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The avoided crossings in an electric field of K s and p states with the nearly hydrogenic Stark
manifold states have been investigated using 300-K blackbody radiation. Anticrossings between

states of the same ) mj ~

for which the
~

mt
~

values are the same or differ by one are encountered.
The anticrossings between states of the same

~
mI

~

are quite wide as they are due to core penetra-

tion and polarization effects. The anticrossings for which
~
mt

~

differs by one are produced by the

spin-orbit interaction and are accordingly quite small. %e present results for the ns states for n in

the range 18—29 and for the np states for n in the range 19—23.

I. INTRODUCTION

Level crossing' and anticrossing spectroscopy, tech-
niques based on the crossing or near crossing of atomic
energy levels in an external field, have been widely used in
the past to measure properties of atomic excited states.
Specifically these techniques have yielded measurements
of fine and hyperfine structure, Stark and Zeeman shifts,
oscillator strengths, and lifetimes. In addition to being
a useful artifact, the avoided crossings in an electric fteld
have recently been recognized as intrinsically important
factors in static and dynamic field ionization of Ryd-
berg atoms.

The electric-field-induced avoided crossings of
Rydberg-atom energy levels have previously been directly
measured by laser spectroscopy. However, this technique
is limited to levels which do not approach each other
more closely than the laser linemidth. For typical pulsed
lasers this limit is about 5 6Hz. For avoided crossings
narrower than this, rf spectroscopy has been used to accu-
rately measure the separation at the avoided crossing.
The rf technique, however, has the limitation that one of
the levels must be preferentially excited and one preferen-
tially detected. These conditions are not met for all avoid-
ed crossings. Also, the rf technique is inherently two di-
mensional, requiring rf scans to be taken at several electric
field values in order to find the point of closest approach.

We elaborate here on our earlier report9 of a new
method of anticrossing spectroscopy using 300-K black-
body radiation. The technique is straightforward and
yields good results even for those situations where the rf
technique is least sensitive. In this report we develop the
theory of the anticrossing signals that we observe, and
present new data with improved resolution. %e also
describe our investigations of other techniques for observ-
ing anticrossing signals vrhich are, in principle, attractive.
As we shall see these alternatives are not as useful as the
blackbody-radiation method.

II. THEORY

As two Stark-shifted atomic levels approach each other
with a change in the electric field, any perturbation which

couples the levels w'ill cause them to repel. In hydrogen
there is no perturbation save the negligibly small spin-
orbit interaction and the levels cross, for all practical pur-

poses. In the alkali metals the interaction of the valence
electron with the ion core introduces a perturbation be-
tween atomic levels with the same value of

~
mi ~. The

dotted lines of Fig. 1 show two levels
~

a ) and
~
b ) which

cross when the perturbation between them is ignored.
When the perturbation V is included we obtain the real
eigenstates

~
u) and ~1) (solid curves in Fig. 1). The

eigenstates are superpositions of the unperturbed states
and consist of 50-50 mixtures at the point of closest ap-
proach. At a specific electric field the energies of states

~

a ) and
~
ls) are given by the complex energies W, and

Wb wlilch ai'e glveil liy

W, =E,—iI l2,
Wb —Eb i I /2,——

FtELD

FIG. 1. Stark states ~a) and ~b) cross when the perturba-
tion between them is ignored. The real states

~
u ) and

~
l ) re-

sult from the perturbation V. In our experiment the initial state
~i) is the 4p state of potassium. The laser excitation is

represented by f, and the blackbody excitation by g.
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The imaginary parts of 8; and IVs allow for the radia-
tive decay of these levels at a rate I'. For simplicity we
have assumed I to be the same for

I
a ) and

I
b ). If the

off-diagonal matrix element coupling Ia) and Ib) is
given by V the superposition can be parameterized in the
following way:

f, =(a
I @EL I

I & aild fs=(b IIlEt Il ) tlleil Pg aild Pi
are given by

P. = 1&u Il Et. I
t &

I
'=(f.cosO+fb»n8)',

Pt ——
I (l

I pEt I
i ) I

=(ft, cosO f—,sin8)

I
u) ={cos8)

I a)+(sin8)
I b),

l&=( —sin8) la&+(cosO) Ib&,

(3) If we take the ratio f of these matrix elements,
f=fb /f„ then Eq. (6) may be written

P„=(cos8+f sin8) /(1+f ),
(7)

tan(28)=, 0 & 8 & m /2 .2V

u b

In our experiment we excite the eigenstates with a
pulsed dye laser. The laser linewidth is about 0.5 cm
which is much larger than the closest approach of the
eigenstates we have investigated {& 1 GHz). This means
that we excite both eigenstates when the field is near the
avoided crossing. The pulse width of the laser is about 5
ns which implies a coherent bandwidth of roughly 100
MHz. If the states are separated by more than this
amount we excite an incoherent mixture; if the spacing is
less, we excite a coherent superposition. We shall show
that with our technique, the same type of signal is ob-
tained in either ease so we shall consider explicitly the
case of incoherent excitation. The radiative decay times,
1/I", of these eigenstates are generally greater than 5 p, s.
Part, —10%, of this observed decay rate is due to excita-
tion by the ambient 300-K blackbody radiation to higher
excited states. ' The anticrossing signals that we observe
are a result of the interaction between the blackbody radi-
ation and the eigenstates

I
u ) and

I
1 ) near the avoided

crossing.
As a model for our anticrossing signal we assume the

following sequence of events. First a coherent or in-
coherent mixture of eigenstates is produced at a fixed dc
electric field. This excitation is assumed to occur instan-
taneously at time t=0. Then the mixture of states
evolves in time under the influence of the static atomic
Hamiltonian and dc field. During this time these states
are driven by blackbody radiation to a higher-lying atomic
state which is assumed not to decay. Finally, at time
t =T the atoms in the higher excited state are selectively
field ionized and detected.

To calculate the probability of an atom reaching the fi-
nal state

I f ) we first calculate the probabilities P„and
Pt of reaching states

I
u ) and

I
l ). If f, and fb are the

dipole matrix elements for excitation by the laser field EL
from the initial state Ii) to states Ia) and Ib), i.e.,

Pi =(f cosO —sinO) /(1+f ) .

We note that P„+Pt ——1, independent of 8. In other
words the total number of atoms excited to the pair of
states u and l by the laser is independent of the field.

The probability of atom's having been driven to the fi-
nal state

I f) by a time Tis given by
T

P( T) =f (P„g„+Ptgt )e 'dt, (8)

where g„=(fIpEs I
u) and gt ——(f IpEtt I

I) are the
blackbody-radiation matrix elements connecting the

I
u )

and
I
l ) states to the

I f ) state. Expressing g„and gi in
terms of the analogous matrix elements from the

I
a ) and

I
b) states which are g, =(f

I pEti Ia) and

g, = &f I pE, lb & leads to

g„=(g,cos8+g, sin8)
(9)

gI =(gbcosO —g s1118)

Introducing the ratio of the matrix elements g=gs/g,
leads to

g„=(cos8+g sin8)/(1+g'),

gi
——(gcosO —sin8)/(1+g ) . (10)

(cos8+f sinO) (cos8+g sinO)2

{1+f')(1+g')

+ (f cosO —sin8)(g cos8 —sinO)

(1+f')(1+g')

l —e-~T
X

If we now replace cos8 and sinO using Eq. (5) we can
rewrite Eq. (11)as

Substituting into Eq. (8) the expressions of Eqs. (10)
and (7) yields:

(f 1 )(g —1)—
2

P(T)= (1+f'g')+ (2 V)

(2V) +(E, Et,)—
(2V)(E, Eg)—

[ f(g 1) g(f 1)]-—— —
(2V) +(E, Ei,)— (12)
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All the line-shape dependence is contained in the large
square brackets of Eq. (12). To a good approximation f
and g are constant and the unperturbed energies E, and
Eb have linear Stark shifts in the small region near an
avoided crossing. In this approximation the first term in
the brackets of Eq. (12) is a constant, the second a
I.orentzian, and the third a dispersion curve. The
I.orentzian and dispersion curves have equal centers and
widths.

Although the anticrossing signal depends in a compli-
cated way on both f and g several cases are fairly simple.
Iff=g =1 the signal is a pure Lorentzian with amplitude
equal to the dc component. If f=g=0 the signal is a
pure Lorentzian with amplitude ——, times the dc com-
ponent. For some of the avoided crossings we investigat-
ed (the s-level anticrossings) the f and g values were
determined to be -3 by laser measurements away from
the avoided crossings. This results in signals which have
both Lorentzian and dispersion components.

Let us return for a moment to our earlier assertion that
in our experiments, even if the separation of the

~

u ) and

~

I ) states is small enough that these states may be excited
coherently, we would be unlikely to observe the coherence.
It should be manifested as beats at the angular frequency
co„ t corresponding to the tt —I energy spacing. First, as
shown by Eq. (8) our signal is an integral, so that even if
there was a modulation of depth 5 in P„and Pt the depth
of modulation would be reduced to 51 /to„ t in the physi-
cally meaningful case I g&eo„ l. For a 50-MHz-wide
avoided crossing and 1/I'=5 ps the ratio I"/ui„( is
0.67&(10 . It is unlikely that we would be able to detect
a quantum beat modulation, usually not large to begin
with, " after such a reduction. Second, our field ioniza-
tion detector has a rise time of -0.5 (tts limiting observ-
able beat frequencies to ~1 MHz, which is below the
dettatable limit for our field inhomogeneity. Finally, we
saw no dependence of the observed signals on delay time
before applying the ionizing pulse. Thus we are confident

0 Yr/4 Yr/ 2
8

FK)'. 2. Normalized probability for excitation to- the real
upper state

~

u ), as a function of the crossing parameter 8. P„
is shown for several positive values of f=fz/f, . For negative

f, P„(8, f)=1 P„(n/2 8,f). For t—he lowe—r state —
~
I),

I'( ——1 —I'„.

that our earlier restriction to the case of incoherent excita-
tion of the

~
u ) and

~
I ) states is adequate for the descrip-

tion of our problem.
At this point it is interesting to digress for a moment to

consider the alternative approach of using rf spectroscopy
in conjunction with the same broadband exciting laser.
The excitation probability P„ is plotted in Fig. 2 for
several values of f. For f =1 the two eigenstates have
equal excitation probability away from the avoided cross-
ing. At the point of closest approach, 8= m /4, the excita-
tion is all directed into the

~
u ) state. If an rf field is ap-

plied with frequency v=2 V/h the level populations will
equalize and a sharp increase (decrease) of the field ioniza-
tion of the

~
I) (~ u)) state will occur. This situation is

most favorable for the rf measurement technique. As f
increases, the relative excitation probability P„/Pt at the
point of closest approach decreases until at very large f
values P„=Pi. The rf technique is therefore very insensi-
tive for large values off.

III. EXPERIMENTAL PROCEDURE

Observation of the anticrossing signals described here
requires an experimental arrangement very similar to that
used in previous field ionization studies. ' A beam of po-
tassium atoms passes between two electric field plates
1.590(1) cm apart. The atoms are stepwise excited by two
pulsed dye lasers, from the 4s the 4piq2 or 4@3/2 state
with the "red" laser, and then from the 4P to the desired
Rydberg state with the "blue" laser. The lasers are linear-
ly polarized either parallel or perpendicular to the electric
field, depending on the state desired. A dc voltage is ap-
plied to the plates, exposing the atoms to a uniform elec-
tric field. Approximately 3 p, s after the laser pulses, a
high-voltage pulse with a rise time 300 ns is apphed to the
plates. The Rydberg atoms are field ionized by this pulse,
and the ions are extracted through small holes in the
upper field plate, where they are detected by a particle
multiplier. The output from the multiplier is fed to two
gated integrators which provide temporal resolution of the
field ionization signal.

To record an anticrossing signal, the dc field is swept
while all other parameters remain fixed. The integrator
gates are centered on two different features of the time-
resolved field ionization signal. One feature changes with
the dc field and represents the signal, while the other
feature remains constant and is used to normalize the sig-
nal with respect to laser power fluctuations. The red laser
is run with enough power to saturate the 4s to 4p transi-
tion in order to reduce the noise.

The blackbody excited atoms are easy to-distinguish
from those which are excited only by the laser. First, be-
cause the blackbody excited atoms lie in higher states than
the directly excited atoms, they ionize at a lower field and
hence at an earlier time. Second, since the blackbody ra-
diation is present at all times, a signal induced by it in-
creases as T (the field ionization pulse delay) increases;
the signal from the directly excited atoms decreases at T
increases. The blackbody signal eventually decreases for
large delays and the approximately 3 ps delay used was
the value which gave the maximum signal. There was no
observed dependence of the line shape on T.
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A more difficult problem was the selection of the
features of the time-resolved field ionization signal on
which to set the gates of the integrators. The field ioniza-
tion spectrum of potassium is fairly rich because the wide
variety of avoided crossings encountered by each state on
its path to field ionization results in a combination of dia-
batic and adiabatic traverses which increases the complex-
ity of the field ionization signal. ' In addition there are
generally several states excited by the blackbody radiation.
Nevertheless, it is possible by visually observing an oscil-
loscope signal while scanning the dc voltage through the
avoided crossing to pick out features of the field ioniza-
tion signal which change significantly in amplitude. This
becomes more difficult for the extremely narrow crossings
and it is sometimes necessary to calculate their positions
by scaling from previously measured values for similar
but wider crossings of lower principle quantum number n

IV. EXPERIMENTAL RESULTS

A. s-state anticmssinls

In our initial report on anticrossing signals produced by
blackbody radiation we presented data for the avoided
crossings of the s state with the lowest-energy linear Stark
manifold state for several values of the principal quantum
number n Our n. ew data have improved resolution and
cover a wider range of n We .have also measured the
avoided crossings of the s state with the second-lowest
Stark manifold state for a subrange of these n values.
The linear manifold level with lowest energy has 1=3 in
zero electric field, and we will therefore label this level
with the parabolic quantum number'~ ni ——3. The mani-
fold level with second-lowest energy has n i ——4, and so on.

A scan of the avoided crossing of the 20s state with the
n =18, n i ——3 manifold state is shown in Fig. 3. The hor-
izontal scale is obtained by converting the directly mea-

ELECTRIC FIELD

FIG. 4. Stark map for the avoided crossings of the ns state
with the n 1

——3 and n ~
——4 states of the n —2 Stark manifold.

The levels with higher n& are omitted for clarity. For each
value of n i the nearly degenerate

~
m~

~

=0 and
~

mI
~

= 1 levels

are shown. For aB levels shown
~ I, ~

=
z .

sured voltages to fields, using our 1.590(1}-cm plate
separation. The presence of two peaks with unequal
widths is explained in Fig. 4, where we show the energy
levels involved in an avoided crossing of this type. We
can see from this diagram that the left-hand peak in Fig.
3 corresponds to the

~
mI

~

=0 component of the n~ ——3
manifold state, and the right-hand peak the

~
mI

~

=1
component. The quantum numbers

~
m&

~

are only ap-
proximate. When we include the fine-structure interac-
tion only

~ m~
~

is a good magnetic quantum number, and
the states which we have labeled

~
mi j contain small ad-

mixtures of other
~
mi

~

states. If the fine-structure in-

teraction is not included the s state crosses the
~
mi

~

=1
manifold state. Therefore the right-hand peak in Fig. 3 is

800- l t i i I t I I I

F 400-

O

4J—200-h.

Ld 100-
LQ

I

400
I 1 I I

402 404 406 408
ELECTRIC FIELD {lcm)

l

410

FIG. 3. Anticrossing signal from the avoided crossing of the
20s state with the n=18, n I ——3 Stark manifold state. The left-
hand peak corresponds to the

~
m~

~

=0 anticrossing, aud the
right-hand peak to the

I
m&

I
= 1 anticrossing.

50—

18 20 22 24 26 28
n of s state

FIG. 5. Log-log plot of the observed s-state anticrossing field
versus the effective quantum number n*. Although the hor-
izontal axis is labeled with the quantum number n of the s state,
the scale is logarithmic in n*=n —5, . The lines are least-

squares fits to the data.
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TABLE I. Observed s-state anticrossing fields.

18s
19s
20$
21s
22$
23$
24s
25$
26s
27$
28s
29s

fm, f
=O

(V/cm)

752.7(8)
545.7(8)
403.9(5)
304.2(3)
232.7(2)
180.4(3)
141.8(2)
112.5(1)
90.25(8)
73.14(8)
59.81(6)
49.30(10)

fmg
f

=1
(V/cm)

763.5(7)
553.1(5)
409.1(3)
307.9(2)
235.5(2)
182.6(2)
143.3(2)
113.8(1)
91.26(9)
73.90(8)
60.44(5)
49.78(7)

fm, f
=0

(V/cm)

674.0{4)
491.1(13)
364.0(7)
275.0(4)
210.8(3)

102.7{1)

(V/cm)

684.0(5)
496.1(4)
367.6(3)
277.4{2)
212.6(2)

103.5(2)

t? )

3
3

fmi f

1

—5.20(l)
—5.21(1)
—5.45(2)
—5.48(2)

The exponents derived from the fits become more nega-

due solely to the spin-orbit interaction. This accounts for
its narrowness relative to the left-hand peak, which arises
from the interaction between the Rydberg electron and the
core.

The observed s-state avoided-crossing fields are given in
Table I. In Fig. 5 we show a log-log plot of the s-state an-
ticrossing field versus the effective quantum number n'
of the s state. Here n" =n —5„where 5, =2.18 is the s
state quantum defect. The points are the data and the
lines are linear least-squares fits to the (log-log) data.
0»y t"e

I
mI

I
=0 data are shown in t"e fig«e The

least-squares fits give the following results:

F=A(n )

tive as we proceed into the manifold (i.e., as n, increases).
%e expect these exponents to be near —5 based on simple
arguments. The Stark shifts [(energy)/(field)j of the man-
ifold levels scale as (n ), and the zero-field energy spac-
ing between the s state and the manifold states scales as
(n') 3. Therefore, if the relatively small Stark shift of
the s state is ignored, the avoided crossing field is expect-
ed to scale as (n')

The observed widths of the s-state avoided crossings are
given in Table II. In our previous report the

f mr
f
=1

anticrossings were broadened by field inhomogeneity.
The field plates used to obtain the present results have an
estimated homogeneity of lLF=1.0X10 F. A compar-
ison with Table I shows that the widths given in Table II
are not broadened by field inhomogeneity. The homo-
geneity was improved by using copper field plates' with
larger area and smaller holes for ion extraction.

In Table III we compare our observed widths with
theoretical widths obtained by diagonalization of the ener-

gy matrix. The frequency widths are calculated directly,
and are converted to field widths by using the conversion
factors 356, 403, 450, and 506 MHz/(V/cm), for the
18—2ls states, respectively. In al1 cases the observed
widths are larger than the calculated widths. At least part

TABLE II. Observed widths for s-state anticrossings.

n& =3 n) ——4

18s
19s
20s
21$
22$
23$
24s
25s
26s
27$
28s
29s

fm,
f

=0
(V/cm)

6.9(13)
4.2(7)
2.3(2)
1.4(4)
0.9(2)
0.7(1)
0.7(2)
0.6(3)
0.27(6)
0.24(6)
0.21(3)
0.17(6)

fmg f

=1
(V/cm)

0.63(6)
0.50(6)
0.37(11)
0.23(6)
0.19(6)
0.13(6)
0.09(6)
0.09(6)
0.09(6)
0.09(6)
0.06(3)
0.08(4)

fmI f=0
(V/cm)

5.2(16)
7.5(19)
3.0(6)
1.9(3)
1.4(2)

0.38(6)

fm,
f

=1
(V/cm)

1.0(4)
0.63(13)
0.39(9)
0.33{9)
0.28(6)
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TABLE III. Comparison of calculated and observed widths for s-state anticrossings (n ~

——3).

state

Im(I =0
Calculated

(MHz) (V/cm)
Observed
(V/cm)

Im, I

=1
Calculated

(MHz) (V/cm)
Observed
(V/cm)

18s
19s
20s
21$

930
640
450
320

5.2
3.2
2.0
1.3

6.9
4.2
2.3
1.4

80
61
47
39

0.45
0.30
0.21
0.15

0.63
0.50
0.37
0.23

of this discrepancy appears to be due to the dispersion
term in Eq. (12}. For the

I mi I
=0 anticrossings, the ob-

served widths are 33, 31, 15, and 8% higher than the cal-
culated widths for n =18—21, respectively. In fact our
data do show progressively more asymmetric peaks for

I mi I
=0 as we go from n =21 down to n = 18.

B. p-state anticrossings

The p state also crosses the linear Stark manifold levels
in potassium. In Fig. 6 we show a scan of one of these
anticrossings, involving the 20p state and the n=18,
n2 ——1 manifold state (the manifold states are labeled, in
order of decreasing energy, with the parabolic quantuin
number' nz ——0,1,2, . . .). Figure 7 shows the energy lev-

els involved in an avoided crossing of this type. Only

I mj I

= —,
'

levels are shown, and only the highest-energy
manifold level (nz ——0) is shown (for both

I mi I
=1 and

I mi
I
=2). The fine-structure interaction mixes a small

amoullt of
I mi I

=1 iilto the ilominal
I
mr I

=2 mailifold
state. Therefore we have a situation similar to that of the
s-state anticrossings. The anticrossing between the p state
(

I m&
I
=0 and 1) and the

I
mi

I
=2 manifold state (the

peak at the right in Fig. 6) is due solely to fine structure
and is consequently narrow, while the anticrossing involv-

ing the
I mi

I
=1 manifold state (the peak at the left in

Fig. 6) is due to the core interaction and is much broader.
We have chosen laser polarizations which allow us to

selectively populate the
I mJ I

= —,
' levels. The red laser is

tuned to the 4s~4p3/2 transition, and is linearly polar-

712

0
0
1

1

2
2

Im, I

1

1

—5.18(1)
—5.21(1}
—5.30(1)
—5.35(1)
—5A8(1)
—5.53(1)

The exponents are again near —5, as they were for the s-
state anticrossings. This is not surprising, since the scal-

ized perpendicular to the electric field. This creates a 3:1
ratio of

I mj I

= 7' «
I mj I

=
z population in the 4p3/l

state. The blue laser is linearly polarized parallel to the
electric field, creating a preponderance of

I mj I

= —', Ryd-
berg states.

The observed p state
I mj I

= —,
'

anticrossing fields are
given in Table IV. In Fig. 8 we show a log-log plot of the
p-state anticrossing field versus the effective quantum
number n' of the p state. The points are the data and the
lines are linear least-squares fits to the (log-log) data. The
least-squares fits give the following results:

F=A(n')

where

LLJ

l

620

ELECTRIC FIELD (V/cm)

I

650

ELECTRIC F IEL0

FIG. 6. Anticrossing signal from the avoided crossing of the
20p state with the n=18, n~ ——1 Stark manifold state. The
broad peak at the left is the

I ml
I
= 1 anticrossing, and the nar-

row peak at the right is the
I m~ I

=2 anticrossing.

FIG. 7. Stark map for the avoided crossing of the np state
with the n2 ——0 state of the n —2 Stark manifold. The levels

with higher n& are omitted for clarity. For all levels shown

PBJ.
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TABLE IV. Observed p-state anticrossing fields.

state
fmg f

=1
(V/cm)

737.7(13)
551.8(16)
418.1(9)
321.7(7)
251.3(5)

fmg I
=2

(V/cm)

765.9(5)
571.1(4)
432.6(3)
332.9(2)

fm( I
=1

(V/cm)

627.6(8)
473.7(13)
362.0(10)
280.6(7)

I
m, I

=2
(V/cm)

647.5(5)
486.7(3)
371.8(2)

fm, f
=1

{V/cm)

725(3)
542(2)
410(2)
316(1)

fm, f
=2

(V/cm)

742.9(5)
553.4(4)

ing arguments given in the previous section for the s state
apply equally well to the p states. Also, the p-state ex-
ponents become more negative as we proceed into the
manifold (i.e., as n2 increases), as did the s-state ex-
ponents.

The observed widths of the p-state
I mj I

= —,
'

avoided

crossings are given in Table V. The
I
mt

I
=1 widths vary

considerably with n, while the
I mt I

=2 widths remain
relatively constant. Therefore it is safe to assume that the

I
m~ I

=2 widths are limited by electric field inhomo-
geneity. Thus we obtain our estimate of dd" = I.OX 10 F
for the field homogeneity.

We have also observed the
I m, I

= —,
' p-state anticross-

ings. We populate the
I m, I

= —,
'

Rydberg states by polar-

izing both lasers parallel to the electric field. In contrast
to the p-state

I m; I
= —, case, we do not observe narrow

avoided crossing signals for
I
m

I

= —'. This can be ex-

plained as follows. For
I mJ I

= —,, there are two manifold
states (

I
mt

I

=0 and 1) for each value of np, and two p
states (nominally j=—, and —,). Both

I rnj I

= —, p states

SOO,

700-

contain appreciable admixtures of both
I
mt

I
=0 and 1.

Thel'efol'e all four of the
I mj I

= —, avoided crossings are
due to core penetration and polarization. As a result these
avoided crossings are relatively large. In contrast to the

I mj I

=—', case, there are no
I mj I

= —,
' avoided crossings

which are due to fine structure alone. In fact the core in-

teractions are so large that they produce a pair of "dou-
ble" avoided crossings instead of four individual ones.
This situation is shown in Fig. 9. As one might expect.
from Fig. 9, the anticrossing signals which we observe for

I m~ I
= —,

' are relatively complex, since each avoided

crossing involves all four unperturbed levels.

C. Alternative experirnenta1 methods

In the course of these investigations we explored alter-
native schemes for the study of the avoided level cross-
ings. The first is the obvious technique of examining the
field ionization of the directly excited atoms. This signal
is stronger than the blackbody signal, especially if the ion-
ization pulse delay is reduced. The essential idea is shown
in Fig. 10 for the specific case in which the excitation is
primarily to the bold level. If the subsequent field ioniza-
tion pulse leads to adiabatic ionization, then as the static
field is swept through the crossing the ionization will

600-
E

500-
UJ

400—

UJ

LtJ

500—

20 2I 22 25
n of p state

FIG. 8. Log-log plot of the observed p-state anticrossing field
versus n. The lines are least-squares fits to the data.

ELECTRIC FIELD

FIG. 9. Stark map for the avoided crossings of the fine struc-
ture p states with the

I mI
I
=0 and 1 manifold states, for

1

fmj I
=-, .
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TABLE V. Observed widths for p-state anticrossings.

19@
20@
21p
22p
23@

fmi[ =1
(V/cm)

11(1)
6.5(16)
5.2(8)
4.0(6)
2.6(4)

(V/cm)

0.06(3)
0.08{5)
0.05(3)
0.06{3)

(V/cm)

12(2)
8.7(13)
5.6(6)
3.6(6)

(V/cm)

0.11(3)
0.08(3)
0.05(3)

/mph' =1
(V/cm)

19(3)
11(2)
11(2)
8(1)

fmg [
=2

(V/cm)

0.09(3)
0.09(3)

change from occuring a point 2 to point 1. Thus if we
detect ionization at point 2 (1) we would expect to observe
a negative (positive) step. In practice this simple picture
does not completely describe our observations. Two scans
of the first s-state avoided crossing for n=24 are shown
in Fig. 11. The laser excitation is primarily to the s state,
which corresponds to the bold level in Fig. 10. The upper
(lower) trace in Fig. 11 is for ionization occuring at point
2 (1) in Fig. 10. According to the above description we
would expect each trace to show two steps corresponding
to the

~ rnid ~

=0 and 1 avoided crossings. In fact we ob-
serve two steps with a sharp dip between them. This dip
probably results from the dynamics of the field ionization
pulse, preventing us from obtaining with confidence quan-
titative results from these direct measurements. This
method does, however, provide a relatively easy way to
find the approximate positions of the avoided crossings.

The second alternative method involves superradiant
emission from the Rydberg state. ' When the number of
s-state Rydberg atoms is particularly high we observe an
additional peak in the time-resolved field ionization sig-
nal. This peak occurs later than the normal signal, indi-
cating that it originates from a lower-lying state. The size
of the peak has a nonlinear dependence on the blue laser
power. The peak disappears when we scan the dc voltage
through an avoided crossing. When this noisy signal is

present we also observe that the field ionization signal due
to blackbody excitation to a higher state increases as we
scan through an avoided crossing. Figure 12 shows an ex-
ample of this effect for 20s. These observations can be
explained by superradiant emission from the directly ex-
cited s state to a lower p state. This lower p state ionizes
at a higher field and accounts for the extra peak in the
time-resolved signal. As the dc voltage is scanned
through the avoided crossing, the superradince is des-
troyed due to the mixing of states. The laser excitation
into the s state is partially diverted into the manifold.
Therefore at the avoided crossing fewer atoms are lost to

1 I I I

&Li Ijj.l
&rj't i~ )

Fc
ELECTR IC F IELD

FIG. 10. Energy-level diagram for direct observation of an-
ticrossings. The laser excitation to the circled avoided crossing
is primarily to the bold level. Assuming adiabatic passage to the
ionization liaut, excitation with I' ~F, (Fg F, ) leads to ioniza-
tion at point 2 (1).

138 140

ELF CTR IC FIELD ( Vlcm)

FIG. 11. Direct anticrossing signals for 24s.
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400
l I I

404 408
ELECTRIC FIELD (V/cm)

FIG. 12. Slackbody signal induced by superradiance for 20s.

superradiance, more are available for blackbody excita-
tion, and the blackbody signal increases.

Although somewhat interesting in itself, the superradi-
ant signal has limited quantitative usefulness due to the
nonlinear nature of the superradiant emission. This sa-
turation is evident in Fig. 12. For this reason the superra-
diance tended to be a nuisance. However, by keeping the
number of excited atoms down we reduced this problem
to a negligible level.

D. Uncertainties

There are several sources of uncertainty in these experi-
ments. The foremost is the measurement of the plate
spacing, 1.590(1) cm, which limits the absolute accuracy
of the anticrossing field measurements given in Tables I
and IV to roughly one part in a thousand. On the other
hand, the resolution hF/F=10, with an absolute
minimum of 0.04 V/cm, is limited by a combination of
the spatial inhomogeneities, the laser spot size, and electri-
cal pickup. This instrumental resolution has not been re-
moved from the observed widths in Tables II and V. In
most cases it is far smaller than the observed widths. We
note that the field homogeneity over a larger region than
the intersection of the crossed laser beams limited our
day-to-day reproducibility of the anticrossing fields due to
laser pointing variations. These variations however were
less than uncertainty in the measurement of the plate
spacing.

We extracted the anticrossing fields and widths visually
from X-I' recorder tracings assuming that the anticross-

ing signals were symlDetric I.orentzian peaks. As we have
already pointed out the theoretical shape is a sum of
Lorentzian and dispersion curves so this straightforward
procedure is clearly not always correct, although inspec-
tion of a typical scan such as Fig. 3 suggests that it should
be a reasonable approximation.

To estimate the magnitude of the error introduced by
our simple analysis procedure we performed least-square
fits to scans which represented both the typical nearly
symmetric anticrossing signals and the most asymmetric
ones. An example of the latter is the broad ~mi ~

=1
feature of Fig. 6. Fitting the data of Fig. 6 to a Lorentzi-
an plus a dispersion curve gives a ratio of Lorentzian to
dispersion of 1.6:1. The center obtained from the fit
occurs at a field lower than the apparent (assuming only a
Lorentzian line) center by 15% of the widtha, nd the
width obtained is less than the apparent width by 6%.

In the more typical case of Fig. 3, the errors are much
less severe. Fitting the broad

~
mi

~

=0 feature to a
Lorentzian plus a dispersion curve shows that the ratio of
their amphtudes is greater than 10:1, that the fit center
differs from the apparent center by 3% of the width, and
that the fit width is less than 3% smaller than the ap-
parent width. In all cases the errors introduced by our
method of analysis are less than the other uncertainties in

the data. The stated uncertainties in the tables include
those due to the analysis.

In principle we should be able to calculate the ratio of
Lorentzian to dispersion in our signals by using Eq. (12),
with the f and g values given by the method of Ref. 8. In
practice„however, there is uncertainty in identifying the
final states excited by the blackbody radiation, due to the
complexity of the field ionization of potassium. For ex-

ample, the final state for the s-state anticrossings is in

principle a p state, but several nearby manifold levels con-
tain appreciable admixtures of p character. Since the field
ionization is not selective enough to distinguish between
the p state and the nearby levels we cannot calculate the g
values.

V. CONCLUSION

We have demonstrated a new method of anticrossing
spectroscopy using pulsed excitation and a combination of
blackbody radiation and field ionization for detection.
We have used this method to measure avoided crossings
between Stark levels of highly-excited potassium atoms.
This method is complementary to the purely laser spectro-
scopic method and is particularly useful where the width
of the avoided crossing is less than the laser width.
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