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Enhanced Dielectronic Recombination in Crossed Electric and Magnetic Fields
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The dependence of the dielectronic recombination cross section on crossed electric and magnetic
fields is described. The enhancement of this cross section due to a static electric field is further
increased when a magnetic field is added perpendicular to the electric field. Calculation of this field
induced enhancement is presented for a realistic atomic model, and the mechanism for the enhancement
is discussed. [S0031-9007(97)04035-0]

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

Photorecombination is the inverse of photoionizationp of I'; ,I'z ,/(I's, + I'z,). [Each resonance is only
and is the process by which a free electron simultaneouslgounted once, but often the degeneracy of levels is utilized
emits a photon and makes a transition to a bound state. b simplify calculations. For example, in zero fieldand
is the purpose of this paper to show that certain types o#/ are good quantum numbers so the resonance width and
photorecombination processes can be greatly enhanced psition are calculated independentMfand the rate is re-
static, crossed electric and magnetic fields. Besides bglaced by2J, + VI, ,I'z,/(I's, + I'r,)andonly one
ing intrinsically interesting, this enhancement may affectM state is counted.] The radiative decay rate of a reso-
the interpretation of recent experiments on photorecombinance approximately equals the radiative rate of the excited
nation in static electric fields and affect the recombinatiorcore statel'r , = I'z. Thus a useful measure of the DR
rate in some tenuous astrophysical plasmas. rate isI', ,/(I's, + I'r,). This ratio equals one when

Burgess and Summers [1] suggested that under some cif5, > I'; and zero wherl’, , < I'r. When summed
cumstances the dielectronic recombination (DR) rate couldver all resonances this ratio may be thought of as the ef-
be enhanced due to angular momentum redistribution dufective number of states that contribute to the total DR rate,
ing three-body collisions. DR is photorecombination that
proceeds through the capture of an electron by an ion in N = Zl“a,,,/(l“a,p + T'rp). 1)
an autoionizing state; the incident electron induces a tran- P

sition in the ion but loses so much energy it is captured The reason a static electric field can increases that
into a resonance state. Before the electron can regain trIea’p is a very rapidly decreasing function 6f In Fig. 1

energy from the core electrons and leave the ion, & phane ratio of the autoionization rate to the radiative rate,
ton is emitted and the electron is captured into a bounq, = I',¢/Tk, is plotted forn = 30 states of the model

state. Jacobst al. [2,3] showed that redistribution of  iscussed below. If we definé.,, to be the¢ where

the autoionizing state due to plasma (electric) microfields- T within an n-manifold, thenN ~ ngo(% n
a,p ’ =

can strongly enhance the DR rate. 1) = (eue + 1)? within the n-manifold. When an elec-

The p“?t‘?typ_ica' examp[e_ for stud_ying field effects iSthetric field is turned on, the higli- states that contribute
DR of a Li-like ion. The initial state is a free electron, and nothing to N' begin to mix with the lower states and

the ion IS In thels2s configuration. The autoionizing ,,5 acquire larger autoionization rates. At high fields
state isls=2pnf. The system is stabilized by thzp

electron emitting a photon, leaving the system in the

1s22sn¢ bound state. The physical reason for enhanced 10* I ' ]
DR in a static field can be understood in a time dependent 10215, -
picture. The electron is initially captured in a€ state - ‘e, .
while simultaneously exciting the core. If an electric field 10° [ S u
is on, the Rydberg state will precess into states of higher ~ 10-2 [ e, ]
angular momentum. Since the autoionization rate rapidly i R i
decreases with angular momentum, this has the effect of 1074+ e, —
making photon emission more probable. _el tey T

oy . . . - o

In the more traditional time independent picture, the 10 ..

contribution of a resonancg to the DR rate is propor- w8l ]
tionaltoIl'y ,I'z ,/(I'a, + T'x,) (i.€., proportional to the 0 10 20 30
probability to be captured into the state times the branch- ¢

ing_ratio for. photon gmission). The total photorecombi-F|G. 1. The ratio of the autoionization rate to the radiative
nation rate is proportional to the sum over all resonanceste as a function of for ann = 30 manifold.
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all of the €’s mix together, and under the best circum-will become less important at higher since the highn
stances all states withn| = €., contribute to the DR states are the dominant contributors to recombination in
rate. For a constant field in the direction, m is a  static electric fields, this argument suggests that magnetic
good quantum number, thus states with differardo not  fields will not play a large role in the total recombination
mix. Within an n-manifold N = Z&Lem(fi — |m|) = rate. A different argument leads to completely different
n(2€ey + 1) — €ew(fewe + 1). The increase inV over results. The magnetic field acts as a mechanism to couple
the field-free case iQ€cy + 1) (n — € — 1). Thisin-  the Stark split states of one to that of m = 1. This
crease can be substantial. For examplé,jf = 12 and  coupling scales the same bg. The strength of the mix-
n = 30, then in zero fieldV = 169 and in a strong electric ing between states of different depends on the coupling
field N = 594, an increase in the recombination rate by astrength and on the difference of the energy levels from
factor of 3.5. mtom = 1. The smallest differencAE/Am scales the
Calculations of DR in constant electric fields can be persame ag'n/Q. Since the coupling and the energy differ-
formed almost without approximation [4—6]. Experimentsence scale in the same way, the amount of mixing remains
have also been performed [7—11]. The agreement betwedfughly constant wittu.
the experiments and theory is qualitative, with the size of To this point, the discussion has centered on the outer
the enhancement being in rough agreement. This situatig®lectron’s quantum numbers. This is somewhat mislead-
has led us to consider possible reasons for the differing because the outer electron’s quantum numbers couple
ences between calculated and measured photorecombiri@-those of the core electrons. For example, in the Li-
tion rates in static electric fields. One possible source ofike case, the autoionizing states may be represented as
this discrepancy is that the experiments moeperformed  [(2p;,n€)Ks,1JM (i.e., thej of the core is coupled to the
in pure electric fields. There are also static magnetic field§ of the Rydberg electron to giv&, which is coupled to
present (180 G in Ref. [9], 24 G in Ref. [10], and 300 G inthe spin of the Rydberg electron to give the total angular
Ref. [11]). Since the: levels in the experiment are in the momentum/ and total azimuthal quantum numbif). A
range 20—40 with a residual charge on theiah) the pre-  proper treatment would show the effect of the fields on
sumed wisdom was that a magnetic field of this size wouldhese full states. This has been done for DR in constant
have almost no effect on the total DR rate. However, it iselectric fields [5]. For crossed electric and magnetic fields,
shown below that, if the magnetic field is perpendicular tothe resulting Hamiltonian matrix is extremely large, even
the electric field, then even very small fields may stronglywhen restricting the states to onemanifold. Before per-

enhance this rate. forming studies on the full system (core plus Rydberg elec-
The field part of the Hamiltonian for the Rydberg tron), we have constructed a slightly simpler atomic model
electron equals which has most of the features of a real system.
In this model, all of the angular momentum, except the
Hfjela = bL, + fz, (2)  orbital angular momentum of the Rydberg electron, will

be set to zero. Thus the autoionizing state is completely
where b = B/(4.701 X 10° G) and f = F/(5.141 X  specified byn{m. For the specific calculation presented
10° V/cm) are the magnetic and electric fields. The dia-here, the charge was set @ = 10. The energy of this
magnetic term [equal th?( y> + z2)/2] has been dropped state is given byE,, = —Q?%/(2n%) + Q*u¢/n’, where
because it has a negligibly small effect on the dynamicspy < 0.1 is the quantum defect in théh partial wave.
If the electric field is zero, then the coordinate systeniTo ensure realisti¢ dependence of the quantum defect,
can be rotated so the magnetic field is in thdirection. the u, was chosen to be the average of the quantum
In this case, the effect oflsi.1q is to slightly shift the defect of the2pef)'L channels, wheré = ¢ = 1. The
energies of the resonances by an amduat(wherem is  autoionization rate is independent af and was chosen
the azimuthal quantum number); since there is no mixindo be2Q2K§/(wn3), wherekK is the K matrix and the'th
between levels, the recombination rate as measured by channel is th¢2se(¢ + 1)]'L channel and thgth channel
does not change at all. However, if neithemor f is  isthe(2pef)'L channel, wheré = ¢ + 1. The radiative
zero, then thefz term will mix the ¢ states and théL,  decay rate was chosen to bex 1073 a.u. Finally, the
term will mix the m states. In principle, this could lead eigenstates in the field were obtained by diagonalizing the
to N = n? states within am-manifold participating in  Hamiltonian within eachz-manifold separately because
the recombination. This consideration suggests that thihe field strengths are not large enough to causgxing.
importance of the magnetic field should be investigated. Because each{m state decays to a different continuum,

Simple scaling arguments could lead to incorrect asthe decay rate of thge eigenstate equals

sumptions about whether or not the magnetic field will
make an important contribution. For example, within an Lop = Z L nem U/%bn,p’ 3)
n-manifold, the size of the matrix elements of the magnetic ntm
field scale the same ds:, whereas the electric field term whereU,¢,,, is the eigenvector of the state.
scales the same g&?/Q, whereQ is the residual charge In Fig. 2 we have plotted the effective number of states
of the ion; this implies that the effect of the magnetic fieldthat participate in the photorecombination rate, Eq. (1),
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FIG. 2. The effective number of states in the= 30 mani- FIG. 3. Same as Fig. 2 but as a function effor F =

fold participating in recombination as a function of static elec-100 V/cm.

tric field strength forB = 0 (solid line), B = 50 G (dotted

line), B = 100 G (dashed line)B = 200 G (dot-dashed line),

B =300 G (dot-dot-dot-dashed line), anf = 600 G (long  becomes relatively constant. But since the higktates

dashed line). dominate DR in fields forAn = 0 excitations, this fig-
ure argues that a perpendicular magnetic field may be

for the n = 30 manifold. The largest tha¥ can be is important.

n? =900. N is plotted versus the constant electric field [n order to show the effect of the fields on the autoion-

strength forB = 0, 50, 100, 200, 300, and600 G. Itis izationrates, the rati%,f = I’y , /T is plotted as a func-

clear that the enhancement over the zero field values ~ tion of AE, = E, + Q°/(2n?) for then = 30 statesi,

179, is strongly dependent on the magnetic field strengths the eigenenergy of theth state obtained by diagonaliz-

over almost the whole range &f. The effective number ing the atomic plus field Hamiltonian. In Fig. 1, this ra-

of states that participate in DR i¥ = 376 for B =0, tiois plotted versug. InFig. 4,F = 100 V/cm,B = 0;

F =50 V/cmandN = 434 for B = 0, F = 100 V/cm. in Fig. 5, F = 100 V/cm, B = 300 G. The horizontal

When the magnetic field is increased to 200 G, the numbdine is where the autoionization rate equals the radiative
of states increases tv = 485 for F = 50 V/cm and rate; states well below this line contribute nothing to the

N = 597 for F = 100 V/cm. recombination cross section. In Fig. 1, the energy and

Several features of this figure can be understood in &ate only depend oifi so at each point there isA + 1
qualitative way. The first aspect is that the zero fielddegeneracy. In Fig. 4, the states withare degenerate
number of states that participate in DR impliés, =  With states—m. The very low{ states,{ =< 4, are not
12. Another feature is that all curves have the sameéhown in the figure since they fall outside the energy range
F = 0 value; this is because the field Hamiltonian cannotshown because of their relatively large quantum defects;
mix levels if F = 0, thus the autoionization rates are these states don't play a large role in the dynamics since
unchanged. Another feature is that the higHimit for ~ they only weakly mix with the highe¢-states because of
B =0 is not quite as high as might be expected; thethe large energy difference. In Fig. 5, there is no degen-
simple counting argument suggests that the Highmit ~ eracy. It is clear after comparing Figs. 4 and 5 that the
should beN = 594. The reason this value is not reachedmagnetic field has moved a large number of states above
is that thel0 = |m| states have such small autoionization
rates that mixing with allf = €., gives states with

autoionization rates less thaiz: The autoionization rates 10° ' G ranE ]
become too diluted. Another interesting feature is that ol LAY SENARLLL TN
the B # 0 curves have a maximum value. This feature 107 g™ ST
probably arises because Asncreases the smallest energy ol B i
difference between different manifolds increases, which 107 N
tends to reduce the mixing between the differenstates. S a0 I
The total N summed over all manifold20 <= n =< 35 107 B}
is very similar to Fig. 2. At zero fieldV = 2998. At 6l i
F =100 V/cm, the effective number of states increases 10 B 2 ]
to N = 6149 for B= 0 andN = 8116 for B = 300 G. w8l
In Fig. 3, the effective number of states participating in —ax10~ 0 3x10” 6
photorecombination foFF = 100 V/cm is plotted versus AE

the n-manifold. Thi$ figure ShOW,S t'he relgtive impor- FIG. 4. The ratio of the autoionization rate to the radiative
tance of the perpendicular magnetic field. /ABicreases, rate versus the difference in energy of the resonance from the
NB=300/NB=0 rapidly increases frome = 20 to 30 then E = —Q%/(2n?) value. F = 100 V/cm, B = 0, andn = 30.

2239



VOLUME 79, NUMBER 12

PHYSICAL REVIEW LETTERS

22 BPTEMBER 1997

Zeeman interaction with the spin of the Rydberg electron
and the total angular momentum of the core electrons has
been ignored; however, it seems most likely that these in-
teractions will provide shifts ofi-manifolds and not affect
the mixing very strongly. The second mechanism is the
approximation inherent in the assumption that the DR rate

1074 . is proportional tol', ,I'z , /(I's, + I'x,) for an individ-
el T ual resonance. This assumption will fail if two states
10 " ] mostly radiate to the same final stated their energy dif-
108 | iy ference is less than their total width. In Fig. 5, it is clear
6 6 that there are many states whose separation is less than
-3x10 0 3x10 Lo . L.
AE their width. However, in the photon emission process, the

FIG. 5. Same as Fig. 4 but f&f = 100 V/cm, B = 300 G,

andn = 30.

core goes from an excited state to a final state, leaving
the Rydberg electron’s wave function almost unchanged.

This means that all of the autoionizing states photodecay to
different final states when states of differentnanifolds
do not mix; the pattern of decay becomes more compli-
cated when the fields are strong enough to mix states from
different n-manifolds. Our calculations strongly suggest
that weak magnetic fields cannot be ignored in DR if there
is a perpendicular electric field; the more difficult task of
showing this effect in a real atomic system remains to be
addressed.

We acknowledge an insightful discussion with V.L.
Jacobs about DR in static fields. This work was supported
by DOE EPSCoR Grant No. DE-FC02-91ER75678.

they = 1 line which will increase the total recombination
rate. In zero fieldsN = 179; with F = 100 V/cm and
B = 0, N = 434; with F = 100 V/cm andB = 300 G,

N = 603.

We have performed similar calculations for recombi-
nation of C3* (only including the angular momentum
of the Rydberg electron) summing from= 10 to 35.
The results ar&v = 2060 for F = 0, B = 0; N = 6190
for F =12 V/cm,B = 0; N = 8050 for F = 12 V/cm,

B =24G; N =6210 for F =30 V/cm, B=0; and

N = 9430 for F = 30 V/cm,B = 180 G. These results
suggest that th8 = 0 theoretical results should be multi-
plied by 8050/6190 = 1.30 when comparing to Ref. [10]
and by9430/6210 = 1.52 when comparing to Ref. [9].
This brings experiment and calculations into much better
agreement.

The only previous study of the effect of magnetic fields
on the DR rate is Ref. [12]. In this paper, they considered
how the diamagnetic term would affect the rate in strong
magnetic fields, 5—100 T, these fields are over 100 times 5] C. Bottcher, D. C. Griffin, and M. S. Pindzola, Phys. Rev
stronger than those considered here. Since the diamagneti[c A.3, 860 (1’986)_' ' o ' ' ’
term mixest (like the static electric field), the expectation [g] . LaGattuta, I. Nasser, and Y. Hahn, Phys. Rev33
was that this would increas¥. However, even fields 2782 (1986).
up to 10 T had relatively little effect on the rate. This [7] D.S. Belic, G.H. Dunn, T.J. Morgan, D.W. Mueller, and
shows that the breaking of the cylindrical symmetry by C. Timmer, Phys. Rev. Letb0, 339 (1983).
having crossed electric and magnetic fields is necessary8] A. Miiller, D.S. Belic, B.D. DePaola, N. DjuticG. H.
for the enhancement; magnetic fields parallel to electric ~ Dunn, D.W. Mueller, and C. Timmer, Phys. Rev. Lett.
fields have little effect on the recombination rate unless _ 56 127 (1986). , ,
the magnetic fields are very strong. [©] lei/l Elct)tl:]e;hsg %aet\f' /:éDéel\élgl?{b 57-)'-' Pepmiller, and

n thls paper, we hav_e shown that the DR r_ate N Crosse 0] D.W. Savin,yL. D. Gardner, D.B. Reisenfeld, A.R.
electric and magnetic fields can be substantially enhanc

. L . . Young, and J.L. Kohl, Phys. Rev. B3, 280 (1996).
(30-50)% in a realistic atomic model over the rate with [11] T. Bartsch, A. Miiller, W. Spies, J. Linkemann,

only a static electric field. We have thought of two pos- H. Danared, D.R. DeWitt, H. Gao, W. Zong, A. Schuch,
sible mechanisms which may invalidate this conclusionfor A Wwolf, G.H. Dunn, M. S. Pindzola, and D.C. Griffin,

a real atom. The first possibility is that the angular mo- preceding Letter, Phys. Rev. Le®9, 2233 (1997).
menta ignored here will conspire to suppress mixing. Thg12] W. A. Huber and C. Bottcher, J. Phys.13, L399 (1980).
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