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We find that the static field enhancement of dielectronic recombination may be strongly reduced by
the interaction between resonances through common continua. The interaction effect is not limited
to a few resonances but extends over whelenanifolds, thus it can significantly reduce the field
enhancement of the total recombination rate. The standard lowest order theory is recast using a
complex Hamiltonian to include higher order terms usually identified with interaction through common
continua. We present calculations fot"Cand Si!'* using both time independent and time dependent
configuration average methods. [S0031-9007(98)05346-0]

PACS numbers: 34.80.Kw, 32.60.+i, 32.80.Dz

The recombination of an electron with an ion throughsection in static fields is strongly affected by these
the emission of a photon is an important process in maninteractions.
types of plasmas. This basic phenomenon has been ex- Static fields can greatly increase the DR cross section
plored experimentally and theoretically for many years [1].integrated over many manifolds [11—-18]. This increase
The majority of calculations concerning photorecombina-arises because the electron is captured by the ion in a
tion utilize second order perturbation theory. The direciow-{ state where the autoionization rate is much larger
capture of an electron from the continuum (radiative rethan the radiative decay rate; in static fields, the electron
combination—RR) is described in first order. Capture intoprecesses out of the lofstates into hight states where
a resonance state with subsequent stabilization through thilee radiative rate is larger than the autoionization rate thus
emission of a photon (dielectronic recombination—DR)increasing the photonemission probability. As we show,
is a second order effect which is often a larger contributhe effect of interaction through common continua can be
tion to the recombination cross section. The resonancsubstantial. This situation arises because most laboratory
state is defined as an eigenstate of the atomic ion Hamifields are very small compared to atomic interactions.
tonian, which for multielectron systems involves the inclu-Even weak fields can thoroughly mix the states ofran
sion of configuration interaction. The higher order termsmanifold due to the near degeneracy of the energy levels.
in photorecombination are usually neglected; for examHowever, the resulting eigenstates are closely spaced in
ple, calculations usually ignore the interaction between tw@nergy thus opening the possibility of further mixing by
resonances through a common continuum as well as the imteraction through common continua. This interaction
terference between the direct (RR) and indirect (DR) pathsserves to reduce the level of mixing from the fields and

There are several circumstances that make this a vempus reduce the DR cross section.
good approximation for most practical applications. First, There are several important consequences of this reduc-
the resonances are usually too sharp in energy to b@on in the DR cross section. For example, in calculations
resolved, so the measurements probe the energy integrateithout interaction through the continuum, the DR cross
cross section. Also, experiments usually probe total crossection increases with field strength to a saturation value
sections with a sum over many possible final statedecause increasing the field strength cannot mix the states
and many different incoming directions for the electron;further once they become completely mixed. With this
very few measurements exist for photorecombination tanteraction, the saturation value is reached at much larger
a particular final state with the polarization of the photonfield strengths since this interaction reduces the mixing.
and the angle between the photon and the incident electrdn the cases where the field strength is not known, this cir-
measured. Finally, this is a good approximation for thecumstance can strongly affect the estimated field strength
total DR cross section because the interaction througln an experiment.
common continua is usually weak, so the resonances needFor ions in static fields, projection operator theory
to be closely spaced in energy to be affected; usually, thfl9,20] provides the most efficient formulation. The
direct configuration interaction keeps the resonance stateslution ¥ of Schrddinger’s equation may be written as
too far apart for interaction through the continuum to bethree coupled equations:
important. Despite considerable theoretical effort [2—10], (E — PH,P)PW = PH,00V , 1)
no one has yet found an uncontested case where the total
DR cross section changes by more than a few percent (£ — 9H,0)Q¥ = QH\PPY + QDRRY, (2)
when including interactions through the continuum. In
this paper, however, we find that the total DR cross (E — RHoR)RY = RDQQV, 3
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where the total Hamiltonia®l/ = Hy + D and the pro- where D¢o = (xfIRDQ| ) and Vgi =
jection operator® + Q + R = 1. The HamiltonianH, <¢B|QH0P|¢,//&->. This equation is formally equiva-
represents electrostatic interactions in the atom and eletent to that derived in Ref. [14] and used in Ref. [6],
tron interactions with external fieldd) is the electron but is in a form more amenable for investigating energy
interaction with the radiation field? projects onto states averaged cross sections. Equation (11) is somewhat
of N bound electrons, one continuum electron, and nawkward in practical applications since often energy reso-
photons,Q projects onto doubly excited states®f+ 1  lutions aremuchlarger than the widths of the resonances.
bound electrons and no photons, adgrojects onto the The matrix H,5 is complex symmetric so we can use
ground and singly excited states &f + 1 bound elec- its eigenvectors and values to simplify the expression,
trons and one photon. In Egs. (1) and (3), we haveEq. (11). Using

ignored the coupling between two continuum channels ~ . ~ .

through the radiation field. We may formally solve %H“BUBP = UapEp and > Up,Upy = 3y,

Eq. (2) using¥ = Py + A to find P (12)
(E — H)QA = QHoPlys), (4) Eq. (11) may be written as
. Lo~ . —i 8772 . 2
Where~the complex HamiltoniaH is given by tTif)R =T ZDfp(E - E,) lei ’ (13)
H = QHyQ + QH\P(E — PHyP) 'PH,Q it

L ] the cross section is convolved with a weight function
and |y ) is the homogeneous solution of Eq. (1). Thew (g g;) that has an energy width much greater than the

matrix element for DR is given by imaginary parts of2, then
M = (xIRDQ|QA), (6) e e
where|y) is a homogeneous solution of Eq. (3). Com- (opR ) (Eo) = f oor (E)W(E, Eo) dE
bining Egs. (4) and (6) yields 3;
g Egs. (4) ©)y o . _ 16773' i ZDfpriD;:p’V;’i (14)
M = (xIRDQ(E — H)"'QHoPliy ). (7 ki o ‘
This is the main working equation of this papgiM |? is X W(% RAE, + E, 1 Eo)/(E} — E,).

directly proportional to a DR cross section which includes
provision for interacting resonance structures.

The complex Hamiltoniard of Eq. (5) may be ana-
lyzed in a basis of statelsh,) which are homogeneous
solutions of EqQ. (2). In the pole approximation

We have examined the effect of interacting resonances
using a configuration average type approximation that
simplifies the atomic structure but preserves the effect
from the fields and the interaction through the continuum.
In this approximation, the core angular momenta are

~ _ 5 I r ignored and thex states are simply labeled fm of the
= = - = + o
(baltlbp) = Hup = Eadap 2 (Tap + Tap). (8) Rydberg electron. The Rydberg orbital is generated from
whereE, is the real energy of stafe,) and the configuration-average Hartree-Fock equations with the
4 core orbitals frozen. The mass-velocity term is included
a __ __ + +
aB T (alQHOPIYy ) Wy [PHOQl ) (9) through first order perturbation theory. Finally, we ignore
is a generalization of the autoionization rate and the zero fieldinteraction through the continuum since this
has little effect on the cross section. For the systems
r —
ap 2m(ba|ODRIX) (X IRDQ|$p) (10) considered below, the fields are too weak to mix states
is a generalization of the radiative decay rate. The diagfrom different » manifolds so the interaction of states
onal elements of';g andI'; g are the usual autoioniza- through the fields is incorporated by diagonalizing within
tion and radiative rates in atomic units. In these formulagachn manifold separately.
k is the linear momentum of the Auger electron, contin- In terms of the Rydberg orbitdh¢m) of each doubly
uum normalization is chosen as 1 times a sine functiongxcited configuration, the complex Hamiltonian is approxi-
D = \2w3/37c3 Y, F; is the dipole radiation field inter- mately given by
action, w is the frequency of the emitted radiation, and onE o s
¢ is the speed of light. The isolated resonance approxi- {n€'m'|HIn€m) = Ene = = Tne |dem.tm
mfltlo_n n(aaglects mteEactE)n trhrough th.e continua by_ using + (nl'm/|Hpiewaln€my,  (15)
Iop =T46ap andl’yg = I'),8,p. This approximation

becomes problematic wheif,z + I'hp = |E, — Egl. wherekE,, is the conf_igurat_ion—average energy dﬁ,ﬂz is
The DR cross section to go from chanriefo statef ~ the sum of the configuration-average autoionization and
may be written as radiative rates. The external field Hamiltonian is given
' ) 2 by Heietla = F -z when B =0 and Hyjetg = F - x +
U-]’;;‘ — 8i3 ZDfa[(E - H) apVei |, (A1) B - L, in the crossed field configuration. The =0
ki lap = Hamiltonian conserves, thus the diagonalization for each
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TABLE I. Total DR cross section in perpendicular electric and magnetic fields integrated over an energy range including all states

of the n = 25-38 manifolds for G*. The " (o¢) are cross sections obtained by ignoring (including) interaction through the
continuum.

B=0G B=30G
F (V/cm) o’ (Mb eV) o¢ (Mb eV) o” (Mb eV) o¢ (Mb eV)
0 0.50 0.50 0.50 0.50
2 2.18 1.05 2.96 1.06
4 2.21 1.43 3.51 1.60
6 2.22 1.65 3.54 1.97
8 2.23 1.79 3.44 2.21
10 2.24 1.88 3.29 2.32
15 2.25 2.02 2.97 2.41
20 2.26 2.09 2.79 2.41

m is performed separately. The crossed field Hamiltoniarthe continuum is to reduce the energy integrated cross
commutes with the-inversion operator; — —z, thus  section. The largest effect is at the smallest fields; as
the diagonalization for states with + m = even and the fields increase, the states become spread by a larger
¢ + m = odd are performed separately. amount and thus become less susceptible to interaction
Within these approximations, the total DR rates inte-through continua. The reduction is larger ®r# 0 since
grated over energy for a particularmanifold can be ob- the density of states is larger; however, the cross section
tained from Eq. (13) in the form is still enhanced forB # 0. The structure of the core
HTOT 277_ ; B _ increases the separation of the Rydberg states in zero
{(ODR Zl“zp,l“;p /(E, — E,) (16) field; thus the interaction through the continuum will be
ki pp' somewhat less when the configuration approximation is
with the generahzed rates defined as lifted, but we still expect a sizable effect.
Z Ui Untmp Untmpr (17) We suggest the following qualitative explanation for the
effects seen in these calculations. In the isolated reso-
The effects of mteractlng resonances are examined farances approximation, the states are mixed by the field
contributions to the DR cross section from all of the stateso the extent that the field can overcome the difference
from then = 25-38 manifolds. Calculations have been in energy from the change in quantum defect with By
performed for DR in the Li-like ions € and SI'*. The adding a complex term to the Hamiltonian, Eq. (5), the
results of these calculations are presented in Tables | arglates become further separated in the complex energy
II; the cross sections are integrated over an energy range#ane and thus are less mixed for a given field strength.
covering then = 25-38 manifolds. Theos” is from a  This effect can be seen in a simple two state case. Sup-
calculation using the isolated resonance approximatiopose two states have exactly the same real energy but
(i.e., ignoring interaction through the continuum) and thewildly different decay rates. If a small coupling be-
o° is from a calculation using the complex Hamiltonian tween the states is introduced, the isolated resonance ap-
(i.e., including the interaction through the continuum). Inproximation gives two states that are equal mixtures of
Figs. 1 and 2, these integrated cross sections are presentbé two original states and thus each of the eigenstates
in graphical form. Notice that the cross section summediecays with a rate equal to the average of the rates of the
over 14000 states can dramatically depend on whether ammixed states. Using interacting resonance theory, the
not the higher order terms are included in the calculationsnixing between the states becomes appreciable only when
of the DR cross section. As can be seen from theséhe coupling matrix element becomes comparable to the
tables and figures, the effect of the interaction througtdifference in decay rates.

TABLE Il. Same as Table | but for Sit.

B=0G B =300G
F (V/cm) o’ (Mb eV) o¢ (Mb eV) o’ (Mb eV) o¢ (Mb eV)

0 1.25 1.25 1.25 1.25
10 1.51 1.39 1.80 1.42
20 1.95 1.64 2.37 1.69
30 2.31 1.89 2.90 1.97
40 2.57 2.12 3.37 2.26
50 2.77 2.31 3.76 2.53
75 3.09 2.67 4.45 3.11
100 3.27 2.90 4.84 3.56
150 3.46 3.18 5.15 4.12
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allows the utilization of parallel computers in the calcu-
lation of DR rates in crossed electric and magnetic fields
becauseDy;(r) can be obtained using standard time prop-
agation techniques. This time dependent method has been
tested on the simple systems above and gives very accu-
rate results.

In conclusion, we have shown that DR cross sections
in static fields are strongly affected by interactions
between resonances through a common continuum.
The interacting resonance effect extends over a large

ol L number of n manifolds and significantly changes the

0 5 10 15 20 tptal recombinat'ion rate in certain temperature and

F (V/cm) field ranges. Field enhanced DR cross section cal-

culated in a configuration average approximation are

FIG. 1. Plot of the numbers in Table I. The dotted lines with substantially reduced when going from the real Hamil-
squares§ = 0) and triangles§ = 30 G) are the isolated reso- ,nian  formulation of isolated resonance theory to

nance approximation results, while the solid lines with asterisk?h | Hamiltoni f lati £ .
(B = 0) and diamonds K = 30 G) include the interaction 1€ complex Hamiltonian formulation of interacting

through the continuum. resonance theory. We expect that future field enhanced
DR cross sections in a full intermediate coupling ap-

The time independent implementation of this theoryproximation will also be affected by interactions between

rests on the ability to diagonalize complex symmetricresonances.

matrices. For ions in static electric fields the matrices are This work was supported by the Department of Energy,
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which should be compared with Eq. (14). This method
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