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ABSTRACT

We have studied the effect of a strong electric field
on the energies and spontaneous ionization probabilities for
excited states (n = 12 - 15) of sodium. The measured Stark
energies agree with theoretical values that were calculated
using the Coulomb approximation. The measured ionization
rates for the 1lowest m=2 Stark components of a given term
are in agreement with rates that were calculated for corres-
ponding hydrogen states. The systematics of the ionization
of the higher sublevels, however, is in serious disagreement

with hydrogenic theory because of level mixing.
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INTRODUCTION

Ionization of hydrogen in a static electric field by
electron tunneling has evoked continuing interest since the
early days of gquantum mechanidé, and has assumed new impor-
tance with the growing interest in highly excited atoms.
Many useful experimental techniques based upon the ioniza-
tion characteristics of these atoms have been developed. A
detailed understanding of the ionization process 1s desir-
able to assure the validity of tunneling calculations, and
is essential in view of the scope of the experimental work
whose interpretation rests on it. We pPresent here first
measurements of the ionization rates of individual Stark
sublevels of sodium. The Stark structure of the m=2 Stark
states is well described by hydrogenic theory except in
small regions near level anti-crossings. We find that the
ionization rates for the low-lying Stark sublevels of sever-
al terms are in excellent agreement with the rates that have
been calculated for hydrogen. For the higher-1lying sublev-
els, however, there is serious disagreement. The discrepan-
cy is due to level mixing with ionizing levels which has

been neglected in existing tunneling calculations,



In chapter I, the field ionization of Stark 1levels in
hydrogen is discussed in detail. Chapter II describes the
theory that we have applied to determine the Stark structure
of alkalis, in particular, sodium. In chapter III we dis-
cuss both the equipment and the techniques that we have used
to carry out the field ionizafion experiments. Chapter IV
contains a description of the six experiments that we have
performed. The first four experiments deal with the prob-
lems of exciting, detecting, and identifying specific Stark
states. The last two experiments concern measurements of
spontaneous field ionization rates of selected Stark levels

in sodium.
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CHAPTER I

ELECTRIC FIELD IONIZATION OF HYDROGEN
I.1 Introduction to Ionization Theory

In this chapter we shall examine the behaviour of hy-
drogen in weak to strong electric fields. In the next sec-
tion the Stark problem is treated by separating . the
three-dimensional Schroedinger equation into three
one-dimensional equations in parabolic coordinates. Here we
present a simplified treatment of field ionization in rec-
tilinear coordinates so that the reader can develop an
understanding of the process in a familiar basis. We assume
that the electron is confined to motion along the 2z axis,
parallel to the direction of the field. We also assume that
the total energy, W, is known. The one~-dimensional Schroed-

inger equation is,

{’lz ji;_ + WZ)} Yy = W Hz)

where V(z) = -1/12z] - Fz. This potential function is plot-

ted in Fig. I.l-la for F>0. Note that the potential curve
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PIGURE I.1l~1

(a) One-dimens ional hydrogen potential in a static electric field.
(b) Parabola approximation to potential in regions, 2, <2<{Zgmax and 2., <2<zt .
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increases monotonically toward the cathode, but that toward
the anode the curve has a local maximum at z=z.,,,. The lo-
cation of the potential maximum is determined by the condi-
tion,
dv® -0
dz ls.5
Z'Znux
which is satisfied when zwb¥=l/JFT. The maximum value for

the potential is V(zw&x)=-2JF .

We now examine the classical solution for an electron
which is initially located at the turning point toward the
cathode, Z=Zpt . When released, this electron will proceed
toward z=+00 unless W{V(2Zy,4) + in which case it will oscil-
late between z .t and z;+ as indicated in Fig. I.l-la. For a
given field the condition for "classical" over-the-barrier
ionization is MD-ZJ?E or alternatively, for a given energy
the condition is F)>F, , where FQ=Wz/4. We estimate F, by
taking W to be the familiar =zero field hydrogen value,
-1/2n%, and obtain, F°=1/16n4. Thus, a field of 300 MV/cm
(1/16 au) is needed to ionize the ground state, while a mere
3 V/cm (1/1l6 x lO~8 au) is sufficient to ionize the n=100

state.
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It is well known that the electron can escape via tun-

neling for fields below F To determine the ionization

% .
rate for this process, we use the WKB method. The rate 1is
given by the product of the transmission probability (T)
through the barrier and the frequency with which the paricle
oscillates in the well. Fdf this discussion we will make
the assumption that the oscillation frequency is independent
of the field and is equal to the classical value, 1/2Tl'n3 s

The WKB expression for the transmission probability is EBOH

51,sect. 12.161
Zot :
T = exp{' § 2(2(V@&=)-w) c(z?( (r.1.1)
Zit

where z, and zg4 are the inner and outer turning points
(see Fig. I.l=-1la). To evaluate the integral in this equa-
tion we approximate the quantity V(z)-W in the region
between these two turning points by parabolas (see

Fig. I.1-1b),
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Bk £ € B

h[l“(zotzlsz] oz, <2<Zg .

Here h, the height of the barrier, is -2JF1-W and  z.t, 2zt

satisfy the equation,

TN P
W =Y FZ

which gives,

-W t Wi 4F

Zit,ot = 7F

Using these expressions, we obtain the following value for

the transmission probability,

2
Trep{- 1

To examine this expression for fields

F=F, -§F, which gives,

(x.1-2)

near F_ we let
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Observe that levels ionize by tunneling at rates that incre-
ase exponentially as fields are raised near the "classical"
value, that is, when §F approaches zerxro. A graph of ioniza-
tion rate versus field according to eq. I.1l-2 for levels
having n=6-23 is given in Fig. I.1-2. It will be shown in
sect. I.5 that these results are in qualitative agreement
with those of the more precise analysis presented in that

section.
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Ionization rate versus field according to WKB one-dimentional potential approximation for

n=6-23 (ignoring Stark effect). Lines terminate at classical threshold field, F, (see

text) .
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I.2 Separation of Hamiltonian in Parabolic Coordinates

If we neglect the effects of reduced mass and internal
magnetic interactions (eg. fine structure), Schroedinger's
equation for hydrogen in a static electric field is given in

atomic units by[ﬁET 57, sect. Sﬂ,
iV £+ F2]9@) = W @)

where F, the field, is along the z axis. This equation is
separable in parabolic coordinates (5,? ,Q ) where Q is the

azimuthal angle about the z axis; the 7 and ‘Q coordinates

are defined by 7 = r 4+ z and ‘Q = r = z and can have values
between 0 and +0 . The surfaces 7 = const. and Yz =
const. are paraboloids of revolution about the z axis with

the focus located at the origin (see Fig. I.2-1). The vo-
lume element is dT = (% +Tl)/4 didnd?. We assume that the

wavefunction has the form,

V&) = w, () Wy (0) "9

J

T, : . .
and note that V in parabolic cordinates is,
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Lines of constant; and't(as indicated) in the x - z plnnp.
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4 dsdy 4 ddy 4
T A§<$ﬁ)+§+wl Zﬂ(ylcﬁl) +T—;Z 3?%)7- .

The functions u\(ﬁ) and uz(q) satisfy the following differ-

ential equations,

d _d
{%@ ER\B *Z W3- 4%2 - #Ff'}u,(si):— 2w (T2-29)

4 o
{‘KI (‘22%5 + 5 W - z}% 3 }uziqk - L,y (T2-28)

Here Z, and Z, are separation parameters (oxr eigenvalues)
which are subject to the conditon that 2z, + Zz, = 1. This
requirement and the fact that both 2, and Zz, depend upon W

couples egs. I.2-2a and I.2-2b.

The equation in Q is independent of the field and 1is
identical to the familiar spherical equation. Thus m is a
"good" gquantum number for all values of the applied field.
Note also that the +m and -m levels are degenerate, since

only terms in m?%

appear in the ﬁ and Y equations. This 1is
reasonable, since the electric dipole interaction with the

external field is not sensitive to the direction of electron



19

circulation.

To obtain additional guantum numbers we must first con-
sider the zero field solutiops. Here we expand u,({) and
uz(y) in a power series and obtain recursion relations for
the coefficients under the condition that the total wavefun-
tion is finite at the origin. As in the spherical case,
where one must have positive integral values for the guantum
number n, we find that the quantum numbers n, and n, associ-
ated with the $ and‘q equations must also have positive in-
tegral values to ensure that the wavefunction is everywhere
finite‘}ET 57, sect. @. These guantum numbers are related

to the eigenvalues as follows,

Z,
iy = 7(wl+1)  (T.2-3)

Z;

-ZW

|

i, = -3(mi+1)  @2-3b) .

Since z, + ZZ = 1, we can invert these equations to obtain,
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1
2(namytimlt 1) -

W= -

This result can be compared with the energy relation in the

spherical case,
W |

We recognize the correspondence condition n +n, +iml+ 1 =

2
n. Here n is the familiar principle quantum number. n, and
n, can have values between 0 and n-m~1 for a given n and |m|.

Since m ranges from -(n-1) to +(n-1), we can easily verify

that the total number of states for a given n is,

mn-1 ”
2. (n-mi-1) = 7
m=-(n-1)

as required.

We now examine the problem when F is non-zero. It 1is
helpful to rewrite eqs. I.2-2 in a form with no first deri-
vatives. This is accomplished by introducing functions

f,(ﬁ) and fz(ﬂ) defined by,
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£6) 5 u, ()

'FzGI) * f‘? LLl('rl) y

that satisfy,

[f? -3& (66 -0 (T.2-4x)

[J{E - @z(*z)]ﬁ(vp =0 (T.2-4b)

where,

Q(ﬁ) ___V_Z\_l —?J' Tt tzF3 (LZ-4C)

Gop -- -2 0D Lmy (12-4d)

The function §§ can be viewed as a one-dimensional potential
well for a given energy and separation parameter. The wave-
function oscillates when @ is less than zero and is damped

exponentially when é is greater than zero. @l and @2 are
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plotted in Fig. I.2-2 for various (m| values. For rF>0the ne-
gative energy ﬁ_ solutions always consist of bound states,
and the‘q solutions correspond to tunneling or continuum

states since the wavefunction oscillates for largeﬁ?.

Because the Hamiltonian is Hermitian, we expect that
the energy eigenvalues for the problem are real. The outer
boundry condition for the q equation has been significantly
changed from the zero field case, however, so that the ei-
genvalues are not discrete. (Note that the wavefunction, in
this case, 1is not square integrable, and the large Q solu-
tion corresponds to a linear superposition of ingoing and

outgoing waves.) Even though W is continuous, the probabil-

FIGURE I.2-2

Typical potential energy functions, §, and §,_, for a tunneling state (see eq. I1.2-4) (from
HIR 71].

§. v o §2 m>|
/ t( 2N
ST RN
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ity of finding the electron inside the surface defined by
'Q=7ot '(vdt is the outer turning point) is large only when W
is near specific energies, E¢. At F=0, these energies are
equal to the zero field discrete eigenvalues. In practice,
the dense band of continuum states near Ey cannot be distin-
guished from a bound states'of energy E, until the barrier
separating the two oscillatory regions is small. An approx-
imation which is often made when the barrier is large is to
consider discrete solutions to the eigenvalue problem and to
relax Hermiticity by adding an imaginary part to the energy
such that the amplitude of the wavevector decreases exponen-
tially in time. Physically this is equivalent to allowing
only outgoing wave solutions to the‘q equation beyond71=q6t.
The conventional notation for the energies of these
"quasi-stationary" states is,

W=E-51

J

where E is a discrete eigenvalue and [" is a decay rate which
also characterizes the breadth of the levels [LAN 74,
sect. Bél Methods for calculating E and {7, given F, are

presented in the following sections.
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I.3 Perturbation Results for E

To solve for the real energy eigenvalues, we follow the
procedure outlined by Bethe and Salpeter [BET 57, sect. SE
and apply Rayleigh—Schroedingéf perturbation theory separ-
ately to egs. I.2-2a and I.2-2b to determine how the eigen-
values Z, and Z, are altered by the field. A perturbation
expansion for Z, has been obtained in this manner by Herrick

HER 76. The result to third order in the field is,

J-2E { %_(Ynk) -~ —;—E3(w+k)z—m7'+1]

X (k) |17 i k- 9w+ 19] (T.:3.0)

256[37-5(%*) ~258mEmak)" + 918(+k)+ 1 wi-1420+1 glj}

2.
where x = F/(-2E) % and k = n,-n,. The first term is the
zero field expression for Zy (see eq. I.2-3b), the second

term is the lowest order perturbation result, that is,

-2 5 {3(»«»(\0 m+11 g (Y()(@Fq>w_(q;dq

where uth) is the solution to eg. I.2-2b for F=0, and so

on. A similar expression for Z, is obtained by letting
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k> -k and x= -x. The condition that Z, + 2, = 1 (see

sect. I.2) requires that,

E= - o+ 300, M)F -t (177 3K Gz 19)F°
- £ nFK(B K+ 1wt +39)F° .

(Note that the states in the field are labelled by the =zero

field quantum numbers, n, and n, .) The fourth order correc-

tion to the energy has been obtained using the WKB method

[BEK 69; the corrected expression appears in HIR 7il

i, - :—;: [548? & +35182n%- 1134 wrK' + 1806 K*
|

-y C.nli.":.'.- &1 +‘+—,"‘k(.
L o accordineg te 8
- 54023 m*- 3093 KH-543m* + 5754 K € Fliiuay
N __»_____ﬂ_‘..,——-“’" 3 I',"'.. MQ'k\V\

, T 3 53/ 12

8622w+ 16211 | FY, _ TETE 3,c0334

[gu. ako 1 Shwerebnan {

The energies of all of the|m/ = 0 and 1 levels for the

n =

12, 13 and 14 manifolds, to fourth order in the field, are

shown graphically in Fig. I.3-1.



26

500
n=14-—3
600
HP-\
‘s
) .
G 700
4
m
b4
{38}
n=12—rX\
800

FIELD[kV/cm] —

PIGURE 1.3-1

Stark structure map of the n=12,13 and 14 levels according to fourth order perturbation
theory. Energy is measured from the ionization limit. The 80l1id lines correspond to the
m=0 states and the dashed lines correspond to the m=1 states.
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I1.4 Field for "Classical" Ionization

Before discussing the quantum mechanical <calculation
for the ionization rate,‘ﬁ , 1t is instructive to examine
the problem "classically" alohé the lines used in sect. I.1l.
We assume that the electron exists only where the kinetic
energy is positive, that 1is when, @, and éz < 0 (see
Filg. T.2%2) Ionization occurs for fields larger than the
"classical" threshold field, FCQ‘ Fci is defined as the
field for which the two oscillatory regions in the"q egua-
tion merge, or, in other words, when Qz(ﬂn“;)= O,where WMmy

is the local maximum. 'wa* satisfies the cubic equation,

do. _
v

and is given by,

[z' 5]
Ylwnx = Z* Eﬁé cos =

(1-m?) { Zy
gF L3F

-3

]

cos ©

Due to the complexity of the defining relations, graphical
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or iterative methods must be used to find Fe) for a given
state. In the special case where |m|l= 1, the equations gre-

atly simplify and one finds that,

e = 2{

so that,
@1@2%} = _Ez'_' + ZZF =S

which may be re-written as the condition,

_ E&

FCQ = 4@2 s
We have solved for Fgg for the n=7, |mkl states wusing the
third order perturbation results for E and Z, given in
sect. I.3. The values are listed in Table I.4-1. For com-
parison, according to the naive analysis of sect. I.1l, the
critical field for n=7, assuming no Stark shift, is 134
kV/cm. The critical fields mark the boundaries between qua-
si-stationary regions (ie. tunneling solutions) and pure
continuum regions, for given states. As a result, QJ_ is
useful for indicating when levels lie completely in the con-

tinuum.



n n, n, m Fcz[kv/cm]
7 0 5 1 275
7 1 4 1 296
7 2 3 + 1 321
7 3 2 1 355
7 4 1 1 401
7 5 0 | 1 475

TABLE I.4-1

The classical threshold field for all jm1l sublevels of the n=7 term.

29
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I.5 Tunneling Rate Calculations

It was shown in sect. I.l1 that electrons can tunnel at
fields below the "classical" threshold. No exact analytic
solution to the tunneling problém has been obtained, so one
must resort to approximate or numerical methods for calcu-
lating the tunneling rate. In this section we review the

major approaches that have been applied.

Oppenheimer was the first to examine this problem in
detail [bPE 2@1 He calculated the ionization probability
for the ground state in hydrogen by computing the transition
probabilities between the wunperturbed bound state (ie. no
external field) and an unperturbed continuum state of the
same energy in the applied field (ie. no Coulomb field) us-
ing Fermi's golden rule. To our knowledge this method has

not been applied to excited states.

Lanczos used the WKB approximation to determine ioniza-
tion rates for excited states[LAN 3i} He evaluated the

WKB expression,
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Vot

M= 6@{—2 gn;tJ ‘QL(Y” AY}
i -2
4 §7£[@z<7)] “ dvl
o E

where @zhz) is given by eq. I.2-4d. Using third order per-
turbation results for Z, , 2, and E, the field value was de-
termined where the tunneling rate was equal to the radiative
decay rate for each of the extreme components of the n=5-8
manifolds. These field values agreed quite well with the
experimental results of Traubenberg and Acolleagues[?RA

29,30,3ﬂ, which are described in the next section.

Rice and Good (RG) used the WKB method to derive ex-
pressions for the ionization rates, energies and separation
parameters[?lc 6%} This is in contrast to the Lanczos
method, in which perturbation theory was used to obtain va-
lues for the last two quantities. The RG method is superior
to the Lanczos method, since it allows for the possibility
that ionization can affect the coupling between the 7 and Yz
equations. Bailey, Hiskes, and Riviere (BHR) tabulated ion-

ization rates for selected Stark states up to n=25 using the
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RG method[;AI 6%} Their results are given in Fig. I.5-1.

(The BHR tables, which are the standard references on ioni-
zation rates in hydrogen, have been widely used.) In addi-
tion BHR have calculated rates for all of the sublevels for
the n=7 manifold using both the Lanczos and the RG methods.
The results of these calculations are given in Figs. I.5-2a

and I.5-2b.

A semi-analytic approach has been used by Smirnov and
Chibisov (SC) to obtain an expression for the ionization
rate[}MI 6%} This expression was derived by omitting cer-
tain small terms in the‘q equation (see eq. I.2-2b) and us-

ing the WKB approximation to obtain,

a, (4(2E)a A
(‘ZE) =
M= — exp < -

iy ! (7\7_+ lml> !

Cae) ™

——

r:

WM

(corrected by Koch[koc 74, p.3g). This expression is ap-

3
plicable when F <<2E/x where x = max (2, ,2,). The fourth
order perturbation results for E are used to obtain the ion-

ization rates for the n=7 1levels, which are given in
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Tonization probabilities versus electric field for the different Stark
longing to the n=7 level:

states n n m be-

(a) by the Lanczos method in third order [fron BAX Gﬂ)
(b) by the RG method [!ron BAI 65]1
(c) by the SC method in fourth order.
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Fig. I.5-2c. The SC results exhibit the same trends as the
rates calculated by the RG and Lanczos methods, and agree-

ment is generally good.

Alexander used a numerical iterative procedure to solve
the coupled equations for the ground state of hydrogen in a
static field[}LE 6@. For a given E, he examined the coef-
fiéients of the power series for the function fl(i) (see
sect. I.2). The condition that f, is zero at T =00 allows
one to set an upper and lower bound on the value of Z, .

The Yz equation was then solved using the WKB form for

f?_(vl),

K ,
R 7 005[51 JI1&ep| dn —%W+&E§]
ot

69

and it was observed that S was essentially constant, except
near specific values of E, where it changed by T. This is
similar to the scattering case where a change of T in the
phase shift indicates the location of a bound state. The
analogy to the scattering case was applied further to deter-
mine the resonance width (ionization rate) by using the Bre-

it-Wigner expression,
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Hirshfelder and Curtiss (HC)[ﬁIR 7ﬂ used Alexander's
method to solve for Zy given E and F, and solved the
equation numerically using the' Numerov method [ﬁAM 62,
p.lGSJ to determine the exac£ wavefunction, fz(Q) (see
sect. I.2). By examining the amplitude of the outgoing wave
at the outer turning point,Yht , they were able to determine
the ionization rate. It was found that at the resonance en-
ergy the wavefunction had a node at ndt' HC calculated the
rate of ionization for the (n=5, n, =3, n,=0, [m=l) state as a
function of field. The results are given in Fig. I.5-3.
Both the RG method results (calculated by BHR) and the clas-
sical threshold «results are given for comparison. As one
might expect, the HC results agree with those of RG except
at large [ , since the WKB approximation is not valid when
the barrier is small. Recently, Guschina and Nikulin (GN)
calculated rates for the same level using virtually the same
procedure]@US 751 Their results are also plotted in
Fig, L.5=3. The agreement between the GN and HC methods is

poor for large fields, and no explanation is given for this
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in their paper. (In GUS 75 the <calculation for the
(5,3,0,1) level is incorrectly compared with the BHR tabula-

tion for the (5,4,0,0) level.)

For the sake of completenéss we note two recent calcu-
lations for the ionization rate of the ground state of hy-
drogen and a recent calculation of the order in which vari-
ous Stark sublevels ionize as the field increases. For the
ground state ionization determination, Larsen[;AR 76] used
a method based upon Oppenheimer's procedure, and Hehenberger

[HEH 74}used a method based upon Weyl's theory for solving
Sturm-Liouville problems with continuous eigenvalues. It
remains to be shown that either of these methods is applica-
ble to éxcited states. For excited states, Herrick[}ER 76]
has used Catastrophe theory to determine the order in which
various sublevels of a given manifold ionize, and has obta-

ined reasonable agreement with the BHR results.

We have presented a survey of methods that have been
used to calculate the ionization rates for excited states of
hydrogen in a static electric field. The 1list is rather

long, and the methods which have been used are quite varied.
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The numerical approach of HC is the only one which gives ex-
act results. Unfortunately, this approach is difficult to
apply to highly excited states. Thus we will compare our
experimental results for the ionization rates of hydrogenic
Stark states in sodium with the BHR calcuations (RG method)

for P.
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I.6 Review of Field Ionization Experiments

Perhaps the earliest and certainly one of the most ele-
gant experiments on field ionization was performed by Trau-
benberg and colleagues, who obgerved the effect of spontane-
ous ionization on the Balmer emission spectrum of hydrogen
ETRA 29,30,3i} They used a discharge lamp with an internal
field that varied monotonically with position, decreasing
from a value of 1.1 MV/cm at one end of the lamp to nearly
zero at the other end. The resonance fluorescence was im-
aged on the slits of an optical spectrometer and a photo-
graph of the spectrum was taken. The photographic plate is

reproduced in Fig. I.6-1. The various groups of lines cor-

PIGURE I.6-1

Sstark effect on some of the Balmer lines. The electric field strength increases from the
bottom of the picture upwards. The maximum field value (a little below the top of the
picture) is 1.14 MV/cm. The horizontal white lines are lines of constant field strength
[from BET S7].
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respond to transitions from the n=4-7 states to the common
n=2 state for increasing field values. The abrupt end to
some of the lines indicates where spontaneous ionization
competes with radiation as a means for depopulating levels.
Perhaps the most striking feature of the data is the fact
that the components which are furthest from the ionization
limit for a given n disappear first as the field increases.
Note that at these values of n, the levels ionize before
they cross with states from adjécent manifolds. (According
to the BHR results, states having n»9cross before the ioni-

zation rate exceeds the radiative decay rate.) Unfortunate-
ly this spectroscopic method gives no informétion when ioni-
zation rates are large, in which case radiative decay is ne-

gligable.

An important advance was made by Riviere, who suggested
using ion detection to measure the ionization rate directly
[ﬁIV 65} This method consists of creating excited state
hydrogen atoms by charge exchange in a fast proton beam,
subjecting the excited atoms to an external field, and moni-
toring the production of ions. For experimental convenience
the derivative of the signal with respect to field is meas-

ured wusing lock-in detection to minimize noise. Data obta-
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ined using this method is shown in Fig. I.6-2. When a wide
distribution of sublevels of a given term are present, the
signal which results appears as a bell-shaped curve as a
function of the field. Unfortunately, the charge exchange
excitation method excites all sublevels for many n values
which results 1in overlapping ionization curves at large n.
To compare this data with theory one must sum the contribu-
tions to ionization from all of the populated levels and
must assume some distribution of states. This makes deta-
iled testing of ionization rate calculations exceedingly
difficult. The reader is referred to two excellent review
articles by Il'in and Riviere for a more extensive survey of

these fast beam methods[iLI 73 and RIV 6@.

Spectroscopic studies of ionization have been made and
qualitative agreement between theory and experiment has been
obtained for the lower n manifolds. A detailed comparison
between theory and experiment has been difficult for higher
states, since the only information about ionization has come
from fast beam experiments in which many terms contribute to

the net ionization signal.
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Comparison of the calculated differential ionization rates with experimental results [trom
RIV 63]. The relative population of the levels was assumed to vary as n-3 and the calcu-
lated curve has been normalized in amplitude to agree with the experimental points at n=12
[trom xoC 74].
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CHAPTER II

DISCUSSION OF ENERGY LEVEL STRUCTURE AND EXCITATION OF SODIUM

ITI.1 Introduction

The best atom to use for testing hydrogenic tunneling
theory is hydrogen. Unfortunateiy, however, hydrogen cannot
be excited to selected high Rydberg states by visible lasers
since the principle transition (ls =>2p) is in the vacuum
ultraviolet. Alkali atoms provide the next best choice be-
cause they are, for many purposes, similar to hydrogen.
Alkalis consist of a nucleus of Z protons surrounded by a
core of Z-1 electrons and a single valence electron. The
core electrons form a closed shell rare gas configuration,
with zero total angular momentum and a spherically symmetric
charge distribution. Outside the core the potential is, to
a good approximation, Coulombic. For high angular momentum
states the electron does not appreciably penetrate the core,
so that many physical observables such as the binding energy
and the fine structure splitting are nearly identical with

those of hydrogen.
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Sodium was chosen for this study because it is a 1light
alkali with a relatively small core (10 electrons in a
1s(2)2s(2)2p(6) configuration) and consequently is more hy-
drogenic than the heavier alkalis. Also, Rydberg states of
this alkali «can be populated readily by using tunable
lasers. In the next section we examine the energy levels of
sodium in the absense of external perturbations. For com-
pleteness we include the effect; of the fine and hyperfine
interactions, although they play'no significant role in this
work. In the following section the effect of an external
electric field on the level structure of the Rydberg states
is calculated. Finally, in the fourth section we consider
the selection rules for excitation of Stark levels for vari-

ous laser polarizations.
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II.2 Sodium Energy Level Structure -- Zero Field Case

The energy level diagram of the observed levels for so-
dium is given in Fig. II.2-1l. Angular momentum increases to
the right[Moo 4@. Hydrogen term energies are included for

comparison.

Traditionally the energies of the states are expressed

in the hydrogen-like form,

= (
E.o = — I1.2-1)
nL 2 r
where Sg is called the guantum defect. 51 is essentially
independent of n and decreases with increasing 1. Evidence

of this is shown in Fig. II.2-2 for several alkali atoms
(for sodium, & =1.35, § =0.85, and §,=0.014). The fact that
the quantum defect is non-zero and independent of n has been
qualitatively explained by Parsons and Weisskopf by assuming
that the core is impenetrable, so that the wavefunction is
zero at the core surface (ie. r=r ) PAR 67. For r>r the

potentials of sodium and hydrogen are the same. The core

radius of a given alkali is determined by requiring that
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Energy level diagram for sodium. At left, hydrogen energies are shown. The zero of ener-

gy is the one elctron ionization limit.
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the theoretical ground state energy match the observed ener-
gy. (For sodium this radius is 0.91 bohr.) The condition
that the wavefunction be zero at r=r, is easy to Jjustify
since the classical velocity of the electron (v=fETE:VT;7T )
is large when it is inside of the core. (Here V(r) is the
effective (shielded) nuclear Coulomb potential.) The fact
that little time is spent atv¢Yr, is reflected in the small

amplitude of the atomic wavefgnction. Good agreement has
been obtained between guantum défects calculated according

to this model and observed values for all of the alkalis.

For 1> 3, the energies of sodium are virtually indis-
tinguishable from those of hydrogen. This is expected since
these states do not penetrate the core appreciably. There
is, however, a slight deviation from the hydrogenic ener-
gies, largely due to the induced polarization interaction
between the valence electron and the «core ]}RB 7@.
According to Freeman and Kleppner the quantum defects due to
the polarization energy for the high 1 states are less than

0.005.

Assuming 82 can be treated as a constant, we can con-
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struct a universal local energy level diagram (Fig. II.2-3)
which is applicable for large n. The unit of energy in this

diagram is the hydrogen term separation,

3 i .
Ao(“) =T am —\( Z(Y]'-l)z) " e

The difference between the energy of a sodium level of given

n and 1, and the hydrogenic energy of the same n is,

1 =] N 8
S~ By (o) = -7 - (- imgy ) 52

so that in units of Aén), the sodium level lies below the

hydrogen level by an amount & .

Fine and Hyperfine Structure

For the most part fine structure arises from the inter-
action between the magnetic dipole moment of the electron
Vizssﬂb§) and the magnetic field induced by its orbital mo-
tion[?ON 70, sect. S.Q. The interaction energy is propor-

-

5 - - .
tional to L+S, where L is the orbital angular momentum and B

is the spin angular momentum. Each state with 1> 0 is
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Local energy level diagram for the 1=0,1 and 2 states in sodium., The unit of energy is
taken to be the hydrogen term separation which is shown at right.
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split into a doublet with a splitting given by 'AEks(WQ).

Hyperfine structure is mainly due to the interaction of
the nuclear dipole moment (F1=31/'"omﬁ\i ) and the magnetic
field produced by the valencefelectron[}OP 58, sect. 2€}
The interaction energy has the form a“Q3 f-J, where T is the
nuclear spin angular momentum apd T is the total electronic
angular momentum (i=3/2 for godium). States having j=1/2
are split into two components, and levels with j)j/z are
split into four components. Both ah%; and the leading term
to AE% are proportional to<r3>, so that to a first ap-
proximation the fine and hyperfine splittings are propor-
tional to one another[}AM69, p.7ﬂ. We shall later use
this fact to infer the size of a“% for states where no hy-

perfine measurements have been made.

For low 1 states a semi-classical approach has been
used with moderate success to determine AEg.  and a,%&[bou
Bﬂ. According to Goudsmit, both quantities scale as
(n-E&)_g. To illustrate the scaling law we list AEg for
numerous levels in sodium in Table II.2-1. Data on the hy-

perfine splittings of the sodium states is somewhat sparse
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since the size of the hyperfine interaction is generally so
small. The ground state hyperfine separation has been accu-
rately measured using atomic beam techniques. The two com~-
ponents are separated by 1772 MHz[}AM 69, p.ZSQ. (The

separations between the four components of the 3ZQ%_ state
have been measured by level créssing techniques and have va-

lues 60, 40 and 20 MHz.)

For large 1 (ie.L>3), the fine structure splitting for
sodium has been observed to be the same as for hydrogen[CAL
76a, LIA 7@ and is given by the following expression to

oxrder a}(}ET 57, sect. 17.3,

TABLE II.2-1

Pine structure separations of p and 4 states in sodium.

Azfs(np)[cm’l] BE (nd) [Miz)

n x1 x(n-0.85)3 x1 x(n-0.014)3

3 17.20t n -1482(5)2  -39400 oo oo
4 5.631 176 -1025(6)%  -64900 T
5 2.521 180 -690(50)2  -85500 2. [MEI 37]
6 1.25% 171 -372(50)2  -79800 3. [PRI 74)
2 0.74% 172 4. [HAR 74]
8 0.47% 172 5. [HIL 76]
9 -124.505)4  -90300

10 -91.5(10)%  -91100

1n -71.6(13)°  -95000

12 -54.0(24)° ° -93000

13 -44.0012)°>  -96300

14 -3¢.9(5)° -95500

15 -26.1(10)°  -87800
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o (_3__ i )
AE*FS = 23 \ 40 d—*%_ b

No measurements of the hyperfine structure have been made
for these high 1 states. However, because of the relation-
ship between the fine and hyperfine structure, we are fairly
safe in assuming that a“%_ is given by the hydrogenic ex-

pression,

Qg = o
LAy (D) M

We see from this equation that the hyperfine splittings are
smaller than the fine structure splittings by an amount on
the order of P@aui /= 800, where /LI is the sodium nuclear mo-

ment.

Radiative Lifetimes

Lifetimes (T ) of the low 1 states in sodium for n{1l4
have recently been measured by Gallagher and colleagues [GAL
75,764} Their results are listed in Table II.2-2, Within

experimental error, T 1is found to scale as n'3, which is
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expected according to quantum defect theory. The lifetimes
of the 1low 1 states in sodium are larger than the corres-
ponding hydrogen values, since w3 for the sodium principle
transitions 1is smaller. For states with large 1 we expect
that the decay rates are the same for sodium as for hydro-
gen. The hydrogen decay rates have been tabulated by Green

et al(GRE 57].

TABLE II.2-2

Radiative lifetimes of 8, p and d states in sodium.

Lifetimes [nsec]

n  _t(ns) T (np) (na)
3 16.1
4 125(12)
5 345 (43) 120(14)
6 890 (90) 206 (24)
7 276 (14) 1450(100) 324 (32)
8 465 (40) 502 (39)
9 713(76) 720(67)
10 1024 (49) 971(35)

11 1270(130)
12 1650 (150)
13 2270(170) 2120(400)
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II.3 ©Stark Structure of Sodium

Here we consider the effect of an external electric
field on the Rydberg states of sodium. For the moment we

ignore the fine and hyperfine interactions.

Unlike the hydrogen case digcussed in chapter 1I, the
sodium Stark problem does not separate in parabolic coordi-
nates, because the potential is not Coulombic. (The condi-
tion for separability is that r«V(r) can be expressed as a
function of 7 plus a function of q .) The azimuthal part
of the Hamiltonian separates, as before, so that m is a

"good" gquantum number in the field.

To determine the energy eigenvalues we have chosen to
diagonalize the Hamiltonian matrix using zero field sodium
wavefunctions in a spherical representation. The total Ham-

ilitonian is,
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KoInm> = Eqg (nlmd> .

here 5&,is the zero field sodium Hamiltonian,lmlxn) are its
eigenfunctions, and Eyg are the eigenvalues which are known
(see eq. II.2-1). To construct the energy matrix we must

evaluate the matrix elements,

nAm! X [0 Lm’ > = <ndmIBs nL'm’ > + <vdml Fz[(w'Lm’> |

The first term is diagonal and has the value
E“LSnwﬁ&ﬁ;gmng. The second term is off-diagonal in 1 be-
cause z is an odd function which can only couple states of
different parity. Fortunately, many of the off-diagonal z
matrix elements are not present due to the fact that the an-
gular integration over z = r cos © gives zero for all cases
except when m=m’ and l=l/il. The condition on m is espe-
cially helpful because it ﬁeans that one can diagonalize
each Im/ case separately. Thus the dimensionality of our ma-
trix increases only by n - [ml for each n manifold we wish to

include, instead of by n? as it would in the general case.
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To calcuate the non-zero matrix elements, we use a pro-
cedure derived by Zimmerman (see appendix A). The method
determines the wavefunction for the known energy by expand-
ing the Coulombic wavefunction in a power series which sa-
tisfies the outer boundary condition. The wavefunction is
only wvalid for vor;. Fortunafély the major contribution to
<h1Wﬂ¥JYV£M¥> is at large r, where the method is most ap-
plicable. (Conversly, one woul@ not expect the matrix ele-
ment of(ﬁﬂQforg)o to be accurate, since this gquantity de-
pends strongly on the behaviour of the wavefunction near the
origin.) Zimmerman's method 15 similar to the
Bates~-Damgaard technique [BAT 4%, which has been widely
used for alkalis. For states having 1 and 1’ > 3 the dipole
matrix elements were evaluated by letting E,jp equal the hy-
drogen energy in Zimmerman's procedure. The low 1 dipole
matrix elements for sodium obtained with this method are
significantly different from those for hydrogen  (see Table

IT .3=1) .

To diagonalize the energy matrix the familiar Jacobi
method was used to obtain eigenvalues and eigenvectors[NEU
62, chap. il The largest square matrix that we could diag-

onalize on our laboratory computer was 75 x 75, which set a
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1op lof s Mp 0d ng dzs 2p j2d 28
143, 4o. -Is.
195 | (91) (-12.) (s)
143, 31. 46. =1l -7
0P | (es) (92.) “19) -1 (0.)
143, 27, 51. =)0. -13.
lod (143) (140.) (49.) (#) €19.)
23. -8.
o (25.) -3
e | er 8.
(ns) (-15)
138. 38, 54.
WP | (33, (114.) €23)
175, 33. ©0.
d (135.) a31) %)
29.
e @1
215,
125 | (136)
12 s
Pl (a9
2098.
12d (209)
TABLE II.3-1
Radial matrix elements between various low 1 states in hydrogen and sodium. The values

for hydrogen appear above those for sodium in each box.

its (bohrs).

All quantities are in atomic un-
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limit to the number of manifolds which <could be included.
For example, if one were interested in the [mFO case near
n=15 then the largest number of nearby terms that could be
considered would be four, namely, two manifolds above and

two below (ie. 13+14+15+16+17=75).

Results of the diagonalization for thelm| = 0, 1 and 2
cases for sodium near n = 15 a?e given in Fig. II.3-1. For
comparison the hydrogen results for these same states are
also presented. (On this scale and for the levels shown,
there was no observable difference between the hydrogen di-
agonalization and the fourth order perturbation results.)
The diagonalization was carried out in steps of 250 V/cm;
the curves 1in the field region between calculations were
generated by interpolation. The linear Stark shifts exhi-
bited by the bulk of the levels is the familiar effect that
one observes for degenerate systems or for cases when Stark
perturbations are large compared with the zero field separa-
tions. 1In sodium, the s and p states are not degenerate in
low field and display a second order Stark shift. The |m|= 0
and 1 cases in sodium exhibit large repulsions between
states of the same |m|, whereas the hydrogen states appear to

cross. The higher |m| states in sodium rapidly approach hy—
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drogenic behaviour making them good candidates for testing

hydrogenic tunneling theory.

Fine and Hyperfine Structure

Now we consider the effect of the fine and hyperfine

interaction on the sodium Stark structure. These terms,
. — - - = .

proportional to L-S and I-J respectively, can be expressed

in terms of raising and lowering operators,

L-S=1.8, +3(L,S + LS

T3 = Ta(Lyts,) + 5(T (svb ) + T(S,4L,))

where Ly dm> =mindm>§ L, nkw> = [@sm)Ermet) nL med),
ete. Since the hyperfine interaction is so much smaller
than the fine structure, we shall ignore it for the present.
Because s = 1/2, the total number of states has doubled.
The "z" projection operators do not change either mg Or m SO
that they appear on the diagonal of the energy matrix. The

size of this term is determined by the overall coefficient
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- e s
of L-S, b(nl), which is largest for the p states. For exam-

ple, the diagonal term corresponding to the 12p state is
0.0833 cm™? where we have taken b(1l2p) to be 0.166 em™t,
The two different spin states are shifted in opposite direc-
tions. The raising and lowering terms couple states of dif-
ferent m and mg (same 1 and s); which means that we can no
longer diagonalize each m case separately. The size of the
terms off-diagonal in m and mg are also determined by b(nl),
which for all of the states near n=12 are less than 0.166
cm~%., One effect of the fine structure term is to remove
the degeneracy between the +m and -m states by an amount
proportional to b(nl). Another effect is that 1levels of
different m anticross due to the coupling between the m and
m + 1 manifolds, but the size of the level repulsion, which
is twice the coupling matrix element (see appendix E), is
small. Since the energy shifts and splittings are so much
smaller than the Stark shifts of the levels, we are justi-
fied in ignoring them in the first stages of the analysis.
As we shall see 1later, however, a minute amount of level
mixing can have a significant effect on the ionization beha-
viour of levels, and therefore these terms must be included

in a thorough treatment of ionization.
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The Earth's magnetic field also affects the 1level

structure. The interaction energy is-ji-?, so that the size

of the interaction is roughly equal to MoH. For a field of
-4 _.-1

1l gauss, Pl = 10 cm ", which is negligable compared with

the fine structure energy, and so may be ignored.
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IT.4 Optical Excitation of Sodium Rydberg States

In the work that follows Rydberg states are excited
stepwise in a static electric field (F¢50kV/cm), which
serves to mix the high n states but does not markedly per-
turb either the 3zsi ground state or the 32P%.intermediate
state. To illustrate this we estimate the size of the Stark
shift of +the m=0 component of £he 3p level using perturba-
tion theory. The major terms which contribute to the shift
are due to the nearby 3s, 4s and 3d levels. The shift to

lowest order is given by,

AE n Fz{mss:zlsng . Maslzispy] |<3jflzl3g>lz}
E_gs' E-3P E‘PS- EBP tsJ—ESP &

We evaluate this expression wusing matrix elements from
Zimmerman's method (see appendix A) and energies from the
NBS energy level tableslﬂoo 4é]to obtain a shift of 0.048

Hz/V 2. At 50 kV/cm the shift is 120 MHz. The Stark shift
is much smaller than the fine structure separation of this
level, 17.2 cm'l, so that L and ? are not decoupled and m is
not a good guantum number. The stationary states of the
system are thus mixtures of the m values 0 and #+1. (Note

that for the Rydberg states, m 1is a good guantum number
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- - .
since L and S are decoupled by the field.) The Stark shift
is also smaller than the laser width, 0.5 cm~ %, so that the
frequency of the yellow laser does not need to be adjusted
when the field is varied. (The yellow laser is tuned to

16980 cm 4 and causes transitions from the 3255 ground state

to the 31P» intermediate state.)
2

Only final states having certain m values can be popu-
lated, depending wupon both the polarization of the laser
which causes transitions from the 31P%. state (hereafter
called the blue laser), and upon which m sublevels are pre-
sent in the intermediate state. To determine the composi-
tion of the 32P@lstate, we first ignore the hyperfine inter-
action so that the stationary states are @‘"57‘ We can ex-
press these states in terms of product states IQXn>{57ns> ac-

cording to the expression,

bmy> = 2 almmg; £,8) [Lmdlsms>
m, Mg
where the a's are the familiar Clebsch-Gordon coefficients.
The expressions for each of the four sublevels of the BZ%k
state are shown in Fig. II.4-1. The excitation is schemati-

cally represented for the cases of T and cri polarization
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of the yellow laser according to the selection rules Ahy =0
and il.‘ We observe that regardless of the yellow polariza-
tion them/= 0 and 1 cases are present. The selection rules
to the final Rydberg states are oM = 0 or #1 for T or o"I
polarization of the blue laser((the selection rule is for m
since T and § are decoupied for these highly excited
states). Thus if this laser is polarized along the field
axis (1), then theim = 0 and 1 states are excited and if it

is polarized perpendicularly to the field axis ( O + o ),

then the|m|= 0, 1 and 2 levels are excited.

The analysis is altered slightly if we include the ef-
fect of the hyperfine coupling in the intermediate state.
The stationary states of the system are lFWﬂF;BWhere ? = T +
T. To determine the final state population we must consider
the contribution to excitation from all 16 hyperfine sublev-
els (ie. £ = 0, l, 2, and 3). To make matters even more
complicated, the relative phase of the sublevels plays a
role since pulsed excitation results in a coherent superpo-
sition of sublevels[fRA sﬂ. (The condition for coherence
is important when excitation takes place in a time shorter
than 2T/pwo, where Hw is the splitting between 1levels.) In

principle these coherence effects can alter the selection
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rules (see appendix B). Fortunately, the general discussion
of m composition is not changed, since there is no coherence
between fine structure levels. If, however, one wished to
determine absolute gquantities such as oscillator strengths
from knowledge of the final state population, it would be
necessary to perform this complicated analysis. Since we
only want to determine which m| states are excited the deta-

iled analysis is not required.

We conclude that the |m| values of the final states do
not depend upon the yellow laser polarization. ml= 0 and 1
Rydbergs are excited for linear polarization of the blue
laser parallel to the field axis, and|ml = 0, 1 and 2 Ryd-
bergs are excited for linear polarization of the blue laser

perpendicular to the field axis.
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CHAPTER III

APPARATUS

III.1 Lasers and Atomic Beams -- A New Technology

Recently there has been renewed interest in Atomic
Spectroscopy due in large pArt to the development of the
tunable dye laser. It is possible with this device to per-
form experiments that previously were inconceivable. This
work is a good example. We have merged new laser technology
with atomic beam techniques in order to study atoms in high-

ly excited states.

We start with ground state sodium atoms which come from
an effusive thermal source and form an atomic beam. The
atoms are excited stepwise to Rydberg states by two pulsed
tunable dye 1lasers. The intermediate state is resonant.
The process is selective, in that by appropriate choice of
laser frequencies, all of the excited atoms can be prepared
in a particular guantum state. To study ionization we ex-

cite the atoms between electric field plates, which allows
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us to apply large electric fields after, or in some cases
during, excitation. The result of applying these large
fields is the ionization the highly excited atoms, producing
Na® ions and electrons. The Na? ions are accelerated by the
field and escape the interaction region through a hole in
the negative field plate, which is at ground potential. The

Na®t

ions then strike a highly sensitive low noise ion detec-
tor. The ion formation is monito;ed as a function of param-
eters such as electric field stréngth and laser frequency.
In this chapter we describe the equipment and calibration

procedures used to carry out experiments on field ioniza-

tion.
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ITT.2 The Lasers

The blue and the yellow lasers which were used in this
work are of the Hansch design[ﬁAN 7ﬂ. A schematic diagram
of the laser system is given in Fige: III.2=1s The compo-
nents are identified in the caption. Both lasers were
side-pumped by a common pulsed nitrogen laser (3371 g, 100
kW peak power) which assured synchronization of the two vi-
sible lasers. The UV pump laser (AVCO model C950) operated
with a repetition rate of 50 Hz. The yellow laser peak
power was 1 kW using Rhodamine 6G dye (Molectron #70360).
The peak power of the blue 1laser was 3 kW using either
4,4-diphenylstilbene dye (Molectron #70353) for accessing
N>26 (4087 - 4112 A), or 1l,4-bis-(2-methylstyryl)benzene dye
(Molectron #70354) for accessing n=10-30 (4105 - 4277 X).
The pulse duration of the lasers was 5 nsec. The linewidth,
the value of which was a sensitive function of the focussing
of the cavity beam expander, was typically 0.5 cm~!. To
tune the laser the angle of the echelle grating (Bausch and
Lomb model 35-63-05-460), which also served as end mirror
for the cavity, was changed. Initially the grating position
was manually adjusted using a mirror positioner (Oriel model

1450) . Later we added a servo controller, described in ap-
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PIGURE III.2-1

Schematic of the pulsed dye laser. One of two lasers which are used to perform field ion-
ization experiments in sodium.
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pendix C, to allow positioning of the blue grating under
computer control. The resetability of the 1laser for both
manual and computer operation was better than the linewidth.
The net drift for an eight hour period under average labora-

tory conditions was less than 1 cm~'.

To calibrate the computer scan of the blue laser we
used a flat Fabry-Perot intérferometer (Burleigh model
RC-40) with dielectric mirrors coated for use in the blue.
The interferometer was used as a narrow-band tunable filter
with the free-spectral-range (FSR) set to about 10% of the
full scale tuning range of the blue laser. The throughput
of the interferometer was monitored with a photodiode (Mon-
santo model MD1l). (The transmission function of the inter-
ferometer is peaked and repeats every FSR as the input fre-
quency is varied.) By noting the location of the transmis-
sion peaks with respect to the grating controller voltage we
were able to calibrate the scan. The linearity was measured
to be better than 2% except for the first 10% of the sweep,
which was affected by mechanical lash in the mirror posi-

tioner.
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III.3 Atomic Beam and Interaction Region

The nearly colinear laser beams intersected a collimat-
ed (3 mm dia.) sodium atomic beam at right angles inside the
vacuum chamber, which was maiﬁtained at an ambient pressure
of 10’6 torr (see Fig. III.3-la). The lasers, focussed to
approximately 1 mm spots, overlapped at the interaction re-
gion. A conventional effusive éven source with nozzle aper-
ature of 89# was operated at 450°C. The atomic flux was
monitored by means of a surface ionization detector using a
hot tungsten filament (0.01 cm dia. x 1 cm) [}AM 69;
sect. XIV.3.€] located 30 cm from the nozzle. The current
from the detector was about 1 na for the source conditions
indicated, which corresponds to a density at the interaction
region (midway between the nozzle and the detector) of 1093

3

atoms/cm The average atomic velocity in the beam is giv-

en by[?AM 69, sect. II.3.Z.

ZEB'T'
<'U_> = 1.33 MM P 1mm//&&t,
a : 7

where MNa' the sodium mass, is 23 AMU, and T, the tempera-
ture, is taken to be 450°C. A 5 gram charge of sodium (MSA

Research corp) provided about 150 hours of beam time.
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PIGURE IXI.3-1

(a) Experimental arrangement showing vacunm chamber (uncovered) and the two dye lasers.
(b) Interaction region where the atomic source, field plates and CEM are shown.
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The interaction volume was located midway between two
electric field plates, seperated by three 0.500(8) cm Delrin
spacers, and held together by nylon machine screws. The
lower plate was at ground potential and had a 1 cm hole on
center which was covered with a'fine wire mesh so that posi-
tive ions, accelerated by the field, could escape. The ions
impinged upon the cone shaped cathode (1 cm dia.) of the
channel electron multiplier (CEM -= Gallileo Electro=-Optic
corp model 4039 EIC), which was kept at a potential of about
-2.5 kV. These energetic ions caused electrons to be eject-
ed on impact which were, in turn, multiplied by cascades and
collected at the anode of the CEM. The CEM was so sensitive
that individual ions could be detected with ease. A single
ion resulted in a pulse of 10 nsec duration and 3 mV peak

amplitude into a 5082 termination. A schematic of the inter-

action region is given in Fig. III.3-1lb.
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ITII.4 Timing and Electronics

The six experiments that are described in the next
chapter wused either of two detection modes, namely, the
PULSED FIELD mode in which excited atoms were ionized by a
large electric field pulse soon after excitation, or the
FIXED FIELD mode in which ioniza;ion occurred spontaneously
in the static field. The pulsed field mode was used to stu-
dy the excitation spectrum of Rydberg states. The fixed
field mode was used to measure excited state ionization

rates in strong static fields.

Pulsed Field Mode

In the pulsed fieldvmode, Rydberg atoms are ionized
about 1 Mmsec after laser excitation by application of a 15
kV/cm field pulse of 3 pmsec duration. (For most efficient
operation the pulse should be applied as soon after excita-
tion as possible to minimize loss of signal due to radia-
tion, and in any case it must be applied before the excited

atoms drift out of the interaction region, which takes about
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10 msec.) The laser excitation takes place either in zero
field or in a static electric field. The field is applied
by a HV power supply (Ortec model 456) connected to the
upper field plate through a 100 kfl resistor which protects
the supply from voltage transients. The pulsed field is
derived from a HV trigger module (EG&G model TM-11l) which is
coupled to the plate through a 0.1 pf capacitor. The effec-
tive pulse risetime is approxima;ely 500 nsec. A timing di-
agram is shown in Fig. III.4-la. In this mode the integrat-
ed output of the ion detector (CEM) is proportional to the
number of excited atoms that exist at the moment when the
pulsed field is applied. The method for integrating the CEM

output is described towards the end of this section.

Fixed Field Mode

In the fixed field mode, Rydberg atoms formed in a dc
field are observed to decay exponentially in time from the
moment that they are excited, provided that the field is
sufficiently large that the primary decay mechanism is field
ionization. The ion production is directly monitored by the

CEM. The timing for this mode of detection is illustrated
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in Fig. III.4-1b. The CEM signal that is sketched corres-
ponds tollarge numbers of detected ions for each laser exci-
tation pulse. The CEM can also be used for observing single
ions which are detectable as individual pulses after elec-
tron multiplication. To accurately measure decay rates the
CEM gain must be independeh£ of the position at which the
ion stikes the cathode surface, because the motion of the
atoms maps a spread in ion creation time into a spread in
space. Unfortunately the gain of the CEM is not uniform
over the cathode surface[HIR 761 The particle detection

efficiency (analogous to the quantum efficiency for photo-
multipliers), however, is uniform over the surface. Thus as
long as one counts single ions, where each Pulse is assigned
the same weight regardless of pulse height, no corrections

to the detected signals are required.

Single Event Timing Spectrometer

In the experiment described in sect. IV.4.A of the fol-
lowing chapter, ionization rates were determined by fitting
to an exponential function the decaying distribution of

first ion arrival times obtained with a single event timing



82
method. The fit to the exponential was performed using a
general linearized least squares algorithm [ﬁIN 7@,
sect. 4.2. Each data point was assigned a weight according
to a Poisson distribution. The distribution of arrival
times of the first ion detected after excitation was deter-
mined in the low ion production limit. For the case where
only one event is observed for each excitation pulse, the
arrival time distribution is p;oportional to the population
of the excited state in timeI}OU 73. To determine this
distribution we used a CAMAC time-to-digital converter (TDC
== LeCroy Research Systems model 2228). The laser trigger
was used to start the TDC timer and the detected single ion
pulse was used to stop it. A CAMAC scaler (Ortec model
S424B) counted how many stops occurred after each laser
pulse and the software vetoed cases that had more than one
stop for a given start. (The pulse pair resolution of the
scaler is 7 nsec. To minimize the multiple pulsing error we
made sure that the total stop rate was less than 10% of the
start rate for decay rate measurements greater than 107
sec™1 ) Each acceptable event was recorded by incrementing
the data channel that was associated with a given time in-
terval (in this case the computer emulated a multichannel
analyser). A schematic of this setup is given in

Fig. III.4-2.
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The TDC was calibrated to better than 0.5% using a pre-
cision oscillator and discriminator to provide pulses separ-
ated in time by a known amount(}IT 7@. The resolution was
measured by timing ions formed promptly with laser excita-
tion (eg. by exciting rapidly ionizing continuum states,
that is, photoionization) and-then observing the ion arrival
time spread which, in this case, is due entirely to instru-
mental dispersion. The overall timing resolution, including
the response of the CEM and the.transit time dispersion of
ions was measured to be better than 10 nsec for applied
fields in excess of 10 kV/cm (total transit time to the de-

tector is less than 200 nsec) .

Boxcar Integrator

For several experiments it was necessary to linearly
integrate the CEM output over a specified time interval
which we shall call the integration window (IW). To accom-
plish this we constructed a boxcar integrator using
state-of-the-art fast electronic modules (see Fig. III.4-3).
The integration window was determined by a gate and delay

generator (Berkeley Nucleonics corp model 8010) triggerred
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by the laser, which switched a linear gate (Ortec model LG
101/N) through its control input. The linear gate allowed
only a portion of the signal from the CEM, as determined by
the output from the gate and delay generator, to be integ-
rated by an RC network ( 30 msec holding time) which was
connected to the linear gate ou£put. Using this boxcar in-
tegrator it was possible to detect single ions with a
signal-to-noise ratio of better than 10. In a typical <case
the integrated signal was digitized wusing a CAMAC
analog-to-digital converter (ADC -- Kinetic Systems corp mo-
del 3520) while some parameter (eg. blue laser wavelength,
static field,etc. ) was slowly stepped everyllO or so laser
flashes. The entire process was under computer control and

the information was stored on line.
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CHAPTER IV

EXPERIMENTS ON FIELD IONIZATION

IV.1l Introduction

The aim of this thesis is to‘investigate field ioniza-
tion in one electron atoms. In.order to measure ionization
rates it is necessary to develop methods for exciting, de-
tecting and identifying particular Stark states of the atom.
The first section of this chapter describes techniques de-
veloped for exciting and detecting Rydberg states of sodium.
The second section deals with excitation and identification
of selected Stark sublevels in electric fields up to values
where spontaneous ionization starts to be significant, and
in the final section we describe two experiments where field

ionization rates for selected Stark states are determined.
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Iv.2 Excitation and Detection of Rydberg States

IV.2.A Spectroscopy of ns and nd States of Sodium

We describe here the method used to excite and detect
Rydberg 1levels of sodium. The techniques which were devel-
oped to carry out this experiment are also used in the later

stages of our studies.

At time zero the two pulsed lasers simultaneously illu-
minate ground state sodium atoms in the atomic beam. The
yellow laser is tuned to the 3zsa~9313&transition at 16980
em~1 ; its power is sufficient to saturate the transition.
(A calculation of the excitation rate is presented in appen-
dix D) The blue laser is tuned to a frequency which, for
the moment, we assume is in resonance with the 3'1P%4 n"S&
transition. (The second étep of excitation is below satura-
tion for the states that we work with, that is, n>13.) At
t=1 musec, Dbefore the majority of the highly excited atoms
have either radiatively decayed or drifted out of the inter-
action region, a large electric field is applied which ion-
izes the Rydberg atoms and accelerates the positive ions to-

wards the ‘"ground" electric field plate. The ions pass
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through a grid in this plate and then strike the cathode of
the channel electron multiplier (CEM). Typically hundreds
of ions are detected for a single laser pulse. The CEM sig-
nal is integrated by the fast boxcar integrator described in
section III.4. For a laser scan the frequency is under com-
puter control by means of the grating positioning mechanism.
At each frequency the laser is fired several times and the
total signal is stored by the on-line computer. The grating
is then advanced to the next chéﬁnel and the process is re-

peated.

The result of one scan, 256 channels, is presented in
fig. IV.2.A=1l, A timing diagram is also included to indi-
cate the integration wiﬁdow. A peak occurs whenever the
blue laser is in resonance with either an ns or nd level.
With this method we have been able to identify s and d
states in the range n=23-38. (Above n=38 we were not able
to resolve s and d states given the laser width of 0.5 cm™2
and below n=23 we could not ionize the excited atoms since
the largest pulsed field that we could attain, at that time,
was 1.2kV/cm.) The wavelengths for excitation were measured
using a SPEX monochrometer model 14018. The results were

used to determine the gquantum defects for the s and d states
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(the values for the ionization limit and the 3ZS£ - 3213_,;2
separation were taken from the NBS tables[ﬂoo 4%). For s
states we found that § =1.35(4) and for d states §,=0.00(4).
The gquoted deviation represents the limit of error of these

quantities. This data is plotted in Fig. IV.2.A-2 in a

manner such that the function;'

E .
) (Y\~@>)2» '
is represented by a straight line where the slope is ﬁ:‘ and
the n axis intercept is F. For « we used the Rydberg con-
stant for sodium and for g we used the guantum defects which
\
best fit our data. In this plot the lower ns and nd state

energies (NBS tables MOO 49) are also included for compar-

ison. Our results are consistent with the NBS values.

In principle one could determine relative oscillator
strengths from the amplitudes of the excitation curves,
however, we could not do so for two reasons. First, the
blue 1laser power is not uniform over the entire 100 cm’1
range, and we did not normalize the data to account for this

variation. Second, the CEM 1is easily saturated (due to

"pileup") so that the ionization signal scale is not linear.
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This later problem could have been avoided by using a dis-

crete dyhode electron multiplier instead of the CEM.
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IV.2.B Ionization Efficiency vs. Pulsed Field Strength

The problem here is to investigate how the ionization
signal strength varies as the peak amplitude of the electric
field pulse is changed. The pﬁlsed field was monitored by
means of an oscilliscope coupled to the field plates through
a x10 voltage probe (Tektronix model P6008). The lasers
were set to excite either an ns or nd level and the integ-
rated output was measured as a function of the field pulse

amplitude.

For s states (n=25-38) the ionization signal exhibits a
sharp threshold. Above the threshold field there is no var-
iation in the signal strength, which suggests that all of
the excited atoms are ionized. Below the threshold field,
virtually no ions are observed. The d states (n=25-38) also
exhibit a rapid change in the ionization signal, however, it
is not as abrupt as that for the s states. These features
are illustrated by the experimental ionization curves for
the 30d and 31ls levels displayed in Fig. IV.2.B-1. Timing

information is given in the inset.
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In Fig. IV.2.B=-2 we have plotted the threshold fields

for ns states. For comparison the classical value, F,=
E%L /4 (see sect., I.l) is also included where we use the
zero field expression for the energy. It is evident that
the threshold fields scale as@u—-&g—4 and are about 10%
larger than those predicted by the crude classical treat-
ment., (The fact that ionization starts at fields above the
classical values does not mean that the atoms are ionizing

in an over-the-barrier sense, rather it means that the clas-

sical estimate is in error.)

The ionization curves for 4 states are not as sharp as
those for s states (see Fig. IV.2.b-1). We attribute this
to the fact that both mM=0 and 1 levels are excited and since
Im| components are expected to ionize at different field va-
lues, the curves are smeared. This hypothesis has recently
been tested by Gallagher et al[?AL 76€]for nd states with
n ranging from 15 to 20. They found steps in the ionization
curves as the pulse amplitude was varied, and identified the
steps as being due to the different ionization critical
fields for the Im|l = 0, 1 and 2 sublevels of the nd state.
The fact that different |m| sublevels ionize at different

fields was wused by the SRI group to detect transitions
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the
The

effective quantum number, n™ , is equal to n-Sx, where 82 is the quantum defect. In this
case, n* =n-1.35 [from DUC 75].
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between the two fine structure levels allowing them to make
radio frequency measurements of the nd fine structure for

the first time [GAL 76@1

The sharp threshold reflects the property that the ion-
ization rate wvaries rapidly as a function of field. 1In
principle one could use detailed information about the ioni-
zation characteristics to infer the ionization rate,
however, the analysis would be complicated by the fact that
the final state or states of the system would depend upon
how rapidly the field is applied. (If the réte of change of
the field is slow compared with the smallest separation
between adjacent levels then the passage to high field 1is
adiabatic (}EN 32; LAN 33. The SRI experiment on pulsed
field ionization demonstrated that while some states pass to
high field adiabatically others do not[ﬁAL 76@.) Also the
field must be applied in a time short compared with the de-
cay lifetime in order to measure it. To determine decay
rates we have chosen another method, described in
sect. IV.4.A, where one does not vary the field after exci-

tation thus simplifying the measurement process.
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Even though pulsed ionization is not especially wuseful

for ionization rate studies the threshold behaviour provides
a means for selectively detecting excited states of the
atom. This important property can be used to advantage in
high resolution spectroscopy to detect transitions between
nearby levels as the SRI workers did and also can be used to
perform final state anaysis when many Rydberg levels are

present,
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IV.3 ©Stark Structure Maps

The problem here is to explore photo-excitation in the
presense of an ekternal electric field with two questions in
mind. First, is the transition probability to the Stark
states sufficiently large to excite a detectable population
of atoms? . And second, can we calculate of the Stark
structure well enough to identify a given resonance with a
particular quantum state? The next two experiments were de-

signed to answer these important questions.

In deciding which Stark states are to be singled out
for study, we require that two conditions be met, namely,
that the spacing between Stark levels must be sufficiently
large that individual levels can be resolved, and that the
excited levels must be capable of being ionized by the 15
kvV/cm pulsed field that we apply. The first condition re-
gquires n to be less than 20 while the second condition re-
quires that n be greater than 1ll. As a rule we have tried
to work with as low a value of n as is possible since the
smaller the number of levels, the easier the task of compar-

ing theory and experiment.
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IV.3.A Stark Spectrum -- Fixed Frequency Method

There are two ways to make an experimental map of the
Stark structure. One can sweep the electric field with the
laser frequency fixed, or one 'éan sweep the laser while
keeping the field fixed. We chose field-scanning as the
first method to try since it is gasier to scan the field

than to scan the laser.

The blue laser is tuned into resonance with either the
ns or nd level in zero field so that the energy is known.
As before, pulsed ionization is wused for detection. The
ionization signal is integrated and stored as the electric
field is stepped. (To step the field, the DAC output is
connected to the remote voltage programming of the Ortec mo-
del 456 HV power supply). The process is illustrated graph-
ically in the Stark structure diagram, Fig. IV.3.A-la, for
levels near 19d. The laser was narrowed by use of an inter-
cavity etalon. The width, 0.1 cm'l, is indicated in

Fig. IV.3.A-1la.
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(b) Data obtained by sweeping the dc field.



103

The theoretical curves, shown in Fig. IV.3.A-la, were
obtained by diagonalizing the energy matrix for the Iml= 0
and 1 cases with n = 18, 19 and 20 (see sect. II.3). The
data is shown in Fig, IV.3.A-1lb. Timing information is in-
cluded in the inset. The apparent width of these peaks re-
flects the slope of the levels'at the resonance energy for a
given laser linewidth. Thus the lowest level of the n=19
manifold (ie. 19f in zero field), which has a large slope is
narrow, and the 194 level which has no first order shift in
field, is broad. The calculated field values for the loca-
tions of the peaks are indicated in the figure. In every
case theory and experiment agree to within the 3% absolute
uncertainty in the applied field. The peak amplitude is a
measure of excited state population and in principle, could
be used to determine the oscillator strengths for the vari-
ous transitions. We, however, have not performed this ana-
lysis. Note that electric dipole selection 1rules forbid
transitions in =zero field to all of the levels shown in
Fig. IV.3.A-la, save 19d. These forbidden states can be ex-
cited in the field because of Stark mixing, chiefly with the

nearby 19d level[}IM 74.

The field-scanning method, sometimes called Stark spec-
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troscopy, has advantages of simplicity of excecution, and is
the only method available if the laser is fixed. (Ducas and
Zimmerman have used this technigque to observe IR transitions
(10s = n=17) in sodium using a 10w cw CO, laser[bUC 7il)

The laser-scanning method is better suited for mapping com-

plex level structure and so we now turn to this method.
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IV.3.B Stark Spectrum -- Fixed Field Method

The method is similar to that of the previous experi-
ment except that the field is fixed while the blue laser is
scanned. The full scale scanniﬂg range of the laser is 100

cm "1, To investigate the region near the n=15 manifold the

scan is centered at 23994 cm~ 1

° .
(4167 A). The 1laser is T
polarized so that only imM=0 and |m=1 levels are excited. For
n=15 the threshold field is 6 kV/cm. We restrict ourselves

to fields below this value so that spontaneous ionization is

not important.

Fig. IV.3.B-la shows a scan in zero field. The peaks
correspond to the 17s, 15d and 16s levels. The scan in
Fig. IV.3.B-1lb is identical except that excitation takes
place in a static field of 92 V/cm. The two s peaks are
virtually unshifted by the field, the 15d level appears to
have broadened, and a new peak has appeared. The new peak
is identified as the 16p state which was inaccessible in
zero field according to the electric dipole selection rules.
In the presence of an electric field it can be excited be-

cause of Stark mixing, predominantly with the nearby 15d
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Laser scans for the region near n=15.

(a) The zero field excitation curve is shown.

(b-e) Excitation curves taken in a static field, the value of which is noted at right.
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level. The broadening of the 15d level can similarly be un-
derstood as due to the emergence of the higher angular mom-
entum states (ie. 133) in the spectrum which like the 16p

level were inaccesible at zero field. This hypothesis is
dramatically verified as the field is increased and we begin
to resolve these states as shown in Figs. IV.3.B-1lc,ds&e. In
the scan for 368 V/cm the states are identified. (It is of
course incorrect in a strict sense to describe any of these
states by their angular momentum, because 1 is not a good
gquantum number in the field. When we indicate that a level
in the field is the nl state we mean that it connects with
the nl state whén the field is adiabatically reduced to
zero.) Scans were taken for increasing field wvalues in

steps of 92 V/cm and are displayed in Fig. IV.3.B-2a.

Calculated energies are given in Figs. IV.3.B-2b (m =
0) and 1IV.3.D=-2c (ml = 1). The curves were computed along
the lines described in sect. II.3 including the n = 14, 15 ;

16 and 17 manifolds in the diagonalization.

Many features are to be noted in Fig. IV.3.B-2a. First

is that all of the levels in the theoretical diagram are ob-
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(a) Experimental excitation curves for Rydberg states of sodium in the vacinity of n=l5.
A tunable laser was scanned across the energy range displayed (vertical axis). The zero
of energy is the ionization limit. A signal, generated by ionizing the excited atoms, ap-
pears as horizontal peaks. Scans were made at increasing field strengths and are displa-
yed at the corresponding field values. Both Im=0 and 1 states are present.

(b) Calculated energies for the m=0 states displayed above.

(c) Calculated energies for the pFl states displayed above.
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served, or in other words, none of the transitions from the
32P@iintermediate state to the numerous Stark levels is for-
bidden. (This is markedly different from the situation in
zero field.) As predicted, the s and p levels, which are
far removed from the manifold of states, are unshifted in
low fields. The lineaf St&rk states of them = 0 and 1
cases nearly overlap in low field and appear degenerate up
to fields where level anticrossings become important. Level
anti-crossing with the 16s state is responsible for the ap-
parent branching of the lowest Stark level at 2 kV/cm where
the Im=0 state is repelled. The[mFl state is unaffected. A
number of similar branch points which collectively break the
near degeneracy of the|m| = 0 and 1 levels can be seen in
Figs IVe3«B-2a. The observed 1level structure agrees with
the theoretical predictions to within the 3% absolute field

‘uncertainty and the 2% linearity of the frequency scan.

The motivation for understanding the Stark structure
was to be able to relate ionization behaviour of sodium
states to corresponding hydrogen states for which extensive
ionization rate calculations have been made. 1In sect. II.3
we noted the difference between the sodium and hydrogen

Stark structures. Unfortunately, the non-hydrogenic sodium
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s and p states radically affect the level structure at both
high and low field for the m/= 0 and 1 cases. For this rea-
son we chose to study thelm!= 2 case which we believe is
more easily described in terms of a hydrogen model. The|d=2
Stark structures of the sodium and hydrogen systems are vir-
tually identical except for narrow field regions near level

anti-crossings.

Summarizing, we have conducted a survey of the Stark
structure of the sodium case near n = 15 and have discovered
that all Stark levels having |m/= 0, 1, and 2 can be excited

(the WFZ case was investigated by polarizing the blue laser

perpendicular to the field axis. These results have not
been presented). We also found that, within experimental
error, the energies of the jml = 0, 1 and 2 levels can be ac-

curately predicted by means of the theory which was des-
cribed in sect. II.3. We conclude that because of the
differences between the sodium and hydrogen Stark structures
of the m = 0 and 1 states, that they are not especially use-
ful for testing hydrogen ionization theory. We have decided
to concentrate on the mk2 case which more closely resembles

hydrogen.
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IV.4 Tunneling Rate Measurements

We have used two methods for measuring ionization
rates: the DIRECT TIMING METHOD in which the decay lifetime
of the excited level is determined, and the LINE BROADENING

METHOD where the excitation linewidth is measured.

With the DIRECT TIMING METHOD one measures the ion pro-
duction rate as a function of time after instantaneous exci-
tation. The ionization signal decays exponentially, where
the decay rate is the sum of the radiative rate,f:u& , and
the spontaneous ionization rate,r",cm 3 We generally oper-
ate in a region where r;“ >> rkui so that f}ud does not
need to be known accurately. For n=13 the radiative decay

5 -
rate is about 10 sec” [ﬁIS 6@ , thus total decay rates

exceeding 106 sec” may be interpreted as due dominantly to

ionization. This method is restricted to rates below about
106 sec”! because of timing resolution. (In principle one
can do better by at 1least an order of magnitude using
state-of-the-art timing techniques.) Sect. IV.4.A describes

measurements obtained for the sodium Im=2 levels near n=12

using this technique. The results are compared with hydro-
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genic tunneling theory for certain Stark levels.

The LINE BROADENING METHOD offers an alternative appro-
ach for measuring ionization rates. In atomic absorption or
emission spectroscopy, if the décay of a level 1is exponen-
tial then the spectrum is Lorentzian with linewidth (fwhm)
equal to /27 [hEI 54, chapt.,lé}. (Note that this is
smaller by a factor of 2 than the linewidth if the spectral
power density of the electric field is measured.) The 1li-
neshape 1is determined by scanning the fregquency of the ex-
citing laser and monitoring the net ionization signal. This
method is applicable when the natural width is large com-
pared with the laser width. (Doppler broadening does not
play a 1role here since the experiment is carried out in an
atomic beam with transverse excitation.) The linewidth of
the 1laser is 0.5 cm", which means that rates in excess of
about 10” sec-' can be measured. Sect. IV.4.B describes an
experiment in which the line broadening method has been used
to determine ionization rates for several Iml = 0 and 1 levels
and to provide an upper bound to the decay rates of mE2 lev-

els.
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IV.4.A Direct Timing Measurements of Decay Rates

Having developed techniques for selectively populating
Stark sublevels (see sect. IV.3), we turn to the problem of
measuring ionization rates in sfrong electric fields. In
this section measurements made with the direct timing method

are discussed.

Our interest is in the field dependence of the ioniza-
tion rate so that we must be able to distinguish a given
Stark level, from the complex spectrum, for many different
values of the field. To accomplish this we made a Stark map
of a region near the n = 12 manifold in a similar manner to
that described in sect. IV.3.B. The blue light is polarized
perpendicular to the field axis so that the Jm=2 1levels, as
well as|m| = 0 and 1 levels, can be excited. An experimental
map is shown in Fig. IV.4.A-1lb for the region 1indicated by
the box in Fig. IV.4.A-la. Note that instead of using
pulsed ionization detection, we monitor the total number of
ions formed for all times after laser excitation‘ In re-
gions where the field ionization rate is small (ie. the

principle decay mechanism is radiation) we still observe a
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(a) Stark structure of the ImF2 states in sodium. The quantum numbers of the states are:
A(12,6,3,2); B(12,7,2,2); ©¢(14,0,11,2); ©(15,0,12,2). The dashed lines indicate when
levels ionize at rates greater than 10’ sec”! according to BHR,

(b) Experimental excitation curves for the boxed region above obtained by integrating the
ionization signal for all time.

(c) The same as (b) except that the integration window (IW) begins 400 nsec after excita-
tion. The disappearance of a level indicates that the decay rate exceeds 10; sec”!.

(d) a scan of the circled region in (¢) using finer field steps.



115

few ions per laser pulse which, we suspect, are produced by
Rydberg - Rydberg collisions in the beam. (This is strongly
suggested by the fact that the ion signal scales as the
square of the blue laser intensity.) The
collisionally-produced ions represent only a small fraction
of the total excited state decay since the ion signal incre-
ases by at least 100-fold when the field is increased to the
region where 1ionization decay predominates. This increase
does not show up in the Stark maps, however, since the de-
tector is operated at a gain where only a few ions per exci-
tation pulse results in saturation. The map in

Fig. IV.4.A-1b 1is somewhat more confused than that of the

previous experiment because the broadeningim]= 0 and 1 1lev-
els form a bumpy quasi-continuum background. We have,
however, suceeded in identifying the |m|= 2 levels and asso-

ciating them with the hydrogenic parabolic Stark states.

In Fig. IV.4.A-1lc the scans of the boxed region in
Fig. IV.4.A-la have been repeated but now we integrate the
ion signal starting 400 nsec after excitation. Levels that
decay in times less than about 100 nsec do not appear in the
data. The map shows directly the field strength at which

the ionization rate for a given Stark level exceeds about
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3 - : : .
10 sec |(ie. the field at which the 1level disappears).

The dashed 1lines in the data show the position of levels

when their decay rates are greater than this value.

The first state that we consider is the lowest (m| = 2
component of the n = 14 manifold, 1labelled in
Figs. IV.4.A-la and =-lc. The corresponding hydrogenic state

is (14, 0, 11, 2) where the level indices are the parabolic

quantum numbers n, n,, n,, and|mf As we see from the data,
peaks which correspond to this state begin to disappear at
about 12 kV/cm. After locating the peak which corresponds
to the level we used the Stark map to aid in carefully
advancing the laser (grating) to the proper channel so that
only this particular level was excited. Once the laser was

in position the single ion timing spectrometer was used to

monitor the decay (see sect. III.4).

A typical timing spectrum is given in Fig. IV.4.A-2.
Within experimental error, the observed decay is indeed ex-
ponential. The process was repeated for several field va-
lues (care was taken to select fields at which no other lev-

els were close enough to be excited). The results are plot-
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ted in Fig. IV.4.A-3. The calculations of Bailey, Hiskes
and Riviere (BHR) for this level (solid line) are included
for comparison (the curve was extrapolated from the pub-
lished results for the two extreme Im[ = 0 levels [BAI 65} and
the ~central jmj = 1 level [BIV 6%}). The slopes of the theo-
retical and experimental curvéﬁ agree, and, within the 3%
uncertainty in the field calibration, they coincide. To our
knowledge, this is the first measurement of the decay rate

for a resolved hydrogenic level.

The question arises as to whether our agreement for the
ionization rate of the o (14, 0, 11, 2) level of sodium
with BHR's results for hydrogen may be simply fortuitous.
To investigate the possible role of level mixing, we pro-
jected the sodium wavefunction onto a hydrogen basis set for
a field of 15.75 kV/cm. The fractional composition of the
sodium level in terms of a particular hydrogen level (n, n,,

n,, 2) is just the square of the overlap integral,

v /
<nonyn, oms BN "My mo; FLH >

The hydrogen functions were determined by diagonalizing the

hydrogen problem wusing the same procedures as for sodium.
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Listed in Table IV.4.A-1 is the fractional makeup of the X
level at a field of 15.75 kV/cm. Because of their large
ionization rates the contributions of the higher n states
are most likely to lead to differences between the sodium
and hydrogen systems. The effect of these terms, however,

is negligable since 1levels with n$15 decay at rates 219"

sec" (see sect. I.1l) and this leads us to believe that the

(14, 0, 11, 2) state in sodium is indeed suitable for test-

ing hydrogenic theory.

Our observations of ionization rates for many of the
other components of the |m=2 manifold are, however, in seri-

ous disagreement with BHR's calculations. The difficulty

TABLE IV.4.A-1

Fractional composition (in %) of the o¢ (14,0,11,2) sodium level in terms of Inf=2 hydrogenic
Stark levels.

ny n = 10 n=11 n =12 n =13 n= 14 n =15

00 .000003 .000002 .000034 .000005 99.8942 .000028
01 .000004 .000007 .000017 .000124 .000113 .000033
02 .000006 .000013 .000041 .002713 .000042 .000027
03 .000009 .000020 .000093 .001199 .000022 .000020
04 .000010 .000026 .000223 .000203 .000013 .000013
05 .000010 .000032 .000799 .000078 .000009 .000008
06 .000008 .000034 .092720 .000038 .000005 .000005
07 .000004 .000031 .000759 .000019 .000003 .000003

08 .000020 .000164 .000009 .000002 .000002
09 .000018 .000004 .000001 .000001
10 .000001 .000001 <.000001
11 <.000001 <.000001

12 <.000001
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can be seen by comparing the points at which theory predicts
rates should exceed 10; sec , indicated by dashed lines in
Fig. IV.4.A-la, and where most levels in Fig. IV.4.A-lc ac-
tually ionize faster than this rate. It is apparent that

most levels ionize at substantially lower fields than ex-

pected.

A clue to this early onset of ionization is provided by
the circled feature in Fig. IV.4.A-lc. The level A (12, 6,
3, 2) momentarily disappears at a field of 15.75 kV/cm. We
ascribe this behaviour to level mixing with the rapidly ion-
izing state &X (14, 0, 11, 2) at the A -C%‘ crossing. When
the decay rates of the two crossing levels are significantly
different, as is the case here, the 1long 1lived state 1is
quenched, even if the amount of level mixing is minute (see
appendix E). Quenching phenomena of this type have been
discussed by Lamb [LAM 5%1. Fig. IV.4.A-4 shows data for
the ionization rate of state A in the vicinity of the cross-
ing. The theoretical curve in Fig. IV.4.A-4 is calculated
using the following expression for the complex energy of the
two interacting 1levels (a derivation of the expression is

given in appendix E),
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Ionization rates for the level A in the region of the A - o ) crossing. The solid line is
the theoretical curve described in the text. The dashed line is calculated neglecting the

A -0 crossing at 17.3 kV/cm.
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i e 3 B B B ) = (o e ST T * 4NN

E, and E, are the unperturbed energies for the levels, Fk
and r; are their decay rates, and V,, is the matrix element
- S . ’ §
of F « ¥ which couples the two states. We have determined

\Y

Aok by diagonalizing the energy matrix for ImF2 with n rang-

ing from 10 to 15 as discussed in sect. II.5. Its value 1is
0.05243 cm_]. Note that the minimum separation between the
two adiabatic levels is equal to twice Vax (see appendix E).
E;, which wvaries rapidly with F was determined from the re-
. r 10 -1
sults of BHR. At the A =-o crossing l,= 10 sec . (PA,
due primarily to radiation, was experimentally determined to
S -1 ; r ;
be 3 x 107 sec S Since A<< ﬁx its value does not need to
be known precisely.) A second ionizing level, 6 (15, o0, 12,
2) (see Fig. IV.4.A-la), crosses level A at 17.3 kV/cm and

was included in the calculation, assuming that the A - &« and

A - 6 crossings were independent.

Another instance of quenching is to be found at the B -
o crossing. Careful examination of this crossing, however,
in Fig. IV.4.A-lc reveals no evidence of quenching. By res-

canning this region (see Fig. IV.4.A-1d) and using a finer
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field step, the gquenching effect becomes evident. As be-
fore, the level disappears due to level mixing, but since
the ionization rate of the rapidly ionizing 1level ( r& -
109 sec' ) is much less than that at the A - & crossing
while the coupling matrix element between the Stark 1levels

is about the same as at that cfossing, the quenching is much

less pronounced.

The sharp increase in the ionization rate at 1level
crossings offers insight into the premature ionization of
the other levels in Fig. IV.4.A-1lc. If crossings occur with
a series of broad levels and if the coupling matrix elements
are large then the ionization rate never returns to the va-
lue for the isolated level. Levels are effectively coupled
into the continuum in a manner similar to that of autoioniz-

ing states.

Current hydrogenic tunneling theory does not predict
guenching at 1level anti-crossings. Approximation methods
which treat this problem by expansion techniques (such as
the Lanczcs and RG methods) are not substantially improved

by carrying out expressions to higher orders in the field
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since the energy relation does not converge at the point of
closest approach between levels. (At the point where the
levels would cross in the absense of coupling the identity
of the states is exchanged thus causing the energy to be
discontinuous.) One method which has been proposed to ac-
count for the level quenching'réquires that one diagonalize
the complex energy matrix where the ionization rates of the
basis states at a given field are'included phenomenological-
ly with the energy before the métrix is diagonalized. This
method would allow one to include the coupling effects of
many nearby levels without having to make the assumption
that crosssings are independent. In this mahner one could
predict the ionization rates for systems where the coupling
is sufficiently strong that many levels contribute to the
quenching, as is the case for the |mj= 0 and 1 levels in so-
dium. The main problem that must be solved before this
method can be implemented is, how to calculate the ioniza-
tion rates corresponding to the unperturbed basis states in
a given field. More theoretical work on this problem is

warranted.

A question that has emerged is, what does all this mean

in terms of ionization in hydrogen? For the
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non-relativistic problem it remains to be determined whether
different Stark levels anti-cross (ie. mix) or not.
According to our diagonalization procedure, Stark levels in
hydrogen have been found to exhibit avoided crossings
(eg. for n=12, ImF2 the size of the repulsion is on the order
of 0.001 cm" or less), howeVef, this may be an artifact of
the truncated basis set used in the diagonalization [ﬂAT 76,
HER 76]. Although non-relativistic hydrogenic Stark states
may actually cross, the spin-orbit coupling and other rela-
tivistic effects serve to break the 1 degeneracy which re-
sults in avoided <crossings. As a result the observed
gquenching phenomenon in sodium are also expected to be pre-

sent in hydrogen.
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IV.4.B Line Broadening Measurements of the Decay Rate

Here we use the line broadening method for determining
ionization rates. As described earlier, the decay rate of a
given level can be inferred from the excitation 1linewidth
provided that the' level width is larger than the laser
width, 0.5 cm_'. The experimental procedure is straightfor-
ward. We scan the laser over.a 100 cm-' range and record
the total ionization signal. The process is repeated with
different applied fields so that the functional dependence
of the ionization rate with field can be determined. Using
this method, we have mapped the region indicated in the box
in Fig. IV.4.B-la. The results are shown in Fig. IV.4.B-1lb.
The blue 1laser 1is polarized perpendicularly to the field
axis and the mF2 levels are identified by their parabolic
quantum numbers. At these fields all of the levels (m = O,
1, and 2) ionize at rates greater than lO8 sec”' so that the
direct timing method cannot be applied. At 17 kV/cm one ob-
serves that the (15, 6, 6, 2) level disappears from view,
presumably because it has become broad. (Note that the lev-
el disappearance here is not due to the manner in yhich we

integrate the ion signal, as was the case in the preceeding

experiment.)
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(a) Stark structure of the In{=2 levels in sodium.

(b) Experimental excitation curves for the boxed region above obtained by scanning the
blue laser and integrating the ionization signal for all time. The =1 levels are indi-
cated to avoid confusion with the levels of interest (ie. mm2).
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We tried unsuccessfully to observe line broadening of
of the (15, 6, 6, 2) level as the applied field was incre-
ased. Unfortunately the quasi-continuum background, due to
the |m/= 0 and 1 states, obscured the level enough that only
a decrease in amplitude was observed. Many attempts were
made to examine the narrow field region where other ImF2 lev-
els disappear, but we were unsuccessful in obtaining any
clear evidence of level broadenipg. Even though we were not
able to obtain a measurement of.the ionization rates of |m=2
levels the mere fact that the linewidths are less than or
equal to the laser width up to the field at which they di-
sappear, sets an upper limit as to their ionization rate,
ﬂW{%lO“ sec'l. It is interesting to note that the 1levels
disappear at fields near those predicted by BHR for a decay
rate of lO|I sec™ (indicated by crosses in Fig., IV.4.B-1la).
While this suggests crude verification of BHR's calculations

for large ionization rates it is still far from conclusive

and more experimental work on this problem is warranted.

To verify that levels do indeed broaden, we include da-
ta taken in a field region where m = 0 levels are rapidly
ionizing (see Fig. IV.4.B-2). The rate at which the level,

. o . . . i I
that is indicated by an arrow,ionizes is about 5 x 10
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gxcitation curves taken in a strong static field showing broadening of the m=0 levels.
The Im=1 and 2 levels have a width equal to that of the laser. The ionization rates of the

broad levels are about 5 x 10" sec™ .
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sec". At higher fields these levels are so broad that they

do not appear to be resonant.

The line broadening technique has great potential for
permitting measurements of ionization rates if narrower li-
newidth lasers are used. For example, by wusing currently
available cw lasers (10 MHz nominal linewidth) rates greater

8 -1 |

than 10 sec could be measured, thus greatly extending

the the usefulness of this method.
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CONCLUSION

Here we review some of our more important findings.
FPirst, it has been demonstrated that by means of stepwise
laser excitation, all Stark levels can be populated provid-
ing that excitation is permitted by the m selection rules.
Second, field ionization has been'found to be an efficient
and sensitive method for detécting excited state atoms.
Third, pulsed field ionization was observed to be character-
ized by a threshold behaviour which suggests that transi-
tions between different Stark levels can be detected by dif-
ferential ionization (ie. only one of the two levels is ion-
ized) and also suggests that final state analysis can be
performed where many Stark levels are present. Fourth and
most important, ionization rates of selected high .Rydberg
(mF2) levels have been measured for the first time and quite
unexpectedly we found that most Stark levels spontaneously
ionize at much lower fields than predicted by hydrogen theo-
ry. The discrepancy has been traced to level mixing with
rapidly ionizing states. This last result is particularly
surprising since the energies of the ImF2 sodium Stark levels
are, for most purposes, identical with those of hydrogen.

Evidently the minute amount of level mixing, which has been
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ignored in =earlier works, can actually dominate the field

ionization process.

If there is a moral to this work, it is that care
should be exercised when theofy is extended beyond its re-
gion of validity, and, when possible, such extentions ought

to be thoroughly checked by experiment.
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APPENDIX A

A.l1 Evaluation of Dipole Matrix Elements for Sodium

In this section we evaluate matrix elements of the

form,
mimlzin’L'm’>

MLm> = R Y (6,0)

where \th> are the sodium wavefunctions, Yom are the spher-

ical harmonics, and R(r) is the radial wavefunction. Since

z = r cosH we can simply perform the angular integrations

[BET 57, p. 253],
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where R
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Wit im _ (+1)2—m? ‘141
“lw —l‘(21+3)(2l+1)R”"‘ ’

2 2
wl—1m PB—m -1
b4 - R:[ ’

nim (21 4+ 1) (21— 1)
2hm=0 for all other V',

R =[Ryr(n)R,,(r) r*dr.

is the radial integral. To determine R(r) we be-

gin by examining the equation that it must satisfy [EET 5y

eq. 2.5],

R() = ¢ €F g(r)

€={-2E,y

frea(t-of +[2(139)- K200 ),

Note that since the
bic we solve the
Unlike the hydrogen
sodium states are

free parameter. We

Y-

potential outside of the core is Coulom-
hydrogen equation in the region r > r,.
problem, however, the energies of the

known so that E,¢ cannot be treated as a

follow the procedure used by Zimmerman

and express f in terms of a series expansion,
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£y = ; az)‘”.ﬂ
=0

The expression for £ differs from the usual one in that as
the index increases, the power of r decreases. This is done
with the knowledge that for Coulombic wavefunctions the ser-
ies expansion must terminate for some power of r to ensure
that the wavefunction be finite at r =+00 , We substitute
the expression for f into eq. A-l and obtain the following

recursion relation for the coefficients,

(£-2- (8 -9-2)+ 2(& -)-1) - {(¢+1)
2€(D+1)

A9y = - &y

where we have substituted 1/ - 1 for P according to the
indicial equation. The series is arbitrarily cut off before
any terms in r_21 for g » 0, occur: (The error made in ter-
minating the series in such a manner is small providing that
r 2 ro.) If we substitute the solution for r in the radial

integral we obtain,
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o0 n-ml-1 w-iml-1 /
I[ = ;_+l, Y- / 1 ..1)—7)
R - (b om0 0 a7 g
o) V=0 ﬂ=0
which is best rewritten as,
i—'(2ﬂ’\+w')

R:::é(/: <§§’ G'I)ﬂ’ 5 (%\ 4 %\/)zm,,n,

where,
® 1
re) = { e dx
0
] n/i 4N n= - L) (W=l d)
Gy = GI7,1J'-1 (' z V‘”") ' +2-D-2")

: (n=-2-L)(n-J+L+ 1)
Cod = Gyay (L (3% ) Dnens2-2-7")

The last step is done so that computer roundoff errors are
minimized in summing the terms for large n. At this point
the problem is turned over to the computer using double pre-
cision (14 significant digits). This method is l%mited by

computer round-off error to values of n less than 20,
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A.2 Computer Programs

FUNCTION RADMATCIF, N4, N2, L1, L2, RO, GD2)
Cooornokn TERMINFTES THE SERIES BY (N-L=@D) INSTEAD OF (N-L) $/710/7¢ MLZ

Clovnmoms ¥ CRAMMAT® CRILCULARTES RADIAL MATRIZ FLEMENTS 10 ANY FOWER OF R
O BETWEFEN ANY TWO COULOMEIC STRATES. NONHYDROGENIC ENERGIES
> S MARY EBF SPECIFIFD BY GIVING RPPROFIATE QUANTIIM DEFECTS
| D SINCE THF QUTER E.C. 1S MATCHED (RS COMPRRED T THE STANDARD
G voagnn TECHNIGUFE OF MATCHING THE INNER B D) FOR THE FIRST TERM TN
Coonnns 5 THE SERIFS ANM THE SERIFES 1S TERMINARTED RS IF 1T WAS HYDROGEN,
0 ommuinss 10 IT SHOULD GIVF GOOD ESTIMATES OF MATRIX ELEMENTS FOR POSITIVE
¢ I— POWFRS OF ER. :
CNA, LATRexIFIND, LAY M. Z. HAS DERIVATION OF THE ALGORITHIM
By o omiass IF =FOWNFER OF R DESIRED
c.o...... N1, L4, N2, L2 =N AND L. QUANTUM NUMEERS FOR STRTE 41 AND 2
[ o S DL, Q02 =QRUANTLM DEFELCT FOR STRTE 4 AND 2
C.......SFET UP SOME LISFFLH. CONSTANTS °
A1=N1-001 :
R2=NZ-QDZ
[ o, CALL "RANIAL® TO DO THE DOURLE SUM - MUST ALSO DO NORMILRZATION

TMF=RADTAL (LA, L1, RL, AL, @) =RADIALCLZ, LS, A2, RZ, @)
TMF=1.. /TMF ;
RACMAT=RADIAL (L1, L2, A1, A2, 1F)

C. .. cooes EVRLURTE THE THRFEE GAMMA FUNCTION (GET DOWN TO RANGE 2. =->1.)
A=1. /A1+4. /A2
B=2. /A1
C=2. /A2
X=A1+AZ2+1F+1
¥=2. #R1+1
2=2. ¥*A2+1

10 IFCX. LT. 2. GOTOD 2.
K=x-1.
TMP=TMP/R/ A XH5
20 IFCY. LT. 2. ) GOTO 241
Y=Y-1.
TMF=TMPxRE/Y
30 IFCZ.LT. 2.) GOTO 40
Z2=2-1.
TMFP=TMF*C/Z
40 IF(X. GF. 2. . OR. Y. GF. 2. . OF. Z. GE. 2. ) GOTO 1@
TMP=TMF/GRMMACY ) ZGAMMA (T ) eResY e CeeT
RADMAT=RANMMATHSORT CTME) :GARMMA (R ) AREEX
RETURN
ENND
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20

38

40

FUNCTION RADIAL (LA, LE, ZN1, ZN2, 1F)
SRADIAL® FVALUATES THE DOURLE SUM FOR "RADMAT®

IMFLICIT REAL*®E (A=-H)

FCK, A, LY== SHACEA (A=K=L ) # (A=-K+L+1) K/ (AX=-1-T)
INITIALIZE

AN1=2ZN1

ANZ=ZN2

RX=ANA+ANZ+IF+1

RA=1. /AN1+1. /ANZ
N1=ZN1-L1+. 5

NZ=ZN2-L2+. 5

AS1=6.

ASZ2=0.

HERF WE [0 THE <LM

DO 4@ 14=1,N1

BSIDE=a

T=N1-11

DO 1@ J1=1, N2

J=Nz-T1

IFCJ. EQ. a) GOTO 27

BSIDE=F (I, ANZ, LZY#(RSINE+1. D+aR)
IFCI.NE. @) GOTN XA
RADIAL=ASL+ASZ+ESIDE+L. D+aid
RETURN

AT=FCI, AN1, L1)
ASA1=AT*(AS1+1. D+0i1)
ASZ=AT*(ASZ+RSIDE)

END

Qres/7E

139



FUNCTION GAMMACARG)
THIS FLNCTION CALCULATES THE GAMMA FLNCTION FNR ARGUMENTS

140

IN THE RANGE 7 -> @1 (FEALLY 1. E-20). A ZERD 1S RETURNED IF ARG

IS QUTSIDE THIS RANGE

THE COEFFICIENTS ARE FROM THE CHANDEQOK QF MATHEMATICAL FUNCTIONS®

EDITED BY MILTON ﬂPPHMHNIT? AND TRENE STEGLIN,
ATR Cat1 /7 1 ﬂFﬁ/
DATR CaZz / 5.

2 ‘-‘.F‘?l: A7152

DATH CaY /-6 i
DATA Cod /-4, 2RAZETSATAN -3/

DATR CAS / 1. AESILEL1XEEISASE -1/

DATA CQE /—4.21«77?4%45%441r nE s

DRTH a7 £-9

DATH CBE / 7. 2

DATA Cas /-1.

DATH Cla /-2.

DATA C14. 7 1.

DATA C12 /=%

DATA C1% /-1.

DATA C14 / 1. :

DATA CAS /-2. 6 E4A7E-07 7

DATH C1E / € 11609SE-0%, -
DATA C17 /7 5. BBZAR7SE-09/

DATA C1& /=1, 1812T4EF -9/

DATA £1S / 1. A4I427F-101/

DATH C26 / 7. 792%F-153/

DRTA C2. /=% 696EEFE-12/ - .
DATA C22 7/ 5 1F-1%/

DATA [ /-2, MEF-14/

DATR C7d4 /-5 4F-15/

DATA C25 / 1. 4F-15/

DATA C2€6 /71 OF-16/
CHECK ARGUMENT LEGALITY

GAMMA=A.

IF (ARG, GT. 7. 4. OR. ARG, 1T, 1. BE=-22) RETURN
SET UF --- SPECIAL Fﬁ“F IF ARG LESS THEN 1
GAMMA=CAa1

X=ARG

IF(X GE. 1) GOTO 1@

GAMMA=GFAMMA /R

GOTO 2@

LOOF TILL 5 19 IN THE RANGE 1 TO 2

IFCX. LT. 2. 8) GOTO 2@

X=X-C01

GRMMA=GAMMFA*X

GOTO 14

NOW EVALLUATE

X=X-Ca1

THMR=CA G+ Xa (C2A+E (CRA4 X (CRE+N: (DRI RH(CRG4RF (D2S+XEN2E) ) ) )))
TMP=CAZ+X: (CAT+Rr (U448 (CAR4E (CAG4 NS (DAT4 AR (CIS4X%TME) YD) )
TMF = Cﬁﬁwrw(tnr+>*(rm?+>»(|Msdww(LUV4#*<L1H+>m(t11+xn1NP))>))>

GAMMA=GAMMR/(CAL+ S (CaZ+ 5 (CAI+ XS (CA4+E:THP)Y ) ) )

RETURN

. END
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Observation of Oscillations in Resonance Absorption from
a Coherent Superposition of Atomic States*

Theodore W. Ducas, Michael G. Littman, and Myron L. Zimmerman
Research Laboratory of Electronics and Department of Physics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139
(Received 10 November 1975)

A technique is described for high-resolution spectroscopy using resonance absorption
from a laser to monitor the time evolution of a coherently excited superposition of atomic
states. As a demonstration a measurement was made of the 3’P,/, hyperfine splitting in

sodium,

We have used resonant absorption to monitor
the time evolution of a coherent superposition of
atomic states, providing a measure of closely
spaced structure. A pulsed tunable dye laser
prepared a superposition of the two hyperfine
components of the sodium 3%P,/, level. Modula-
tions at the hyperfine frequency in the transition
rate to a high n%S,, level were observed as a
function of the delay of a second pulsed laser.

Both this method and quantum beat spectros-
copy (QBS),'"¢ where the modulations of the co-
herent superposition state are observed in fluo-
rescent decay, eliminate the Doppler width as
a spectroscopic limit. In contrast to QBS, prob-
ing the modulations by resonant absorption al-
lows structure to be measured in levels whose
radiative decay is either difficult to observe or
improbable (as in metastable levels). Further-
more with short laser pulses, better resolution

can be achieved than that obtained in those QBS |

¥(t) =[al1,0) exp(~iw,t) +b| 2,0) exp(~iw,?)] exp(~ ¢/27),

fluorescence techniques which depend upon the
timing characteristics of photon detectors. This
method (using picosecond lasers) can have reso-

- Jution comparable to beam-foil spectroscopy, *

while providing the additional feature of state-
selective laser excitation.

Figure 1 shows the relevant energy levels in
Na*®, where Aw is the separation between the
F =2 and F =1 hyperfine components of the 3°P ,
level. Here F (F=I+J) is the total angular mo-
mentum, I is the nuclear spin angular momentum
(I=2), and 7 is the electronic angular momentum
¢ =%). A laser pulse, tuned to the 3%5,/,=3%P,,,
transition with a duration Af «27/Aw, will excite
a coherent superposition of the two hyperfine
components of the 32P,;, level. The bold sub-
levels in Fig. 1(a) illustrate the creation of a
coherent superposition state of the F =2,m, =0
and F=1,m, =0 sublevels by a right-hand-cir-
cularly-polarized (rhcp) laser pulse. This state
can be written as

(Y]

where iw, and fiw, are the energies of the F =1 and F =2 levels, respectively, a and b are time-inde-
pendent constants, and 7 is the radiative lifetime of the 3?P,,, level (r = 16 nsec?).
It is convenient to transform to a product representation, 11,m;) |J,m ;) [see Fig. 1(b)].* In this

representation the state in Eq. (1) can rewritten as

¥(t) =[c sin(Gawt)| 3,+5) 1 §,-4) +dcosGawt)l 3,-4) 14, +4) Jexpl - $i(w, +w,) t] exp(~t/27),

@

where ¢ and d are constants. The hyperfine coup- I
ling is manifest in the coefficients of the product
wave function which oscillate with a character-
istic frequency of the hyperfine splitting. At
t=0, y(¢) is entirely m, =+3 in character; at
¢ =1/Aw it has evolved to be completely m , = - 4
in nature. These oscillations can be monitored
by resonant absorption of a short pulse of light
(at <271 /Aw) to a still higher n2S,/, level. This
is illustrated in Fig. 1(b) where the probe laser
«is rhep.  The population of the nS,/, level is a
raeasure of the m, == character of this inter-

1752

mediate level. We have considered only a single
set of sublevels; for a complete analysis we
must consider all sublevels connected by the
successive excitations., For the case where both
the preparation and probe lasers have the same
sense of circular polarization the #%S,/, popula-
tion is

Name=Asin?(3awt)e® s/r 5 3)

where ¢ is the delay time between the two laser
pulses. If the lasers have the opposite sense of
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FIG. 1. Energy level diagram for relevant levels in
sodium (a) as viewed in the |F,mp) representation and
() Lold levels as viewed in the |7,m ) |J,m ;) product
representation, «

circular polarization, the population is
Nop =Alcos?(Bawt) + /7. (@)

A schematic of the experimental apparatus is
shown in Fig. 2. The primary features of the
arrangement include two pulsed lasers with var-
iable delay time with respect to each other, an
atomic beam source, and a detector of the highly
excited Na atoms which uses electric field ioni-
zation,”

The two pulsed tunable dye lasers were pumped
by a common N, pulsed uv laser., Laser 1 was
tuned to the 3%S,/,- 3°P,,, transition in sodium at
5896 A. Laser 2 was tuned to 3°P,,,= 20%S,,, tran-
sition at 4135 A. Both lasers exhibited peak
powers of approximately 100 W, pulse widths of
2 nsec, and spectral widths of about 0.5 cm*?!.
The low peak power of the lasers was the direct
result of making the laser cavities as long as
possible in an attempt to reduce the pulse width
of the lasers. The pulse width of the lasers was
the primary limitation on resolution.

The oscillation period was in the nanosecond
regime and a variable optical path length provid-
ed a convenient way of accurately delaying the
second laser pulse with respect to the first. The
delay line consisted of a laser collimator, a long
(7 it) optical bench, and a “roof” prism. Delays
as long as 14 nsec were readily obtained, allow-
ing us to observe two cycles in the resonance
oscillations of the 3°P,/, level. The collimator
served to maintain the image size as the deiay
was changed.

The light from laser 2 was always rhep, and
the light from laser 1 could be made either rhcp

PP LASER
::l

OVE LASER 2
ll)s"

TIMiNG SEOUENCE

LaSER |
e

== o=t doiay (O-14 nonc)
__.r_f_l._ €-FIELD
-uu-—l
et/ ctm s1GHAL

FIG. 2. Schematic diagram of experimental arrange-
ment. Also shown is the timing sequence of laser exci~
tation and electric field fonization.

or lhcp. The two nearly collinear laser beams
intersected the atomic beam between electric
field plates.

The Na atomic beam provided a density of 108~
10'° atoms/cm? in the interaction region. The
background pressure in the apparatus was 10°°
Torr. The number of atoms in the 20%S,/, level
was measured by an ionization detector. Ap-
proximately 1 usec after the lasers excited the
20%S,/, level in a field-free region, a 4 kV/cm
electric field pulse was applied which ionized
all atoms in the 20%S,/, state, but none in the
32P,/, state. The average number of ions for
about twenty laser pulses was monitored by a
channel electron multiplier followed by a gated
integrator.

The population of the 2025/, level was moni-
tored versus the delay of laser 2 with respect
to laser 1. Data for N, and Ny, Were record-
ed for delays in 0.5-nsec steps. By taking the
ratio Nume/Nopp., errors due to variations in
photon flux, and atomic-beam flux were reduced.
From Eqgs. (3) and (4), for short laser pulses
(At << 21/Aw) the ratio is given by

Ngme __ sin*}awt ;
Nop. §+cCOSHA0E ®)

Figure 3 shows data from a typical run. The
error bar shown represents the limit of error
due primarily to fluctuations in the laser inten-
sity. The data were least-squares fitted with the
above expression modified for the {inite length
of the laser pulse. The total system response
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FIG. 8. Experimental results. The points plotted are
the ratios of signals for same sense to opposite sense
excitation versus delay between preparing and probing
laser. The smooth curve is the least squares fit to the
data (see text).

function in this case is the convolution of the time
profile of the preparing laser with the profile of
the probe laser, Thus the population of the 20%S,,,
level in time is the convolution of this system
response function with Egs. (3) and (4) for the
cases of same and opposite polarization, respec-
tively. We modeled each of the laser pulses

with a square-shaped function. The value for the
hyperfine frequency for the 3P,,, state in sodium
was found to be 190(5) MHz. This measurement
is in excellent agreement with previous experi-
mental determinations of this quantity,® %

We have shown the feasibility of measuring
closely spaced structure using resonant absorp-
tion from a coherent superposition state. Sodium
was studied for experimental convenience, and
the 3°P,/, his was chosen because it was the sim-
plest structure to analyze. Although we used an
atomic beam, this experiment could easily have
been performed in a cell with comparable pre-
cision since the technique eliminates Doppler
broadening and leaves only the natural linewidth

1754

as a spectroscopic limit,

‘In addition to its applications in atomic spec-
troscopy, this technique can be used to great
advantage in studying molecules because it does
not depend upon the observation of fluorescence.
This reduces problems encountered in molecular
levels with many possible channels of radiative
decay, and may allow investigation of systems
which decay nonradiatively. These are just some
examples of how the use of pulsed radiation to
probe the resonance oscillations of coherently
excited states can provide a means of measuring
structure in systems not amenable to other spec-
troscopic methods.

.We would like to thank Dr. Richard R, Freeman

‘for his many helpful suggestions concerning this

work.
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APPENDIX C

C.l The Grating Position Controller

We describe here the grating angle controller which 1is
used to allow computer selection of laser frequency. The
grating is mounted in a standard 2" mirror mount (Oriel mo-
del 1450). The grating platform can be rotated by a microm-
eter screw which provides a turning range of about 200. The
controller is designed to position the micrometer. A sketch

of the grating assembly is given in Fig. C-la with the com-

ponents identified in the caption.

The controller is a simple servo system consisting of a
positioner and a position encoder. The positioner is a mi-
niature geared down (200:1) dc motor (Micro Mo Electronics -
motor 050/004, gearhead 05/2-900:1) and the position en-
coder is a 5 kQ- 10 turn potentiometer (Clarostat model
62-JA). The micrometer, potentiometer and motor are all me-
chanically coupled to one another by a common belt and pul-

ley arrangement (PIC Design - "no-slip" type) in the drive
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PIGURE C.l-1

(a) Sketch of the drive chain assembly. The micrometer, motor and potentiometer are indi-’
cated.

(b) Schematic of the servo electronics.
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ratio, 22:72:56. A wiring diagram of the controller is giv-
en in Fig. C-1lb. The differential amplifier (Texas Instru-
ments SN747) is used to provide a motor drive voltage which
is proportional to the difference between the two inputs.
(Note that the direction of rotation of the motor reverses
when the polarity is switched.) The motor drives the belt,
which adjusts the position of the potentiometer wuntil its
variable tap voltage equals that of the reference in which
case the motor comes to rest. (The gain of the servo is ad-
justed so that the system does not oscillate about the
stable location.) For computer operation, the reference
voltage is derived from a digital-to-analog converter (DAC)

which is controlled by means of the CAMAC interface.
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APPENDIX D

D.1 Resonance Absorption

Here we derive the power density needed to saturate the
principle transition in sodium (35 - 3p). For a two-level
system the optical cross-section 1is approximately QJT%? %
(This is easily derived from the Einstein expression for the
rate of absorption per atom [CON 104% chs IV], where we re-
place the A coefficient by 1/ .) The condition for satura-
tion is that the absorption rate equals the emission rate or

in other words,

T A7,

—

Aw Aﬂg

{
7_1T5\1= =z °

Here I/ w is the photon number per unit time per unit area.
The factor bﬂﬁ/bﬂb ( Agnis the resonance absorption width
and Cd& is the laser bandwidth) is the fraction of photons

which contribute to the excitation. 1/, 1is the spontaneous
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emission rate. Using the following values we solve for I,

\ =5.899x 0 ~om !

v =1.6%1078 wse

By, -8

— =z~ 0

Arﬂg J

to obtain a saturation power density of 40 watts/cm2 .

Since the laser peak power is about 1 kW and the interaction

volume is 3 mm , we are heavily saturating this transition.
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APPENDIX E

E.l Level Crossing in a Two-Level System

Here we derive eq. IV.4.A-1. Let EA(F) and E“(F) be
the energies of two non-interacting levels which cross. rk

and F

x are their respective decay rates such that the com-

plex energies of the levels are E -%(’. These values are
indicated by dashed lines for the energy and by arrows for
the decay rate in Fig. E-la. Now let us consider the prob-
lem where we allow coupling between the levels. The
strength of the coupling is taken to be Vpy which we assume
is independent of the field near the crossing. (Note that
we do not allow any diagonal coupling terms since they are

already included in EA(F) and ER(F).) To solve for the com-

plex energies we diagonalize the energy matrix,
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by solving the equation,

dt(H-x1) =0

The new diagonal complex energies are solutions to the de-

terminental equation,

: : —/
X:E‘%P :JQ{EA*’E;( - %.(FA‘H‘:() t JZEA'E.;(- %,(\RA-F.()YL* Ar\\/pm\l %,
which in terms of energy, leads to avoided crossing of the
coupled levels (providing that \(rk =Nt ” < 4WFJ). The po-
int of closest approach between the levels occurs when Epn =
Ex and 1if we 1let PA =r;‘ , then the separation is 2|le
(This fact allows us to determine Yﬁu from our Stark diago-
nalization where it is implicitly assumed that levels do not
decay.) The mixing of levels also affects the decay.rates in
the wvicinity of the crossing as illustrated in Fig. E. If

the coupling between levels is sufficiently large (ie. 4”@&‘
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