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Enhancement of dielectronic recombination by an electric field
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Dielectronic recombination from a continuum of finite bandwidth has been examined down to very low
electric fields, 60 mV/cm, with very high resolution. A tunable laser is used to excite atoms to the continuum
of finite bandwidth, the broad Bapg;,11d autoionizing state, which straddles the B&p,, limit. Atoms
which make transitions into the high-lying Bapg,nd states and radiatively decay to the bourgh@ states
are detected by field ionization. The recombination, integrated over energy, has been measured for fields from
60 mV/cm to 28 V/cm, showing a peak at 0.5 V/cm, in agreement with expectation based on calculations done
for other systems. The final-state distribution has been measured, showing that the outer electron remains a
spectator in the radiative decay. At fields below 1.0 V/cm and binding energies less tharm 1delow the
Ba" 6py, limit we find a deviation of our experimental results from the isolated resonance approximation.
[S1050-294{@9)03803-3

PACS numbd(s): 32.80.Rm, 32.80.Dz, 34.80i

[. INTRODUCTION used in an earlier papéirom now on referred to as SLGy
Story, Lyons, and Gallagh¢#] and therefore we shall only
Dielectronic recombinatiofiDR) is an important mecha- state the key points here.
nism for the recombination of ions and electrons in high- Dielectronic recombination between a free electron and a
temperature plasmas. However, measuring it in a clean quaground state Ba ion can occur through the process:
titative way is a challenge. The first merged and crossed
beam measuremenid,2], were heroic efforts. Electron- Ba" 6s+e —Ba 6pnl—Ba 6snl+hv. 1)
beam ion sources and electron beam ion traps made it vastl . o )
easier to measure DR, and storage rings, with cold ions, havghe first step of the process, the capture, is simply the in-
made possible an unprecedented energy resolution, 0.01 everse of the autoionization process Bpri—Ba" 6s
in measurements of DR3]. +e~, and therefore by the principle of detailed balance may
One drawback of all these approaches to measuring DR &€ characterized by the autoionization rkténl), where the
that electric and magnetic fields are unavoidable, becausgibscripts refers to the Ba 6s continuum. After the cap-
beams must be merged and products separated. As a resiyfe, the electron in the Bapl state may either decay
there are always fields present. The effects of fields havback into the Ba 6s continuum, at the rat€y(nl), or into
long been appreciated, and it is possible to take them intghe Ba 5d continuum, at the rat€4(nl), or remain in the
account in calculating DR rates. However, there have been! orbital while the core electron undergoes radiative stabi-
no measurements of DR in zero field, and there remain somlization, Ba" 6p—Ba’ 6s, at a rateA. Note that the cap-
uncertainties about field effects. tured electron remains a spectator in last sfefs therefore
Here we report measurements of DR from a continuum oft constant irrespective of the valuesroénd|. The contri-
finite bandwidth in Ba. We have made measurements fronution to DR from the process in E{l) is therefore
60 mV/cm to 28 V/cm to address the above questions. Using
the high resolution (0.2 cit) of our approach, we have S(nly=Ty(nl)
also measured the final bound-state distribution after DR, s
confirming one of the usual assumptions made in calcula-
tions. Finally, our data show the breakdown of the isolatedlhe autoionization rates follow the well-known scaling
resonance approximation when its limits of validity are's(nl)=1vys(I)n~2 and [4(nl)=y4(1)n~3. Both y(1) and
reached. v4(l) are rapidly decreasing functions lof5]. The total DR
This paper is organized in the following manner. In Sec.rate Sis obviously given by multiplying Eq(2) by the de-
Il we outline a model of DR from a continuum of finite generacy factor 2+ 1 and summing over all values ofand
bandwidth. Section Il is a description of the experimentall. As discussed by SLG, the summation yields
approach. In Sec. IV we present and discuss our results, and
Sec. V is our conclusion.

T (n)+T4nh+A" @
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II. MODEL FOR DIELECTRONIC RECOMBINATION
FROM A CONTINUUM OF FINITE BANDWIDTH
IN AN ELECTRIC FIELD

whereN is the number of states for whidig(nl) +T'4(nl)
>A.
Although Eq.(3) pertains to DR in zero field, it suggests
The model for DR through a continuum of finite band- that if one can increase the number of states for which the
width we adopt in this work is basically the same as the oneutoionization rate exceeds the core fluorescence rate, one
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conversion process, in which the core undergoes a quadru-
pole transition upon colliding with the outer electron,
6p311d—6p4ond. This process mimics the capture step in
true DR. After the capture into thepg,nd state, the atom
may either autoionize to the Ba5d or Ba" 6s continua,
revert back to the CFB, or undergo stabilization. Thus, DR
Av~0.2 cm™! Ba* 6s, , from a CFB is completely analogous to true DR, and the
corresponding rate equation is therefore

[o9]

- Gp 3/211d Ba+ 6p112+sd

6py/2 nd

6s 11d 1D,

4L S(nd)<R(nd)
445.8 nm 6s nd R

A
(nd)+T'(nd)+A’

®

Energy (eV)

wherel'(nd) is the sum of decay rates into the real continua,
6c 60 1P R(nd)=rn"3, and'(nd)=vyn"3. In an external electric
ob T 1 BT field, the obvious analog of E@4) is
A
(nk)+I'(nk)+A’

553.5 nm Se(nk)*R(nk) = (6)

oF —L— 6s21s,

whereR(nk) is the 63,11d— 6p4,ond transition rate spread

over all the 6Nk states. Since theps;;11d state is unaf-
FIG. 1. Scheme for laser excitation to thp411d autoionizing ~ fected by the electric field we applied, it is coupled only to

state using the isolated core excitation technique. The step that fie 6py,nd component of the Stark states, and therefore

analogous to the dielectronic capture of an electron by an ion takeR(nk)=rn~%. Similarly, I'(nk) = ygn~*, where y¢ is re-

place when internal conversiomp§,11d— 6py;,nd occurs, and the  lated toy(l) as follows[7,8]:

core radiatively decays: Ba 6p,,—Ba‘ 6s.

n—-1

can enhance the total amount of DR. In fact, this can be 75:240 (. (7)
accomplished by application of an external field, and is the
mechanism for DR enhancement in any external field, re- The quantity we measured in this experiment was the
gardless of whether the field is electric or magnetic. Thepopulation of stabilized states as a functionnpfor equiva-
essential idea is as follows. Since autoionization rates ddently as a function of their energies, and the measurements
crease very rapidly with, in zero field many high-states were compared to our model for DR from a CFB as follows.
have autoionization rates less than the radiative decay rateor zero electric field E=0), we compared the data to Eq.
and do not contribute to DR. When a field is preseistno  (5) recast in terms of DR rate per unit energy) of the
longer a good quantum number, and thlezero-field states stabilized states. Specifically, usig= —0.5n"2, we reex-
are converted tmk Stark states, which are linear superposi-press Eq(5) as
tions of thenl states. To a first approximation the autoioniz-
ation rates of thenk Stark states are equal to the average of dS rA
the autoionization rates of the zero-figltistates. In essence, aw”“_ 312 ' (8)

) S (=2W)"H(r+y)+A
the high autoionization rates of the Idvstates, ten orders of
magnitude in excess of the radiative decay rate, are redistriRyhere the subscript 0 refers to the fact tEat 0. Similarly,
uted over all thenk Stark states, thus increasing the numberggq, (6) is rewritten as
of states for which the autoionization rate exceeds the fluo-

rescence rate, leading to enhanced DR. On the other hand, ds rA
the external electric field can also field ionize the stabilized aw” > . 9
states which lie above the classical field ionization threshold, (—2W)5(r+vg) +A

thus contributing negatively to DR. The rate equation for DR

. . . _ 79 _
in an external electric field has a form similar to E&): For Ba, in atomic unitsA=3.88<107" [9], r=0.05, y

=0.05[7,10,11, and yg=0.53[12].
As a matter of experimental approach, DR from a con-
_ (4) tinuum of finite bandwidth differs from true DR in one re-
Fg(nk)+T4(nk)+A spect. In Eqs(8) and(9) we assume an even distribution of
the number of incoming electrons from the CFB for all bind-
In this work we have studied the enhancement of DRing energies. Stated another way, we have assumed that for
from a continuum of finite bandwidttCFB) [6] instead of a  our region of interest, below the Ba6p,, limit where the
true continuum. The CFB is the broag#,11d autoionizing 6p;,11d and 6p;,nd states interact, the laser excitation
state which straddles thep§,, limit with its tail extending strength to the CFB is constant. This, however, is not the
below the Bd 6p,, limit, as shown by the energy-level case. Figure 2 shows an excitation spectrum of thg,61d
diagram of Fig. 1. In this region configuration interaction state in this region. From the figure, it is clear that superim-
couples the broad autoionizing state to the,ghd states. posed on the slowly varying envelope of thps611d state
Atoms excited to the p5,,11d state may undergo an internal are two series of peaks. The larger series of peaks reflects the

Se(nk)=T'y(nk)
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FIG. 2. Excitation profile of the B5,,11d state relative to the
Ba" 6p,, threshold. Solid line: experimental spectrum obtained by
collecting all ions formed. Dotted line: average excitation for nor-
malization.
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presence of channel interaction with the,gnd states, 100 80  -60  -40  -20 0
while the smaller series comes from interaction with the Binding energy (cm™')
6pq/oNs states.

The slowly rising profile of the p3,,11d state, as opposed FIG. 3. Simulated DR signals vs static field. The arrows indicate
to a true continuum, mandates a slight modification of thethe Inglis-Teller limits. Solid curve: calculated signal level for com-
rate equations given above. That is, one needs to take infeete Stark mixing. Dashed curve: calculated signal level for zero
account the varying number of atoms excited to the CFB irfield.
different parts of the f5,11d excitation spectrum. Thus o _

Egs.(8) and(9) should be multiplied by a weighting factor 1.27 cm. Polarization of the lasers was typically along the

proportional to the profild of the CFB: direction of the electric field, but for a subset of the data
presented below they were circularly polarized in the same

dSo dSep sense. Approximately 200 ns after the laser excitation, a field
aw ~ dw f. (100 pulse was applied to the bottom plate to accelerate either

electrons or ions upward through a group of holes in the top
The line-shape functioffi is approximately Lorentzian and plt?te a?r? ||:[1to almtlcr(?rchha?nﬁjl—plafte ?.etect_or S||t?atéﬁtchm d
has been thoroughly studied using the isolated core excitg- ove the top piate. The field ionization signal from the de-
tion technique[7,8,13—15,10,1pIn comparing our data to ector was then gated and integrated by a boxcar integrator

the model, we found it more convenient to normalize Ourbefore being digitized and recorded on a personal computer.

measured recombination signals by dividing them by theThe data consisted of f[he field ionization signal recorded as
e frequency of the third laser was continuously tuned by a

measured line shape of the CFB such as the one shown B X
nchronous motor over many shots of the laser. The exci-

glned?&;;)ken line in Fig. 2 before comparing them to E@. tation and data acquisition process was repeated at the 20 Hz

repetition rate of the Nd:YAG laser.

IIl. EXPERIMENTAL APPROACH
IV. RESULTS AND DISCUSSION

The objective of the experiment was to excite barium at-
oms to the broad B;,,11d autoionizing state, which served
as the continuum of finite bandwidth, and measure the num- By scanning the third laser in the region below the
ber of atoms which underwent radiative stabilization andBa” 6p,;, limit and collecting the field-ionized electrons,
ended up in bound$nd Rydberg states. The broag£,11d we obtained stabilization signalsr simulated DR signals
autoionizing state was prepared using the isolated core exciersus the binding energies of the6nd states for various
tation approach, as shown in Fig. 1. Barium atoms were exstatic fields, as shown in Figs. 3 and 4. In these figures, the
cited sequentially by three nanosecond Littman dye lasergoisy traces are the data, the solid smooth curve is the cal-
which were pumped by the second and third harmonics of aulated signal level given by E¢) for the case of complete
Q-switched Nd:YAG (yttrium aluminum garnetlaser. The  Stark mixing, and the dashed smooth curve is the calculated
first two lasers, which overlapped in space and time, excitedignal level for zero field according to E¢). Let us first
the atoms to the €11d D, state. Approximately 10 ns focus on Fig. 3. In these traces two features are particularly
later, the third laser arrived and drove the'B&s;,,t0 6p3,  noteworthy. First, for a given static fieH, there is a sharp
transition near 455.3 nm. The linewidth of the third laser wascutoff in the stabilization signal at the position given by the
kept between 0.2 and 0.4 crh The atomic source was a classical field ionization threshoW.= — 2EY2. Second, the
thermal beam of barium atoms which effused from a resisbulk of the stabilization signal is concentrated between the
tively heated oven. The three lasers crossed the atomic bediield ionization limit and the Inglis-Teller limit, which is in-
at slight angles between a pair of capacitor plates spaced licated by an arromThe Inglis-Teller limit is the binding

A. Dielectronic recombination vs static fields
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1.0

Various reasons could be responsible for the difference
between the measured and calculated stabilization signals.
The reduction in the experimental signal might be an experi-
mental artifact. A possible effect which would lead to the
sort of reduction we have observed is collisional ionization
of the high Rydberg states by the background ions and neu-
trals at the interaction region. By ionizing the stabilized Ry-
dberg states with a fast field pulg&0-ns rise timg and

60 mV/em

Stabilization signal (arb. units)

SHE L < varying the time delay between laser excitation and the field
F 0.3 V/icm Yat pulse, we could determine the effects of collisions. However,
0.0 E e we have found no significant change in the field electron
T BLaiiELP signal for delays ranging from 100 to 600 ns. We have there-
3 ; fore ruled out the effect of collisional ionization. We have
F 0.5 Viem ' A also ruled out the possibility of photoionization of the stabi-
00 B o & lized states by the third laser via the Beﬁs—>6pj transi-
-100 -80 -60 40  -20 0 tions. Since the Ba 6p,, level is approximately 2000
Binding energy (cm™") cm™! below the Bd 6pg, level, photoionization through

_ . L . the Ba" 6s—6p, transition is out of the question. On the
the Ingis-Tellr s, Sol ourve: calculated signal evel for con e hand: based on the fact that the profil of the amplfied
plete Stark mixing. 5ashed curve:: calculated signal level for Zerospontaneous emissigASE) of the third laser was Cep_tered
field. at more than 200 cm' below the Bd 6s— 6pg), transition

frequency, and that the laser was not focused at the interac-

energy at which the Stark manifolds of adjacaft begin to tion region, we bglieve that ASE hgd no material effect. on
intersect, and we shall assume in a model calculation giveRUr data. We believe that the experimental curves of Fig. 4
below that for states lying above this limit Stark mixing is &€ COrrect, so we must examine the model. Varying the pa-

complete) This constitutes an incontrovertible manifestation'@meters of the model, e, y, and A obviously will not
of the enhancement of DR by way of character mixing'ead to better agreement between the model curve and the

among the high-and low! zero-field states. In these traces, data,_smce_ they differ in their general shapes: Based on these

we also note the curious hump-shaped structures in the ygonsiderations, we believe that our data indicate the break-

cinity of the Inglis-Teller limits. In the bottom two traces of down of our model for DR near the Ba6py, threshold.

the figure, these structures are quite distinct. Clearly, ouf hiS possibility will be discussed in Sec. IV C.

simple model is inadequate to accommodate these local From Eqs(8) and(9), we can evaluate the amouritp to

structures. Nevertheless, the overall agreement between tReconstant factgrof simulated DR at various field strer;/gths.

data and the model is good. Just below the field ionizatiorf*PoVe the Inglis-Teller limit defined bV, =—0.5(3€)°>,

limit, the signal reaches the calculated Stark-mixed levelEd: (9) holds. For the sake of simplicity, we shall assume

and below the Inglis-Teller limit, the signal eventually drops that Ed.(8) prevails below the Inglis-Teller limit. The total

to nearly zero. simulated DR at a given field is then given by integrating
In Fig. 4, we show the stabilization signals for various dSe/dW over energy:

fields below 1.0 V/cm. The presence of stray fields at the

interaction region prevented us from measuring the stabiliza- _ fw' rA dw

tion signal in strictly zero field. For the top trace in the fig- £ —oo(—2W)¥(r + y)+A

ure, the nominal field value of 60 mV/cm was estimated

from the location of the midpoint of the field ionization/edge We rA

using the classical field ionization formul/c=—2E2 f _ 2

The stray fields originated at least in part from the ambient Wi (Z2W)Sr+ ye) T A

plasma of ions formed as a product of autoionization. There

is a hint of a departure of the data from the calculation in theThe results of the calculation are compared to our measure-

1.0-V/cm trace of Fig. 3, but, in Fig. 4, one finds unambigu-ments in Fig. 5. In this figure the data are normalized to the

ous departure of the measured signals from the model calcyoint at 8.0 V/cm. The agreement between the data and cal-

lation. While the Inglis-Teller limit moves to higher energy culation is reasonably good. The error bars reflect signal

with decreasing field, as expected, the stabilization signalfuctuations due to thermal instability of the oven and the

above the Inglis-Teller limits fall below that given by the power fluctuations of the lasers. It is interesting to note that

isolated resonance approximation. In Fig. 4, this phenomeur data indicate a maximum enhancement factor of approxi-

enon becomes increasingly distinct as the static field demately 2 at an electric field of about 0.5 V/cm. This is to be

creases. Due to signal fluctuations, there is some uncertainpompared to a calculation for Md 7], giving enhancement

in determining at exactly what binding energy the data devifactors of 2.9, 2.4, 2.1, and 1.5, at 1, 5, 20, and 100 V/cm,

ate from the curve, save for the fact that the deviation begingespectively.

in the neighborhood of 12 cm . We further note that the We now examine the stabilization signal in greater detail.

stabilization signals do not differ from the model curve Figures §a) and &b) show high-resolution scans of the third

merely by a constant factor or offset, but rather by theirlaser in zero electric field, with all three lasers circularly and

general shapes. linearly polarized, respectively. The solid traces are the field

dw. (12)
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TABLE |. Relevant collision channels for the spectral analysis.
2.6
24 J=1 J=3
2.2 632N sz 372 632N sz 370
20 6p1/2ndap 6p1/2n sy
6p12NSy2
1.8 Continua Continua
1.6
o
Qm 14 -% 5 0'5' 1'0' 1'5' 2'0' 5 the autoionization electron signals reflect the profiles of total
n 12 — excitation, as would be obtained by detecting ions. Figure
10 6(a), obtained with circularly polarized excitation, is due to
J=3 states. The peaks in both spectra are due to the
0.8 (6p1ond) ;- states, and it is perhaps not completely surpris-
06 ing that they occur at the same energies. The situation is
0.4 clearly different in Fig. @), obtained with linear polariza-
tion, which contains both thd=1 and channels. In Fig.
0.2 6(b), several features stand out upon casual inspection. First,
I . e e —— not only the &,,,nd states but also ,ns states appear in
0 5 10 15 20 25 30 both the autoionization and the stabilization signals. Further-

Electric field (V/cm) more, unlike Fig. 6 the autoionization and stabilization
signals are quite different. Let us focus first on the features
FIG. 5. Enhancement of simulated DR vs static field. The solidassociated with the(®,,nd states, marked asin Fig. 6. The
curve is the calculated enhancement. The 8.0-V/cm DR yield isautoionization signal is broader and shifted to higher energy
used to normalize the data. relative to the stabilization, or field ionization, signal. The

L . o latter is essentially the same as in Figa)6 The features
ionization signals of the stabilized states, and the dasheg@ssqciated with thes states. marked asin Fig. 6(b), are

traces are the autoionization signals. Since the autoionizegl,an more surprising. The field ionization signal is approxi-
electrons arrived at the detecterS0 ns after the laser pulses, mgately at the minimum of the autoionization signal. A final
their signal was well separated in time from the field ioniza-jmnortant aspect of Figs.(® and (b) is that the autoioniza-

tion signal. The two signals were recorded simultaneously agq, signals do not go to zero anywhere but have significant
the wavelength of the third laser was scanned. Note that thépparent backgrounds.

autoionization electron signals have been scaled down to fit' 15 nderstand the spectra of Fig. 6 we need to consider
in the figures. In reality they were typically 200 times larger yq origin of the two different spectra, and we begin with the

than the field ionization electron signals in this region. Thusyayefunction for the autoionizing states. To facilitate our
discussion, in Table | we list the collision channels involved

WO T A in our problem. Let us consider thk=3 states relevant to
08 : Fig. 6(a) first. For a given energy, the atomic wave function
may be written as
0.6
Z 04 W y_3=216p3nd;) -3+ Z5[6pyndsp) -3
S +| continua );_3, (12
g 02
(2]
= 00 A where Zf and Z% are spectral densities of the respective
5 10 AR E R R R channels and depend strongly on the energy. We have ig-
it " (b) i nored the §,,ng; states, for they are not coupled to the
-(% 08 I~ 4 R ] 6p1/ond; stateg[15]. For simplicity the continuum channels
= [ 3 i i 3] are denoted collectively by one ket state. Throughout this
8 06 "t 5 i paper, the fine structure of the outer electron will be specified
@ 04 1 il only for labeling purposes. Our experimental data do not
LAY ; L o i resolve these fine structures. The laser excitation probability
02 [ | pid \ uRF LMY\ is given by the autoionization signg, , which is expressed
oo_'" LW W 1 as simply

-56 -54 -52 -50 -48
Binding energy (cm™)

FIG. 6. Stabilization signalsolid trace vs autoionization signal  Since the variation of the overlap integral of the,g11d
(dashed trade (a) Circular polarization.(b) Linear polarization. —6P3;211d transition is negligible over this energy interval
The letterd denotes features due to th@&nd states, ands de-  [16]. The excitation spectrum of thep§,11d state is given
notes features due to the§,ns states. by Zi, and Fig. 2 is thed=1 analog onf. Above the §4/»

Sa*Z2, (13
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limit Zi is approximately Lorentzian, but below the limitit is 10— 1 — 1t 1
structured by the interaction with thepg,nd states. The > o8 | 45d _
transition of the excited atoms undergoing the internal con- g
version §,nd— 6p,,nd is proportional toz3, and it fol- § 06 1
lows ;[hf;t tlhe recombination sign8kc is given by the prod- ag 04 F ]
uctZ7Z5, i.e., 3 - 44d 46d
w 02 I b
SRCOCZ§Z§ (14) 8 00 [ N 1 .\/\L —
38 40 42 44 48

Thus from Fig. 6a) one infers that the maxima & andZ3
are coincident on the energy scale. On the basis of @&§s.
and(14) we expect the recombination signal to be narrower FIG. 7. 0%(v,v') vs the effective quantum number of theréd
than the autoionization signal. However, we are at the limitstates for an initial 6,,,45d, for which v’ =42.26. The amplitude
of our spectral resolution and both signals of Figg)Ghave  of the graph is the actual amplitude divided by &0°. The arrows

Effective quantum number (V)

the same widths. indicate the positions of thesfid states.
To discuss the combinedi=1 andJ=3 spectra of Fig.
6(b) we begin with theJ=1 analog of Eq(12), dipole matrix elements connecting them to an initighgnd
state. For an initial f1ond state with effective quantum
VW 3_1=24|6pgnd))y=1+Z5[6p1ndj ) y-1 numberv’, the squared matrix element connecting it to a

+Z4|6pyaNSy) -1+ |continud,_;. (15 6sndstate with effective quantum numbeiis given by[16]

IDI2=Z5(v")[(6svd|r|6pv’d)|*= u?Z5(v')O%(vd,v'd),

Let us first concentrate on thed features of Fig. &). Pre- (16)

vious measuremen{d 2] have shown that, away from per-
turbing 6p;ond states, the pio,nd J=1 and 3 states have
the same widths, showing that both interact equally strongl¥
with continua above thed and & limits. Thus the excess
widths of thed states in the autoionized electron signal are 2022 sin[m(v—v')]
probably due to stronger coupling between the O(v,v')= ) (17)
(6pyond;r) ;- states and the (&,nd;),;- state, either di- v+v' aw(v—v')
rectly or via the continua. As a result the pealzﬁns wider
for J=1 than forJ=3. Nonetheless, the peak #§ for J  We normalize the wave functions per unit energy so that
— 3 is still narrower than our laser resolution, for the recom-O(vd, vd) = v, for example. Figure 7 shows a scaled graph
bination signal associated with the@g,nd states appears to ©f the overlap integral squared, fof=42.26, corresponding
be the same fod=1 and 3. to the peak of the p;/45d state with quantum defect 2.74
Turning our attention to thes features of Fig. ), we  [10]. Since the overlap mtegral is proportional to a sinc func-
find a more surprising result. The features in the stabilizatioion, it vanishes at=v"+i, wherei is a nonzero integer.
signal are aligned with minima in the autoionization signals.For a fixed wavelength of the third laser; is a constant,
The misalignment can only occur if there are multiple inter-and so the relative amounts of stabilized population in the
acting continua in our problem. If there was only one con-satellite states, i.e., the neighboring states of t#458 state,

tinuum the autoionization sign@? would go to zero, at the &re given entirely byO?(42.26y). Given that the quantum
minima. and the stabilization S|gnZ]222 would vanish at defect of the &nd series is 2.68, the bound satellite states

that point, unlike what we have observed. are located near the zeros_ﬁfz(42.26p)_. As_such, the

graph shows that the stabilized populations in the nearest
satellite states are two orders of magnitude smaller than the
population in the 645d state.

In the model given in Sec. Il, it is assumed that; pnd To determine experimentally how much the satellite
states contribute to stabilization through the processtates, i.e., those with# v', contributed to DR, we used the
6py,nd—6sn’d+hv, withn’=n. In other words, the outer time-resolved pulsed field ionization technique. A slow pulse
electron remains a spectator when the core radiatively desf 3-us rise time was used to field ionize the bound states
cays. This assumption is always used in the isolated resavhen the third lasefcircularly polarized was set to excite
nance approximation, and it has been invoked in most theahree neighboring p,,,nd states, as shown in the inset of
retical calculations on DR18-20. During the past two Fig. 8. The three traces in the main graph are oscilloscope
decades numerous experiments have been performed &ynals. The slow falling edges in these traces are probably
study the inverse processsBd+hv—6p;,n'd using the  due to the kinematics of the field ionization process. With the
isolated core excitation techniqy,8,13-15,10,15 It was  background noise level taken into account, the successive
shown that in the shake-up processn@— 6p,,n'd transi-  traces show no subsidiary peaks coincident in time with the
tions to states witm’ #n were possible. By the same token, main features of the adjacent states. For instance, any signifi-
the stabilization process is in principle not restricted to stategant amount of population in the nearest higher-lying satel-
with n”=n. As we have already noted, the total stabilizationlite state around statB would manifest itself in the dashed
signal via a §,,nd state is given b)Z{Z%. The branching trace as a subsidiary peak coincident in time with p€ak
ratio to final Gsnd states is given by the ratios of the squaredthe upper trace. The lack of such features suggests that sta-

where u?=|(6s|r|6p)|?, andO(vd,»'d) is the overlap in-
egral given by

B. Final-state distribution
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FIG. 10. Time-resolved field ionization signals observed when
0.0 1.0 ] 2.0 3.0 exciting to the §,,, Rydberg states at poin®, C, B’, C’, B,
Time (ps) andC” in Fig. 9. As shown, the static fields are 0, 20, and 40 V/cm.
) o . _With or without the static field, exciting differentpg,, Rydberg
FIG. 8. Time-resolved field ionization signals. When the third giates leads to different finab@Rydberg states, presumably ones in
laser is tuned to the®,A4d, 6p,45d, and @,46d states, 1a-  yhich the outer electron’s orbit has not changed during the radiative

beled in the inset byA, B, andC, we obtain the field ionization  yecay. The shift to later times with increasing static field does not
traces labeled\, B, andC in the main figure. Since the ionization \hean that a higher ionization field is required but is a kinematic
field is applied as a ramp rising over.ss, the higher-lying 646d artifact.

state, labeledC, ionizes earliest. It is clear that each of the three

6p1ond states leads to a different finab6d state, presumably the . . o . . .
one in which the outed orbit is unchanged. All three field ioniza- ing field ionization signals of the oscilloscope are shown in

tion traces have sharp rising and slow falling edges due to th&19: 10. In this figure, foE+#0, each signal contains a band
kinematics of the field ionization process. of Stark states, since the laser linewidth was much wider

than the spacings between adjacent Stark states. The overall

bilization into satellite states is totally insignificant, in accor- Shift of the of the signals to later times with increasing field

dance with the assumption made in the isolated resonan@rength is due to the fact that the static field was applied in
approximation. To ensure that the same holds in DR througk€ diréction opposite to that of the field pulse. Thus at
Stark states, we have repeated the measurements in the préigher fields longer times elapsed before the field pulse was
ence of a static electric field. Figure 9 shows stabilization@rge enough to ionize the bound states. Additionally, the

signals at 0, 20, and 40 V/cm. The third laser was tuned t§eparation between and widths of each pair of traces in-
points B,C), (B',C’), and B",C"), and the correspond- creased with the static field strength. This is related to the

temporal shape of the field pulse, which rose to a maximum
———————— value before decreasing. With increasing static field strength,

@| 40 Vs the atoms were ionized closer to the maximum of the field
l n pulse, where it rose more slowly. In any event, the data show
no evidence of stabilization to satellite Stark states. Thus the

assumption that the excited ionic core decays while the outer
electron remains a spectator is fulfilled even if a field is
present.

-100 -80 -60

by B o C. Limitations of the isolated resonance approximation

The model of DR presented earlier is both simple and

20 Viem intuitively plausible. However, its validity is questionable in
the following situations:(a) when the autoionization rates
0 V/em become comparable to the radiative rate of the cdre (
MM\_\ =A), and (b) when the autoionizing resonances begin to
N C Lo, overlap. It is instructive to see how these two limitations
66 -84 62  -80 58 would emerge in the DR via Ba phl states in zero field.
Let us first consider cas@). The validity of a rate equation
such as Eq(2) is based on the principle of detailed balance.
FIG. 9. Stabilized population vs the electric field) Arrows  In the present context, the capture process is envisioned as
indicate the Inglis-Teller limits(b) Higher-resolution scans of the the inverse of autoionization, whose rates scale &s.1/
boxed areas ia). An enlarged zero-field scan is included for com- However, this implicitly assumes that during the capture the
parison. only decay channel for the intermediate Barg states is

Stabilization signal (arb. units)

Binding energy (cm-1)
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autoionization to the continua, and the radiative decay of thef n sinceyg=0.53. Settingr= (yg/A)**yieldsn=109, or
core is a slow process. Thus the loss of particle flux from thea binding energy of 10 cmt. This energy coincides almost
subspacdin the sense of the Hilbert spacef the doubly  perfectly with the energy at which the experimental and cal-
excited states to the singly excited bound states by couplingulated curves of Fig. 4 diverge. Consequently, we take the

to the radiation field is neglected. In other words, the capturgjata of Fig. 4 to be a demonstration of the failure of the
and the core fluorescence are regarded as two independggb|ated resonance approximation.

processes. This assumption is valid wHer A, but not for

I'sA, which is eventually realized as—~. Conversely, V. CONCLUSION

we expect the autoionization rates of the doubly excited

states to deviate fromy/n® whenI'<A. Sincel'= yn~ 2 the These measurements have shown that DR rate reaches its
limit of validity is n=(y/A)Y. maximum value, twice the zero-field rate, at the very low

Now let us consider cas@). The isolated resonance ap- field of 0.5 V/cm. This finding is in accord with calculations
proximation simply states that each doubly excited state condone for Mg[17], and with a simple model developed using
tributes to DR independently of other states, and that th¢he isolated resonance approximation, at least for fields in
total DR is the sum of all such individual contributions. This excess of 1.0 V/cm. At lower fields, we find a deviation of
is a reasonable approximation as long as the doubly excitegyr experimental results from the isolated resonance approxi-
states are well resolved, and the resonances do not overlap.{ation. While such a deviation is not unexpected, it has not,

the resonances overlap applying the isolated resonance agy our knowledge, been previously observed.
proximation seems to introduce multiple counting. Irrespec-

tive of their autoionization rates, the Bap#fl states are cer-
tain tp overlgp wheA=1/n?, vyhlph is a'h!gh'er value off ACKNOWLEGEMENTS
than is required to reach the limit of validity in ca&®.

In the presence of an electric field, the limits of validity =~ We are grateful for useful discussions with R. R. Jones,
due to casesa) and (b) are n=(ye/A)Y* and n=1/AY4  A. P. Hickman, K. LaGattuta, and F. Robicheaux. This work
respectively. They are reached at essentially the same valweas supported by the U.S. Department of Energy.
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