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STARK MIXING SPECTROSCOPY IN CESIUM?
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We présent a new technique for selectively populating excited states which are inaccessible by dipole excitation
from the ground state. The method uses a static electric field to introduce a component of a dipole-allowed state into
the state of interest. We have applied the method to cesium to measure lifetimes and a Stark mixing coefficient.

The results are 7(6 *Dy,,) = 64(2) ns, 7(7 2Dg,,) = 92.5(15) ns, and (6 2Dy, 1¢e2172Py ) (E9p — E¢p) =

0.7(3) X 1073 ¢, where ¢ is in kV/cm.

Atomic levels which are accessible from the ground
state by electric dipole transitions have traditionally
received the most exhaustive study. Recently, a num-
ber of new techniques have been introduced for
studying levels which were previously inaccessible
from the ground state. Among these are: 1) Optical
cascade [1] where, for example, alkalis in high-lying
P states are populated via allowed dipole transitions
from an S ground state. Lower lying S and D levels
are then populated by cascade from the P states;

2) Stepwise excitation [2] which makes use of two
consecutive allowed transitions by way of an inter-
mediate level to populate a high-lying level; 3) Two-
photon excitation [3] which uses a second-order tran-
sition process, for instance, an S = D, or S = S tran-
sition, via absorption of two photons. The sum of

the photon energies equals the energy difference be-
tween the two levels.

We present here a new technique, “Stark mixing
spectroscopy”, in which an applied constant electric
field “mixes” a small amount of a dipole-accessible
state with a nearby dipole-forbidden state [4]. This
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allows radiative dipole excitation of the perturbed
state from the ground state. This method is related to
two-photon excitation; the role of a transverse elec-
tric field is replaced by a longitudinal static electric
field, what we might describe as a “zero frequency
photon”. The method allows one to populate selec-
tively a given “inaccessible” state. In this letter we
report application of the technique to measure
several previously unobserved lifetimes in atomic
cesium, and to measure the Stark mixing coefficient
which couples two of its close-lying excited states.

The levels of cesium, fig. 1, are effectively those
of a single electron outside a spherically symmetric
core. Let us look at the case of exciting the 6 2Dy,
level from the 6 28 1/2 ground state. A static electric
field is used to mix a small amount of the 7 2P3,
state into the 6D state.

The effect of the electric field can most easily
be described by first-order perturbation theory. The
electric field mixes all P and F states with the 6D
state, but the only significant contribution is from
the 7P state:

|6DY ~ |6D)° + a(6D, 7P)| 7PY° . m)

Here |6D)’ is the perturbed wave function;
{6DX and | 7P are unperturbed wave functions.
The Stark mixing coefficient, a(6D, 7P), is given by
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Fig. 1. Relevant energy levels of Cs.

&(6Dlez| TP)
IRj=e———r
a(6D, 7P) s
€ is the magnitude of the static electric field, whose
direction lies along the z-axis.

We can now excite the |6D)’ level with light at the
6S—6D transition, 4417 A. For a given incident pho-
ton flux and atomic beam density the rate of absorp-
tion is given by

Res_gp'al(6S1ez|6D)? = [a(6D, 7P)I2 (6| ez| TP) .
@

With moderate fields, this absorption rate can
be large enough to provide a useful population in the
6D state. In addition, the Stark mixing coefficient is
of interest itself. To measure it, let us compare
Rgs_gp' With the rate of allowed excitation of the

7P level under the same photon flux and atom density:

Rgs_ppal(6Slez| P2 . @3)
Combining eq. (2) and eq. (3) we see that:

Rgs_ep’

la(6D, 7P)|* =
Rgs_7p

@

Thus, a measurement of the ratios of excitation
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Fig. 2. Schematic diagram of apparatus.

rates of the “forbidden” transition to the allowed
transition yields a value for a(6D, 7P), the Stark
mixing coefficient.

To perform the experiment measuring a(6D, 7P),
we employed the arrangement illustrated in fig. 2.
The source of excitation was a pulsed, tunable dye
laser of a design similar to Hansch’s [S], sidepumped
by an AVCO C950 N, laser with a repetition rate of
up to 100 Hz. The duration of the dye laser pulses
was ~5 nsec. The laser light entered an atomic beam
apparatus normal to the flow of the cesium atoms.
The cesium emanated from a conventional effusive
oven source, and the atomic beam flux was monitored
with a hot wire detector.

The laser and atomic beam intersected between
parallel electric field plates having a 1 cm separation.
One plate was at ground potential, the other was at a
variable potential of up to 20 kV. A typical electric
field strength in the interaction region was 15 kV/cm.
Fluorescence was observed through an aperture in the
field plate, normal to the plane formed by the laser
and atomic beam (see fig. 2), using an RCA C31034
PMT. The aperture was covered with wire mesh to
minimize distortion of the electric field.

In order to compare the excitation rates of the 7P
and 6D levels, we monitored the fluorescence originat-
ing from each of these levels following a laser pulse of
appropriate wavelength. The fluorescent intensity
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provided a measure of the relative populations of the
two levels.

The signal observed was the 8521 A 6P - 6S cas-
cade transition (see fig. 1). An interference filter cen-
tered at this wavelength was placed in front of the
PMT. This transition was chosen because it is a com-
mon channel for both the 7P and 6D decay. Thus, no
correction is needed for detection efficiency at dif-
ferent wavelengths. Also, the C31034 PMT is not sen-
sitive to the 6D = 6P decay wavelength, 9200 A.

The output of the PMT was sent to a gated scalar
which recorded the total number of fluorescent
counts observed. The number of counts was compared
for 4555 A (6S ~ 7P) excitation and for 4417 A
(6S - 6D) excitation with a fixed electric field
strength. An important aspect of this method of de-
termining (6D, 7P) is that almost all the measure-
ments are ratios: the ratio of fluorescent counts, the
ratio of laser power at 4555 A and 4417 A, and the
ratio of atomic beam fluxes. This eliminates many
potential difficulties caused by experimental geo-
metry and absolute detection efficiencies.

Our determination of the Stark mixing coefficient
gives:
a(6D,7P) =0.7(3) X 1073 €
where € is in kV/cm. The error is the limit of error
from five independent determinations. The chief
sources of error were uncertainty in the atomic beam
flux, and difficulty in monitoring the laser power.
The statistical error was negligible. It should be pos-
sible to reduce substantially the systematic errors.
The present result, however, provides the first exper-
imental determination of this matrix element. The
value calculated from the Bates and Damgaard method
isa(6D,7P)=1.4 X1073¢.

Electric quadrupole transitions directly between
the 6S and 6D levels were also observed. The excita-
tion rate of the quadrupole transition was measured
and from this the emission rate was deduced. The val-
ue, A(6D ~ 6S) = 63(30) s~ 1, is in general agreement
with previous determinations [7, 8]. We are currently
measuring the rate more accurately.

The Stark mixing method has also been used to
determine lifetimes of a number of inaccessible states.
Again, let us consider the 6 2Ds), state in cesium. As
before, we selectively populate this state with a pulse

of light at 4417 A in an electric field of 15 kV/cm, and

monitor the 8521 A cascade fluorescence.
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Fig. 3. (a) Data and least-squares fit for cascade decay from
62Dy, level. Linear plot. (b) Data and least-squares it for
decay of 7 2D5 /7 level. Log plot with background subtracted.

We are now interested in the time dependence of
the fluorescence for lifetime determinations. Since
we are monitoring the second leg of the cascade, the
time dependence of the fluorescence is not a simple
exponential. However, it can easily be shown that if
the laser excitation pulse is short, the population of
the 6 2Py state in time and the fluorescent intensity
at 8521 A are given by

deae No7ep
(1) = m{e@ [—t/rgp] —exp[—t/1ep] } -(5

To measure the intensity as a function of time,
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I(1), we used a single photon-counting technique

[9, 10] in which the probability or arrival of the first-
observed fluorescent photon vs. time was determined.
The distribution of arrival times is directly propor-
tional to J(z) in the limit of a low count rate. In order
to measure the distribution of arrival times, a time-to-
amplitude converter (TAC) was used to determine the
delay between the initial laser pulse and the first fluo-
rescent pulse from the PMT after laser excitation.

The output of the TAC was sent to a computer con-
figured to act like a multichannel analyzer (MCA)
(see fig. 2).

The data for the 6 2D5 n decay, shown in fig. 3a,
closely follows the functional form of eq. (5). The
values for the lifetimes were found by a least-square
fit. The results are (6 2P3/,) = 31(1) ns, 7(6 2Ds ;)
= 64(2) ns.

We have also determined the lifetime of the
72D/, state. The transition monitored was 7 2Ds
- 62P, /2 at 6975 A. The pulsed dye laser was tuned
to 628, = 72Dsy, 3836 A, and I(r) was measured
as before. The data are given in fig. 3b. Since in this
case we monitor direct decay from the 7D level, we
obtain a simple exponential characterized by the life-
time of the 7 2D5/2 state. The result is 7(7 2D ) =
92.5(15) ns.

It should be noted that the lifetimes measured are
those of the perturbed levels. In the present case, how-
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ever, there is essentially no difference between the
lifetimes of the perturbed and unperturbed states.

We have shown the applicability of the Stark mix-
ing technique to the measurement of lifetimes of
dipole-inaccessible states and to determining mixing
coefficients in cesium. The technique can be extended
to populate selectively states of other atomic systems
and it opens the possibility of investigating states
which are otherwise inaccessible.

References

[1] R. Gupta, S. Chang and W. Happer, Phys. Rev. A6
(1972) 529.

[2] S. Svanberg and G. Belin, J. Phys. B7 (1974) L82.

[3] See, for example, D. Pritchard, J. Apt and T.W. Ducas,
Phys. Rev. Lett. 32 (1974) 641; also other papers in
that same issue.

[4] P. Zimmermann, M.G. Littman, T.W. Ducas and D.
Kleppner, Bull. Am. Phys. Soc. 18 (1973) 1522.

[5] T.W. Hansch, Appl. Opt. 11 (1972) 895.

[6] D.R. Bates and A, Damgaard, Phil. Trans. Roy. Soc.
London A242 (1949) 101.

[7] B. Sayer, R. Wang, J.C. Jeannet and M. Sassi, J. Phys.
B4 (1971) L20. .

{8] L.V. Hertel and K.J. Ross, J. Phys. B2 (1969) 484.

[9] Th. Binkert, H.P. Tschunz and P.E. Zincli, J. Lumi-
nescence 5 (1972) 187.

[10] R. Reisse, R. Creecy and S.K. Poultney, Rev. Sci. Instr.
44 (1973) 1666.

201




i Lol St E SIS S SRTE T TS

w,/ N ZQAMJ ’Jam~7 ﬁ«/._w

g3 Al ‘Z‘;;‘ “: - Q«f,w PRy % (A" 4 céL , -
, T SRR T ) ‘f“z;}”“ “‘“"‘ i Bl AR
R UEP B ARERMDIY ANEY. 5 ABE SEH

bl o oo R r,-..-. :

a2 __N;.V_‘, el an ;e_al-"a.q__-.,r Tez.zem_%

i H B e

..-~r

S P B Z ty. -r,,_T‘Lr.ei 3— 61

i i i { § i ! t ! 1 {
B BEea ___..-,.__., g s :

SRS
i_ aie ot
:" - 2ok i 3 fo i g
_C" ér@&-~_-——~—’ é)(' - - t T T T 1 1
; i i - ) ! } i }
;__.,. 1:’"‘"‘““’1' r t : '. ‘ 1 : LG T
‘ ‘ B f o1
t t 5 s
i ; :
+ 4 —d o b

, ,..._.,.,.,ﬂ._ﬂ“.'r--_ 51,_: r;l.;-:— L?‘;Ex —f(é ;1)1 4] , '

.....

““““* P &f ﬂ‘;g&/-ci( _.‘_1

i 3
i ! '
: +
i i
{ i ]
b ot i
Suem any gens S -
Yol == i
i ~prodebidentonl e
] H :
= e S

B RN

SwOrs v Al

- -—-——«——~—~— - f-—-—»+—~-—-‘» o o e g

e o

! ¥ 3
s i

e 69 ottt ‘f

I

1 +
e e St et NP PN SRy

e Sirsmescane

e g o S




— @ Tk wek disgissims —> MW joss

N \mgh

2\ 03

7,001’ Ot ‘IOCT C Oj
Hfgi'\l'ﬁ‘.. g&t&% %‘} O

%f, R tSaJ;;:jIN‘

Hudeogen probdom

]Ho\/ f Mbv WP«. 20 Sept 74

Kevtend a“;\*f&m%?m@ Exﬁg. (\{? 83S dm; 1

5 E L
B=Z Forhyavpgat - |

2E 2ZmeEAD
V;lu‘%{m,m@ 4 —= A\jkuza
.t\l

'N\e"' = Q, go‘mr \’octmf

Bt

4 e 1
ne = % = un““zwcw
i *HarFeez ~
J : 2 ‘“m 3‘“&1% ?a)”
i
e
L N

T \/(Y') zeog(x) :

o e
x-;(-ﬁ

s M -
me«! WSS /4.




= Y @ \ter *o Dany :
‘ SQ%.E;«?\S ole cat, ﬁd@\ . ,
» uSIng ?"\\QQA NV A:h‘w\ Coum rxc’ajﬁ, Mosc
¢ Yoo mowed fo bldg 26 5 March 1838
* Rk Gretman worky with S

Dear Don J ,
As gou, Coxt Tell o 4he manyfscnf" - many

mgé‘texies still vemain concornm the eyof.
Tiis seleetion vule busimess Hf ic diccusged
vn the papor (T o F rules depmding en
hew (amﬁ afoen lwes va 3‘?15,2 urtos :
S{‘e:ta l:?; neee h pw-gim. w'wd:D 5 C“""I-&-m{ﬁ
Yxo"' w-c,u mci.w:}w\:i aw 'H%! ﬁ{cgﬁ Of“flu-
P\ﬁfm‘\'\c. LGOL’J\"} i:ﬂ:leﬁ kaf F:v’t?mszﬂ)_s +m§hm‘m+
0(: wlse Q.XC&.'.%? iovt L own ﬁ‘{th‘gll;j%uﬁ:{'
T Cv?.a{i “%‘iw:{' Wi a.“( MT VA LBn §.£, ¢ as
Had follnoins the treaf et ontcan m{i t‘f:;ﬁ_:r?_a.{v_"t
M themeed phamueee--e.. Cos s S0l
e rﬁg ‘%‘3«5&‘ &‘mﬁ‘?i{ C_fi"zfef”?gl‘t’;;”\ 2 éi’mﬂ»i{ &Qﬂjﬁﬁ‘fﬂ;{;z%ﬁ‘{%

~ ! ’{ 2 L } ~ e Sl F R i
....—,.Yo ?v z\{".‘&f G{ Q}; ) ! ay i;afn\ l;§f‘) P !‘K_J{.o; et £ ,{’ TH f
& ’\. £ (‘"ﬂ ;{ & l‘ id

‘ﬁi‘j‘ &51""5 %; 2 ’5}?"3% {4‘-{;'.!"«*»4:&{"‘. L
Eﬁ’k’.{ (g J\J"JQ. ‘m Wl C&%‘muﬁ&j LA '%'\.Woé T

"h‘%‘ {5{

4 o
. o 2 l‘-r- 'ﬂ‘ - [ .
&‘!’5‘,‘?‘*‘% f’% (& YLEiT, 1hag IS VB
£ 4 2 ~
4 . _g H - . - £~ i
3 L as % 4

3 '
£

\-\

}'& - ~
t: £3 it
it SOrL
3
> s gk
. o

i

BT S s s Yk %1
§ i LIAA Y (7wl ?.- %

TEL€ EL AN L0 tan "\l 10 1 i
-( “{. _'g:: . 2 T ‘*fg- .,.f:‘:‘u"' é‘ %\ﬂ’\.
: g‘a gi-"v‘ - ::“ B ¥ "?,"cg 2‘; ik" o L4 Pu PN e
’ + T Lo
e . 5 @ ”g-«g- . Ry = _Y‘
3 i S50 A e YRR

{ {
sl Tiwd nakang Slavk ¢wdT
1} i
% * - ~
WOASUY EVWAEA S c%.u{“,i ra:.ptf {‘j come 1o e OomCi
- ! / C
1Y+ . coge ] L) £ " ok
ant .Y {‘:45 H?‘v’". £k, ‘i{,i bt s £ © o} 4 P




Shack shuft v €dd is Y\U.A-A Rk ré.d\'cl
some of the cale. end fornd sie ervors .
<. - pPpears *qu,‘l’ £ ons plu,! o Do Cold

(laser huned s?'f'a on X < aCte ) Hat

He mvl: D i< s’t:u'!( S(&*\‘Q'EC!
m+o (esma.ua uai('L‘Hv [egen Eﬁ‘gﬂve HM

€ sbife woves o lager Luedordth (~3 %onm).
Ths werke was dovie wheve  weas abost 30,

Seme uw&xefs'hw muﬂ's e og‘.ﬂ"atmé {av
[oreenr N (=~ 5) Fov these -H«»%. logsev wis

funed o (i, ved o i s slale,

// LQ,.MW_ , b-»- <
; [
/ 260 Vo

g %‘&‘ﬁ‘g’mme feks M‘{' Cs:::l?i'n (< -5—!,,;}- Ha 17t I

| hs \z.-f«» w i< "! LAAR. '%'0 %’w‘_ S \“f’ <G *"L Tha S*wj
|
i
E '&d -Ui\_v LS %A's.tx Lie g.ﬂw::. 'H\L bw@d
t = = ! lt oy Jq £
= Ytk ‘{“ be e«*-«z*’?»»i{fg g:.){sza « due 1 Yo D sida
% '3
\ : Y 1 il ; . o) {
Siaris w*‘%.,ﬁ! vl YESonan . IE B DS
i f f
A &8 F e
\ appLae {?) = !:;:. c; e x"@%ﬁé ¥ DM CARCS
! t .._,L 3 ; : ! ; 3 ig‘ 5,, - ‘
v ThaT Hhagpe toar slrangiic apmas
3y .f i { L :
e The bolavinslt o !“"(& z {{ < w«—*ﬁ
b e e
-agf vid of \* P! ‘*&.wﬁ}b eyl P“D‘””“"
5 Ve i b ¢ ;
lase ‘\ OF Cpuxsl <1 *35 s all speenk ”"’
§ o 3 e = - J f‘ o ;"“ ' s~ "l .&@Q %
bl D u Setn gl :




- 3-

P w\.?wmﬁw!( Rak can be wade ﬁ?&ﬁ amay
T heliave i V\wwwa'Lﬁj Yo blie lases

T wanled to tell you wreee abevt Some
oHer Mﬁsgrmd's bed wady L\;;w\& e 1ET
‘!’\\"56{ so T' Mg.:{' v Biesn Ve ﬁ:,‘f(:,_
X’Lﬂ pwl.éff'l Calbe dS b;:fﬁw p‘;w;m;:t (}
ad T belwise adl e@%‘%’s here are -
mq\'fmm’!‘@( Ta ., DL Case vt {h {
\‘\-ﬁéaa '%'éa !e: @!f- WA ive L—fwii‘»! if} Qfﬁﬁ‘w& C-v‘z;‘g.e.
C&‘Q. MM ?n;:t:.ch %%91((& {ef 2.F é’rﬁ%%’é&éﬂf
}s&%w;ﬁlm A“A‘gu:ﬁ-%f:% (ff*ﬁ’-'(‘} <‘f'ev H%A.m-@%)
O 5,% " 500 ;;{S;.!;, wm:wéﬁ’& ax< g"m,;}é'. ﬁéc fle
2.5 Comwsv®d %%e:x"@is AN ISOIALS q( 'e.wwa-—
Mok X“%%S } ‘ Q UESTION * T£ c&?‘;%tﬂ{.:&
EdM Feld bieg bonduat ai’%‘is’a f,ﬁi g Thrad
ng(%’ g,\'g,( t,z %v%{..sma!‘%‘fi C'!’*»:{ v‘&ffé«v@:l‘
%-f&wté J{'%;:f’f\ uﬁg*,{d "%‘!fi&f ‘:.a,g‘.f} &t u?i;.:t ér
Q (&) f S {",—{:"&( P& :Cf; ey ’% "
(%’c.( . Sgké.&{-;f. ﬁ’ + !‘. e %ﬁ&{% Lo2A {-}o
’f;’iﬁé} wiAnandle o dd hong b prpgaes s

2

t 7 B oAd o

{,ﬁ{:&,i BEAY VAL O ELeavnllec Svpras

¢ , F = i
Valtouw alpispinsS o0t Wil oo

W lovee LML (earecns pomning Q452
£ 2 {’{‘ o et s £ : li’ »"gﬂ £ ‘4 e - 9 ‘.g % éf;‘,\ :
12 Qo DN SOl ). 4 Wyl ol DAV

= ts 8 )
Vo™ GAE (=N WL

g
- E2 R e 4 tew o e 7
o bt .5 A $2 5 o
- - $: 8% %
& 4 - i
14
o - . !g‘; 1
Py 413 SURN SRt i &bk, =8 7
hr- 2 - A S x"f




V »Vowx'n 35, Nﬁ:nm‘é' = fH‘:Ys;lCAIL -Riv'l_ B’WALST‘E’B:R_S e 11 Augusr 1975

@ Yw\su\ |mxgéﬁm DG Na

oy @\"H hebore Rick Somd qorp.
ka cm‘\:(\ﬁom as QM@anwn‘f

Stark 1onization of High-Lying Staws of Sodmm“}'

M'rheodore w. Ducas, uu,-hael G, Ltttman, Richard R rreemn, and Daniel Kleppner
mqwmwffm llasmhtscﬂs&stmdcofmmm

2 Cambﬁdgt Massachusetts 02139
— (Rwaived 14 April 1975) :

Byushgseepﬂuemmwatomicbeam, wehaveexcitedslow—movingatom = i
- .. 'to-pure high-lying quantum states at densities low enough to avoid loss by collision. The - ..
mmmmmmmmummm Rasnltsarepreswedafa
- study dhqwndd for. 1onizmﬁor s states of sodiumwithprlnclpal quaneum
nn;ﬂaern ttomﬁctoi!l : e :

We repox't un prqdmﬁonet Mghly cxeited so- est in the properties of high-lying states of atoms

dium atoms in pure: .quantum states, and observa- ~ near the ionization limit. These states, which
M@M ‘ ' ton‘thrnhdd in an electri¢ are essentially hydrogenic, are characterized by

ﬁeld

366

agmw},ngh;ter- - very lmg lifetimes, large polarimbﬂities and



. VOLUME 3§, Numn 6"

PHYSICAI. REVIEW LETTERS

11 ‘Avcvsr 1975

Stark shifts, low binding energies ([27%]" a.u.)
and large radii (proportional to n* a,u.). They
are so fragile and large that until recently the
only data on atoms in pure high-lying quantum
states have come from radioastronomical obser-
vations of the recombination lines in interstellar
-hydrogen,! Measurements on lifetimes in sodium

s and d states with » up to 13 using laser excita- -

tion in a gas cell have been reported by Galla-

gher, Edelstein, and Hill.? Bayfield and Koch®

created a beam of hydrogen with » in the range
of 63 to 69 by charge exchange of a fast proton
beam with xenon. Cook, West, Dunning, and

Stebbings* have excited high-lying levels of rare

gases. In our work, we have used an atomic .

beam to reduce collisional ionization which can

limit the levels observable in a cell. By using
tunable lasers, we have been able to excite se-
lectively individual quantum states, in contrast

to collisional techniques which generally excite a

wide distribution of states.

‘Sodium atoms in an atomic beam were excited

stepwise by two pulsed dye lasers® pumped by a

- common nitrogen laser. The first dye laser sat-

urated the D, line (5890 A), creating a large pop-
ulation in the 3P, /, state, while the second (~ 4100
A) caused transitions from the p state to high-
lying s or d statés. The lasers both had a spec-
tral width of 1 cm™, a pulse length of 5 nsec,
and a peak power of 1 kW,

' We first detected atoms in high-lying levels by
observing resonance fluorescence at the ~4100 A
liné from the high level. A photomultiplier tube
detected the light emitted at right angles to both
the atomic beam and the incident lasers. We
were-able to observe s and d states from n=15 to
about 30, but not higher levels because of rapidly
decreasing signal strength. The intensity loss
was due to two factors, each varying as n'% the
decreasing transition moment, and the loss of
signal which occurs when the radiative lifetime
becomes longer than the time for an atom to pass
out of the observation region, about 10 ysec,

For n >23 the excited atoms were detected by
direct ionization in an applied field. In addition
to avoiding the problem of signal loss due to long
radiative lifetime, the method provides close to -
100% detection efficiency and very low back-
ground. The laser beams intersected the atomic
beam between electric field plates. A pulsed ion-
izing electric field was applied after laser exci-
tation and the resulting ions were observed with

a channel electron multiplier. As expected, for
reasons explained below, the approximate ion-

1zation ﬁeld for a state with principal quantum
number n was [167%]"! a.u. (386 V/cm for n=30).
For a typical atomic-beam density of 10° em"?
and an interaction region of 0.02 cm®, we ob-
served the equivaient of approximately 10* ions/
pulse for n=30.

To confirm the identity of excited levels as s or
d, we used the fact that optical selection rules
for stepwise two-photon processes are strongly
affected by nuclear coupling in the intermediate
state. The electron-nuclear hyperfine interaction
mixes states of different values of m, and m,
(where %EJ and 7 I are the electronic and nuclear
angular momentum, respectively) to create a
state of total angular momentum %#F. This tends
to scramble together states of all possible values
of m, and m, satisfying m,+m; =mg. The result
is that cw absorption of two photons circularly
polarized in the same sense gives rise to both
s=p-s and s~ p-d transitions. In contrast, if
such photons are absorbed successively in a
time interval which is short compared to the hy-
perfine period of the intermediate state, the elec-
tron does not have sufficient time to precess
about the nucleus to a new spatial orientation be-
fore it absorbs the second photon. In this situa-
tion the electric dipole selection rules for the

two-step process are the same as those for an

atom with no nuclear spin, For such an atom s

- =p-d transitions are still allowed, but s=p—s

transitions are forbidden.

In our experiment we found, consequently, that
when the lasers were circularly polarized in the
same sense, the population of the s levels was a
sensitive function of the delay between the pulses.
When the two pulses excited the sodium in rapid
succession (<3 nsec delay, a time short com-
pared to the hyperfine period in the 3F,, state)
the transition rate to the s state was radically

suppressed, whereas the rate to a d state was
-essentially unchanged. When the second pulse

was delayed approximately 8 nsec, the s-state
transition rate became far less aﬂected by circu-
lar polarization of the lasers,

The energy levels of sodium have the form w,°
= [2( - A)%] "= [2(n*)?]"!, where the quantum de-
fect A depends on the orbital angular momentum,
The high-lying levels form a slowly varying pat-
tern shown in Fig. 1. The term spacing is AW,°
=@*)®, For n=30, AW,°=9.3 cm™, The states
ns and (n - 1)d form a pair separated by about -
0.35 of the term spacing. Individual levels were"

‘resolved for #=23 to n=38. The laser frequency

was determined by a Spex 14018 monochromator
367
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~ FIG. 1. Energy-level diagram showing relative posi-
tions of ns, np, andad levels, Energy differences are
in units of AW, °=| W, - w,. "] . :

to an accuracy of about 1 cm ™! and the quantum
defects for all n were determined to be A(s)=

- =1,35(4), A(d)=0.00(4), in good agreement with
the values at lower levels.® For x> 38 the laser
resolution was insufficient to resolve the split-
ting between adjacent ns and (n — 1)d levels,

though individual pairs could be resolved to n= 50,

With a narrower laser line, individual states
should be resolved for. much higher values of n.

By studying the ionization probability as a func-

tion of electric field for different levels we have
been able to observe the Stark shift at the onset
of ionization. This problem has evoked continued
interest over the years because it represents the
extreme case of distortion of a free atom by an
electric field.” Consistent results on the ground
state of hydrogen have been obtained by several
authors.® Huschfelder and Curtiss® have consid-
ered the n=5 case, in detail, but to our knowl~
edge a complete theoretical treatment for high-
n states is lacking,

The alkali system differs from hydrogen in the
important respect that the degeneracy of the low-
angular-momentum states is broken, regardless
of n. This presents a useful experimental advan-
tage, for it allows selection of a single member
of an otherwise n-fold-degenerate manifold of an-
gular momentum states, This is illustrated in
the data on the ionization threshold shown in
Fig. 2. The 31s-state curve exhibits the abrupt
- onset of ionization that characterizes a single
energy level; the width of the curve for the 30d
state is attributed to its multiplicity.

The Coulombie potential in an applied field, V
= ~1/y - Ez (a.u.) bas 2 maximum V= - 2VE,
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FIG, 2, Ionization signal as a function of the pulsed
ionizing electric field. The onset of ionization is broad-
er for the 30d level than for the 31s. This is due to the
Stark splitting in the ionizing field of the 30d. The 31s
remains a single-shifted level. The vertical arrows

- indicate the critical ionization field of the unshifted

levels from Eq. (1)

The ionization threshold for high-n states is well
defined because the range of fields for which tun-
neling would be observed is extremely narrow.
Ionization oceurs when V=W, where W, is the
term energy. If we neglect the Stark effect, then
W, = -[20*)?], and the threshold field would be

T S

- We have measured the critical ionization fields,

E,, for s levels with n=26-37. The results of
Eq. (1) and the data are compared in Fig. 3. E,
is consistently larger than E,°. This difference
arises because of the Stark shift,

A simplified analysis of the critical-ﬂeld data
can be made by assuming the wave function re-
mains essentially Coulombic at the ionization
threshold. We can write the term energy at
threshold as

W, = W,%+ 5W,, @)

where W,%= —[2(n*)?]™?, and W, is taken as the
Stark shift at ionization. Values for §W, may be
extracted from the data in Fig. 3 using the rela-

.tion

W, = - 2VE, - W,°. ®)

An estimate of the Stark shift can be obtained
by assuming that the ns state mixes chiefly with
the np state. With this two-level model we cal-
culate values for the Stark shift at ionization
which are in general agreement with the values
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FIG. 3. Log-log plot of critical ionization field ver-
sus n* forn =26-87. The straight line represents the -
predictions of Eq. (1) for no Stark shift. The actual
crlﬂcnl.neldumistenﬂyhrgerthanthepredicﬂm.
This is a result of the Stark shift at ionization,

extracted from the data, but are typically 30%
low. For example, at n=30, 8W, =5.6>10"°

a.u. from Eq. (3), and 4.0X 10°% a,u, from the
two-level analysis,’ More precise measurements
and more realistic calculations which consider
the contribution to the Stark shift of all important
states are in progress,

The technique described here should be useful
for studying a variety of other problems involv-
ing highly excited atoms. In addition to questions
of polarizabilities and tunneling phenomena, there
is interest in the behavior of atoms when the mag-
netic energy dominates the Coulomb energy'® and
in photoionization and other radiation phenomena.
The technique of high-level excitation and ioniza-

tion provides a selective way to detect excited
atoms with very high efficiency and virtually no
background, It may also have useful applications
in a photon detector. :

We would like to thank Myron Zimmerman for
assistance in carrying out this work.
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Dear Mike, “

Congratulations to you and” to Myron for obtaining such interesting
results on the Stark shift. Narrowing the laser appears to have payed
major dividends. The computézr plot is certainly suggestive of the physics
of the situation, but it looks like some more work will be needed to give
definite assignments to all the peaks., The wide peaks are suggestive of
the overlap between positive and negative Stark components- the plot
shows one at 400V. which looks very much like the data- but the intermediate
weak peaks suggest that perhaps some distant terms not included in the
computer plot are playing a role.

The new collimators should be on the way very shortly. I hope that
these will help you recover some of the power lost in narrowing the laser.
The delay was due to difficulty in removing the old coatings, baked MgF.
It turned out that nothing would touch it, and the lenses had to go back
to the factory for repolishing. However, they are now properly coated-

a fairly broadband coating centered at 4100A, and there should be no
further delay. The new coatings are unbaked MgF. The coainmgs are
reasonably rugged- they can be wiped with a cloth quite safely- but not
as hard as the usual coatings. '

A reference on Stark ionization which you will find very informative
is Bailey, Hiskes and Riviere, Nuclear Fusion 5,42 (1965). They extend
the Rice and Good method to n=25, and present the rcsults in mseful plots,
The Rice & Good method should apply to Na for orbits with m greater than
two or three, for these orbits are essentially non-penetwating. For
lower values of m we shall have to d& some work- perizaps we can use the
Rice-Good method with alkali wave functions in the spirit of the Bates
Damgard method.

1 agree with you that measuring the Stark ionization rates would be
extremely interesting, and I am sure that there are many possibilities.

An important requisite is the ability to warktwith a single Stark component,
which I think you have already shown how to do by your Stark excitation
experiment. According to Bailey et al the ionization gate for n=15 8
low-lying Stark level varies from Sx¥uwxmxwxmzmxw .7x10 /s to 6 x 10°/s

as the field varies between 9.8 and 11.0kv/cm. The Lanczos method gives
rates about 10X smaller, so it should be easy to distinguish the two methods.
(Incidentally, I have some translations of Lanczos'paper- given to me

by Riviere- which I will bring back) We will probably need to make some
effort to get rid of background ionization in the system. :

I have been trying to find a simple argument to obtain the 'critical!
field for ionisation, analagous to the expression 1/16n“ for an un-
perturbed Coulombic system.in an s state. It is wasy to get an expression
taking into account the fi¥st order Stark effect, but my: second order
solution doesn't make sense. I've enclosed a note- perhaps you can get
somewhere with the problem,
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