;;3 BiVait ap (23
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2 0.20 . . . . :
AJr = szf: ’ 2 YB] Df,B = 2 YﬁjYa]FLB , (24 Solid Poi!ﬁs— Isolated.Resonances
B a,B 0.18 | Open Points - Interacting Resonances g
20 V/cm
whereY ; are the real eigenvectors of the Hamiltonian with 016 | l_.-"_
matrix elements given by the real parts of E@). .

It should be pointed out that for simplicity in the above 0.14 | - oo
equations, we have not distinguished between the total au- o o nu“f“
toionizing rates to the states of the initial level of thie % o12f 2”50 viem
electron ion and the total rates to the states of all lower levels —§ 010 L S ]
of the N-electron ion. However, for the Li-like ions consid- o B ] St 2Viem o
ered here, the only autoionizing transitions are to the single ﬂ 0.08 | S /..0° ]
initial level 2s2S,,, since we do not include values othigh © a".t ....°‘
enough that the intercombination transitions fropy2nl to 0.06 A _.-'Bg“""’" 2 Viem
2pq» are possible. The programs that we employ to make '!'li";°'.' ,{ooo°°°
these calculations do make these distinctions and therefore 0.04 | “""“222222°°°°°° |
can be applied to a more general case. Matsaaag

We have carried out calculations of total DR in an electric 002 1 oviem |
field in the isolated-resonance approximation from E9) 0.00 . . . . . .
using our progranDbRFEUD, which is described in detail by 5 10 15 20 25 30 35 40

Griffin et al. [16]. We have also developed a modified ver- n
sion of that program to perforr_n CaICl_JIatlonS_ of total DR in FIG. 1. Total dielectronic recombination cross section times the
an electric field with the inclusion of interacting resonances Co ) 3+ )
using Eq.(21). energy-bin width as a function effor C°™ from an IC calculation.

Th leulati f d . int fi Solid triangles, isolated resonances and no fields; open circles, in-
€ caiculations periormed using Interac Ing'reson"’mC‘?eracting resonances and an electric field of 2 V/cm; solid circles,

theory are tractable in the presence of an electric field, EVeRyated resonances and an electric field of 2 V/icm; open squares,
though one must repeatedly diagonalize a complex Hamiliyeracting resonances and an electric field of 20 Vicm: solid

tonian for each possible value of the magnetic quantum nUMsqyares, isolated resonances and an electric field of 20 Vicm.
ber M. However, we are not able to consider similar calcu-

lations in the presence of crossed electric and magnetic . )

fields. The reason is that sindé is no longer a good quan- V/cm, the effects of interacting resoances are much less dra-
tum number, the matrices that must be diagonalized using @aic and the reduction at=40 for this field is only about

full IC approach are extremely lardd1], and performing 17%. In general, as the electric field becomes larger, the
diagonalizations of a complex Hamiltonian for such a systen$ignificance of the interactions between the resonances is re-
is not feasible at the present time. However, these |cduced; the states are sufficiently spread out in energy by the

electric-field calculations should shed some light on the valarger field that fewer of the resonances are overlapping.
lidity of our earlier CA, interacting-resonance theory calcu- Another way to demonstrate these effects as a function of
lations of DR in the presence of crossed electric and magfield strength is provided in Table I. There we give the val-

netic fields[12]. ues of(oS%) AE for C3*, integrated over an energy range
from n=25 ton=238 as a function of electric-field strength.
IIl. RESULTS OF CALCULATIONS We show Separately in this table the results for tmﬂ/gﬂ

and o350l resonances as well as the totals. Finally, we
We now present our results for the Li-like ions$C  compare our results with those obtained from the CA ap-
Ne’*, and St**. The ions * and SH* were considered in  proximation in Ref[12]. We first see that, in the absence of
our CA calculationf12] and Né* was added in order to the electric field, the effects of interacting resonances are of
provide more detail regarding the variation of these effects agthe order of 2-3%. These very small effects are what we

a function of ionization stage. would expect on the basis of the arguments presented in
In Fig. 1 we show the values faopR") AE for C3*  Sec. I.
calculated using Eqg21) and (22) as a function ofn for These integrated values 6&i5r) AE, calculated in the

electric fields of 2 V/cm and 20 V/cm. For comparison, weisolated-resonance approximation, for thep;2nl and

also display the no-field results, calculated in the isolated2p,,nl resonances show quite different behavior as a func-
resonance approximation. We see that with a relatively smation of electric-field strength. In the case of thp,2n! reso-
electric field of 2 V/cm, the quantityoprYAE, calculated nances, the cross section increases dramatically as the field is
in the isolated-resonance approximation, increases rapidlyncreased from 0 V/cm to 2V/cm and then increases only
with n from n=12 ton=22 and then increases more gradu-slightly as the field strength is further increased. On the other
ally up to abouin= 30, where it begins increasing more rap- hand, the cross section for thep2,nl resonances increases
idly again. However, the values ¢&3R") AE, calculated rather gradually with field strength. This difference in behav-
with the inclusion of interacting resonances, are significantlyior as a function of electric field is due solely to the differ-
reduced compared to the isolated-resonance values and thegces in the atomic structure of these two sets of resonances.
increase very gradually throughout this rangenofThe re-  The 2p5,nl levels are spread out by the direct electrostatic
duction due to the effects of interacting resonances is abowtuadrupole interaction as well as the smaller exchange terms
40% atn=40. However, when the field is increased to 20and the spin-orbit interaction of thel electron. However,
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TABLE |. DR cross section times the energy-bin width fot*Gntegrated over an energy including all
states fromn=25 to n=38. The¢" are from the isolated-resonance approximation, whileahénclude
interacting resonances. The CA results are from Rif].

IC calculations

F o' AE o°AE o®AE/o"AE
(Mb eV) (Mb eV)
(Vicm) 2pyz 2Py Total 2py,  2pg, Total 2py, 2ps, Total

0 0.139 0.274 0.412 0.136 0.265 0.401 0.98 0.97 0.97
2 0.618 0.387 1.005 0.272 0.342 0.614 0.44 0.88 0.61
4 0.638 0.561 1.199 0.366 0.463 0.828 0.57 0.83 0.69
6 0.649 0.707 1.356 0.421 0.570 0.991 066 0.81 0.73
8 0.656 0.826 1.482 0.459 0.659 1.118 0.70 0.80 0.75
10 0.661 0.929 1.590 0.487 0.735 1.222 0.74 0.79 0.77
15 0.670 1.107 1.777 0.533 0.882 1.415 0.80 0.80 0.80
20 0.677 1.224 1.901 0.563 0.989 1.552 0.83 0.81 0.82

CA results: totals

F o'AE o0°AE  ¢°AE/c'AE
(Vicm) (MbeV) (MbeV)
0 0.50 0.50 1.00
2 2.18 1.05 0.48
4 2.21 1.43 0.65
6 2.22 1.65 0.74
8 2.23 1.79 0.80
10 2.24 1.88 0.84
15 2.25 2.02 0.90
20 2.26 2.09 0.92
0.28 T T T T T 0.28 T T T T
Solid Points — Isolated Resonances Solid Points — Isolated Resonances
Open Points — Interacting Resonances Open Points - Interacting Resonances
0.24 g 0.24 | ]
100 V/cm. 150 V/iem
Na" j. it
0.20 - 1 0.20 & at . 1
> ] ..l un7 > S- ..-l nuun/u
..QO) ot T Ll | ,.qo) 0161 o muaun® @ isoviem |
«" _of 100Viem a "" Lo°
% ¢ [] . o 2 ] | oL o
» od ~—~ . oo
0.12 a" O b 0.12 + 10 Vicm
5 !E " ,0° 5V/cr2 It 5 3:. /..c.m.o
© gu=® go° /.o‘. © 224, eo®’
:nnu o'.. ﬁn;..... 10 Viem
P Teapggeeeeestt v | ol 1222220000,
*#22999590000000000 “\u““
0.04 | My 0.04 | 0 Viem |
0 Viem
0.00 : - - : : 0.00 . . . .
10 15 20 25 30 35 40 15 20 25 30 35 40
n n

FIG. 2. Total dielectronic recombination cross section times the FIG. 3. Total dielectronic recombination cross section times the
energy-bin width as a function of for Ne’* from an IC calcula-  energy-bin width as a function of for Si*** from an IC calcula-
tion. Solid triangles, isolated resonances and no fields; open circleipn. Solid triangles, isolated resonances and no fields; open circles,
interacting resonances and an electric field of 5 V/cm; solid circlesinteracting resonances and an electric field of 10 V/cm; solid
isolated resonances and an electric field of 5 V/cm; open squaresircles, isolated resonances and an electric field of 10 V/cm; open
interacting resonances and an electric field of 100 V/cm; solidsquares, interacting resonances and an electric field of 150 V/cm;
squares, isolated resonances and an electric field of 100 V/cm. solid squares, isolated resonances and an electric field of 150 V/cm.



PRA 58 INTERMEDIATE-COUPLING CALCULATIONS OF THE . .. 4553

TABLE Il. Same as Table I, but for Né&: there are no CA results for this case.

IC calculations

F o AE a®AE
(Vicm) (MbeV) (MbeV) o°AE/c"AE
2py;  2pzp  Total 201, 2psp Total 2p1,  2pzp Total

0 0.235 0.471 0.706 0.232 0.463 0.695 0.99 0.98 0.98
5 0.672 0.564 1.236 0.308 0.512 0.820 0.46 0.91 0.66
10 0.779 0.701 1.480 0.394 0.597 0.991 0.51 0.85 0.67
15 0.821 0.814 1.635 0.460 0.683 1.143 0.56 0.84 0.70
25 0.850 0.985 1.835 0.549 0.830 1.379 0.65 0.84 0.75
50 0.872 1.244 2.116 0.660 1.075 1.735 0.76 0.86 0.82
75 0.882 1.415 2.296 0.715 1.229 1.944 0.81 0.87 0.83
100 0.888 1.547 2.435 0.751 1.347 2.098 0.85 0.87 0.86

there is no direct quadrupole interaction within thg,2nl resonances. This is again due to the fact that the.2l
levels; thus these resonances are much more nearly degensgsonances are more nearly degenerate, leading to many
ate and a very small electric field will have a pronouncedmore overlapping resonances than in the case of thprdl
effect on the DR cross section for these resonances. We alsesonances. These data also show how the effects of interact-
see from the lower portion of Table | that a similar variationing resonances become less significant as the field strength
with field strength is displayed by the CA cross sections,ncreases.
calculated in the isolated-resonance approximation. This Although we originally predicted that the effect of inter-
would be expected since the levels gir®l are completely acting resonances might be less pronounced in a full IC cal-
degenerate in the CA approximation. culation than in a CA calculatioflL2], as can be seen from
We also see from this table that the effects of interactinglable |, this is only true at the lowest two field strengths. At
resonances are more pronounced for tpg 21 resonances the higher field strengths the effect is actually larger in these
than for the 25.,nl resonances for all but the highest two much more detailed calculations.
field strengths; in fact, at 2 V/cm, the reduction in the cross In Figs. 2 and 3 we show our values @FpR"YAE as a
section due to interacting resonances is about 56% for thfinction ofn for Ne’* and St**. The Stark matrix elements
2p1onl resonances as compared to only 12% for thg | tend to go off as the inverse of the charge of the ion, while

TABLE Ill. Same as Table | but for &i*.

IC calculations

F o' AE o®AE
(Mb eV) (MbeV) o®AE/o"AE
(Vicm) 2Py 2p3p Total 2p1,  2ps, Total 2p1, 2pg, Total
0 0.328 0.668 0.996 0.326 0.661 0.987 0.99 0.99 0.99
10 0.544 0.834 1.378 0.370 0.708 1.078 0.68 0.85 0.78
20 0.696 0.986 1.682 0.432 0.782 1.214 0.62 0.79 0.72
30 0.793 1.094 1.886 0.491 0.860 1.351 0.62 0.79 0.73
40 0.853 1.178 2.031 0.540 0.934 1.474 0.63 0.79 0.73
50 0.895 1.248 2.143 0.582 1.001 1.583 0.65 0.80 0.74
75 0.954 1.385 2.339 0.663 1.142 1.805 0.69 0.82 0.77
100 0.985 1.492 2.477 0.720 1.252 1.972 0.73 0.84 0.80
150 1.017 1.653 2.669 0.795 1.415 2.210 0.78 0.86 0.83
CA results: totals
F o' AE o®AE
(Vicm) (MbeV) (MbeV) o°AE/c"AE
0 1.25 1.25 1.00
10 151 1.39 0.92
20 1.95 1.64 0.84
30 2.31 1.89 0.82
40 2.57 2.12 0.82
50 2.77 2.31 0.83
75 3.09 2.67 0.86
100 3.27 2.90 0.89

150 3.46 3.18 0.92
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the separation of levels with differehtand the sam@ and ~ more pronounced at the lower field strengths.

the electron-electron matrix elements tend to increase lin- !N Tables Il and Il we present the values(efp) AE for

early with the charge of the ion; finally, the spin-orbit inter- N&’* and St**, again integrated over an energy range from
action tends to increase as the fourth power of the ion charge=25 to n=38, as a function of electric-field strength. In
[17]. Thus we have used larger fields as we consider morthese two ions, interacting resonances reduce the cross sec-
highly ionized species in order to show comparable effectstion by only about 1% in the absence of a field. We also see
In the case of N&" we compare results for fields of 5 V/cm a more gradual increase in the isolated resonances cross sec-
and 100 V/cm, while for $t* we compare results for fields tions for the 2,,nl resonances with field strength, espe-
of 10 V/cm and 150 V/cm. We see that these curves are quiteially in the case of $t*. This is primarily due to the fact
similar to those in Fig. 1 for € ; the primary difference is that the 24,0l resonances are somewhat less degenerate for
that, at the lowest field strength, we do not see the rapidigher charge states. However, in both of these ions, the
increase in the isolated resonances valueéo@YAE in  effects of interacting resonances remain more pronounced
the lower values ofi that is seen in the case of C. Again  for the 2p,,nl resonances than for thepg,nl resonances.

the effect of interfering resonances in these ions is muchVe also see in Table lil that the CA isolated-resonances
cross sections for 8" increase much more gradually with

1.0 — field strength than is the case foPG this is due to the
increase with charge state in the separation between doubly
0.9 r @ 1 excited configurations with the same valuenadnd different
08 e values ofl. Finally, we see from Table Il that in 8i* the
! effects of interacting resonances, calculated in the IC ap-
0.7 f . 1 proximation, are more significant than for those calculated in
e ® the CA approximation at all field strengths.
% 061 o o * 1 In order to provide a final comparison of our IC calcula-
L0 05 | tions with our earlier CA calculations, we show in Fig. 4 the
g ' ratios o[cAE/ o ,AE, integrated over an energy range in-
< 04r 1 cluding all states froom=25 ton=238, as a function of the
o 03 | electric-field strength. The results in Fig(a#are for G*
: and were calculated from the data in Table I, while the re-
02 | ] sults in Fig. 4b) are for St*" and were calculated from the
data in Table Ill. As can be seen, the variation of these ratios
01 r 1 with field strength is more significant for’C; this might be
0.0 L expected since DR cross sections are more sensitive to the
0 2 4 6 8 10 12 14 16 18 20 details of the level structure for lower stages of ionization. It
is well known that in the absence of fields and in the isolated
F(V/iem) resonance approximation, CA calculations often overesti-
1.0 : : : . . mate total DR cross sections; with the inclusion of electric
fields and interacting resonances this becomes somewhat
0.9 r (b) 1 more pronounced.
08¢ 1
* . IV. CONCLUSIONS
0.7 LIPS . ° ]
0 ol Al_though our earlie_r work using the CA apprp?(imation
< predicted that interacting resonances would significantly re-
w2 05| ] duce the enhancement of DR by static fields, it was essential
% that the magnitude of these effects be investgated using a full
<, 04r 1 IC approach. This has now been accomplished for the case of
© o3l DR for Li-like ions in a static electric field; the effects are
' found to be even larger than were indicated by our earlier
02| 1 CA calculations, except for the lowest fields in the lowest
charge state considered. As the electric-field strength is in-
01T 1 creased, the magnitude of the effects of interacting reso-
0.0 , . , , , nances decreases; however, it does so rather gradually. Thus
0 25 50 75 100 125 150 it is only in the presence of very strong electric fields that we
F (Viem) would expect the isolated-resonance approximation to pro-

vide accurate estimates of electric-field enhanced DR in

FIG. 4. Ratioss’-AE/0%,AE (where the the cross sections are these ions. . .
integrated over an energy inc|uding all states from25 to n Furthermore, we have dISCOVEI'ed that the effeCtS Of inter-

=38) as a function of electric-field strengfh The ratios in(a) are  acting resonances are much more significant in the more
for C3* and are calculated from the data given in Table I, while thenearly degenerate [&,nl resonances than in thepgnl

ratios in(b) are for St** and are calculated from the data given in resonances, where the direct quadrupole interaction causes a
Table 11I. wider energy spread. This suggests that in those ionic sys-
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tems where the levels of a given doubly excited configuraiation could be peformed, depending on the charge state and
tion are more uniformly spread out, the effects of interactingthe strength of the fields.
resonances may reduced from what we have determined for This all demonstrates that detailed theoretical analyses of
these Li-like ions. However, the inclusion of electric field ongoing experiments of DR in storage rings remain a formi-
mixing and interacting resonance theory in calculations ofdable problem in atomic physics. In all of these experiments
DR in more complex ionic species, where there may be lesthere are crossed electric and magnetic fields in the interac-
degeneracy in the levels, would be a very formidable taskion region. A complete theoretical analysis would then re-
indeed. quire a full intermediate-coupling calculation with the inclu-
Because of the size of the complex matrices involve, wesion of interacting resonances and crossed electric and
are not able to investigate these effects in Li-like ions formagnetic fields. Even if this is accomplished, the problem of
crossed electric and magnetic fields. Our earlier work usingletermining how these recombined ions evolve before enter-
the CA approximation shows that the size of the reductioring the analysis region, where they are field ionized, will
due to interacting resonances is more significant when aontinue to complicate the situatia8].
crossed magnetic field is included. Based on our present
work Wi.th an glectric field_, we Would_predict that these CA ACKNOWLEDGMENTS
calculations give a lower limit to the size of the reductions in
crossed fields and a full IC calculation for this case would This work was supported by the U.S. Department of En-
lead to even larger reductions. Furthermore, one might exergy (DOE), Office of Fusion Energy, under Contract No.
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