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ABSTRACT 

Adiabatic Electric Field Ionization of Sodium Rydberg Atoms 

by 

Gary Benton McMiIlian 

Utilizing the technique of high resolution selective field 

ionization it is possible to observe ionization structure as narrow as 

2 V/cm for Na(nS,nD) atoms. Field ionization structure this narrow is 

characteristic of atoms evolving predominantly adiabatically in a 

rapidly increasing electric field. By increasing the slew rate of the 

applied field it is possible to induce departures from the adiabatic 

path at specific avoided level crossings. These departures result in 

multiple ionization thresholds which may be explained by arguments 

based on a simple quantum mechanical model of adiabatic field 

ionization. 
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CHAPTER ONE 

Section 1.1 General Properties 

No discussion of Rydberg atoms should proceed without first 

enumerating their many unusual properties. Highly excited atoms 

differ remarkably from atoms in their ground state configuration 

because of their immense size. The average radial distance of the 

electron from the nucleus scales as the square of the principal 

quantum number, n, and the velocity of the electron is inversely 

proportional to n. Thus, for hydrogen the electron is 10,000 times 

the distance from the nucleus for n ■ 100 as for n ■ 1. For atoms 

such as sodium, in which the outermost electron is excited to an 

arbitrary principal quantum number, the core electrons shield the 

outer electron from the charged nucleus to yield an effective nuclear 

charge of one. Thus, the excited electron is situated in a near 

Coulombic potential and at high n the physical properties of the high 

Rydberg atom tend to become hydrogen like. 

With the excited electron at such great distances from the 

nucleus the geometrical cross section of the atom becomes important in 

collision experiments. Collisional cross sections which would have 

been immeasureable with non-highly excited atoms are now obtained with 

relative ease, and the dynamics of many collisional processes have 

been studied extensively (West et al. 1976; Smith et al. 1978; 

Kellert et al. 1981). 

Some collision models treat the electron as being essentially 

free (Fermi 1934; Matsuzawa 1979; de Prunele and Pascale 1979; 
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Flannery 1980), and the core electrons and the nucleus play only a 

small role in the interaction. Collisions of Rydberg atoms with 

molecules and atoms can result in energy transfer between collision 

partners. The general tendency, however, is for the Rydberg atom to 

be selfish, receiving energy rather than giving up energy in 

collisional processes such an n- and J^-changing of atomic states 

(Smith et al. 1978; Kellert et al. 1980a, 1980b). 

v As the magnitude of the binding energy decreases with increasing 

principal quantum number, less energy is required to strip the excited 

electron from the nucleus. Energy may be provided by external 

electric fields, photons, and inelastic collisions with atoms and 

molecules. The electric fields necessary to ionize high Rydberg atoms 

are readily obtainable in the laboratory, while fields necessary to 

ionize ground state atoms would require considerably more initiative 

on the experimentalist's part. 

While high Rydberg atoms have been prepared in numerous ways, 

such as charge transfer and electron impact excitation, by far the 

simpl.e8t method is photoexcitation. The discovery of the tunable dye 

laser and second harmonic generation has made almost any wavelength 

photon, from ultraviolet to infrared, available for optical 

excitation. Optical excitation may result in the atom being in a well 

defined excited state, while other methods generally produce a range 

of principal quantum numbers and orbital angular momenta. However, 

only atoms with low angular momentum (S, F, D, and F states) are 

generally accessible because of optical selection rules. Because 
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electrons with low angular momentum interact with the core electrons 

more than those with higher JL, the resulting atomic levels are less 

hydrogenic. 

The potential energy of an electron in the field of a nucleus of 

charge e, -e^/r, is shown on the left side of fig. 1. A single 

unperturbed energy level is shown to be symmetric about the axis. The 

superposition of an external electric field gives rise to the term 

+ezF in the Hamiltonian and results in an saddle point in the 

potential energy curve (right side of fig. 1). Classically, when the 

energy of the electron is above the saddle point energy, the electron 

is no longer bound to the nucleus and ionization occurs. Hence, 

states which increase in energy (shown on the left side of the axis) 

should ionize at lower field strengths than states which decrease in 

energy (shown of the right side of the axis). 

Quantum mechanical treatments of field ionization yield results 

which differ from those based on classical arguments. Ionization of 

the atom may occur by the electron tunnelling through the potential 

barrier. The variation of the ionization rate between states within a 

given Stark manifold may be explained in terms of the spatial 

localization of the wavefunctions. Within a given Stark manifold, the 

Stark states which increase in energy remain stable in fields for 

which they are classically unstable. These Stark states have 

wavefunctions with very little probability density in the vicinity of 

the saddle point, and thus the ionization probability is lowered. 

Stark states which decrease in energy have probability densities which 
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Figure 1. Potential energy of a hydrogen atom with and without an 
applied electric field. 
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are a maximum in the vicinity of the saddle point and have ionization 

rates consistent with those predicted by classical theory. 
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Section 1.2 Previous Work 

In recent years electric field ionization has been widely used 

for the detection of highly excited atoms (Stebbings et al. 1975; 

Gallagher et al. 1977; Jevs et al. 1980; MacAdam et al. 1981). 

Many experiments have utilized the technique of selective field 

ionization (SFI) in which the Rydberg atoms are ionized by an electric 

field that increases rapidly from zero to a large value. Because 

atoms in different Rydberg states evolve differently in an increasing 

electric field it is, in principle, possible to identify Rydberg atoms 

from the field dependence of their ionization signal (Smith et al. 

1978; Cooke and Gallagher 1978; Vaille and Duong 1979; Kellert 

et al. 1981; Higgs et al. 1981). Such identification is 

complicated, however, by the fact that atoms in a given Rydberg state 

do not exhibit a unique field ionization signal. Instead this signal 

depends critically upon the time dependence (slew rate) of the 

ionizing field (Neijzen and Donszelmann 1982; Jeys et al. 1982). 

Rydberg atoms have two basic paths to ionization in a 

monotonically increasing electric field. Atoms may evolve either 

diabatically or adiabatically. Diabatic ionization is said to occur 

if the atom remains in the same state as the electric field is 

increased from zero to a value sufficient to induce ionization. 

Adiabatic ionization is somewhat more complicated. If the atom is in 

a state which interacts strongly with states from other manifolds, the 

states will repel one another, leading to avoided level crossings. If 

the slew rate of the applied electric field is sufficiently low, these 



avoided crossings will be traversed adiabatically. The atom will 

successively assume the character of many states as the field is 

increased. When the atom assumes the character of a state unstable 

against ionization, the atom will ionize. 

In sodium, two ionization thresholds have been observed at very 

different values of field strength (Jeys et al. 1980) for atomic 

states with j£3 2 (fig. 2). The 2 states of sodium have three 

values of |m^|; 0, 1, and 2. Atoms with |m^| 3 0, 1 have been 

observed to ionize primarily adiabatically while atoms with |m^| 3 2 

ionize primarily diabatically. • The degree to which atoms with 

Imjl 3 2 follow a single diabatic path is highly dependent upon the 

principal quantum number (see fig. 2), and the rate of increase (slew 

rate) of the applied electric field. 

The main emphasis of the present work is on adiabatic ionization. 

We have investigated adiabatic ionization in Na(nS,nD) atoms by the 

technique of high resolution selective field ionization. By 

decreasing the slew rate of the applied field (to approximately 

10^ V/cm/sec) we have been able to observe field ionization structure 

as narrow as 2 T/cm (a considerable improvement over the resolution in 

fig. 2). Structure this narrow is the result of atoms ionizing upon 

abruptly assuming the character of a highly ionizing state after 

following an adiabatic, or predominantly adiabatic, path. 
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Figure 2. a). Field ionization data for Na(nD) atoms, b). Extreme 
members of the m^ ■ 0 Stark manifolds, calculated using fourth order 
perturbation theory, are the light lines. Adiabatic paths to 
ionization are represented by dashed lines. Diabatic paths to 

ionization are represented by the heavy solid lines. Sodium atoms 

with Imj^l ■ 0 and 1 ionize primarily adiabatically, while atoms with 
Imj^l = 2 ionize primarily diabatically with electric field slew rates 
near 10^ V/cm/sec. 



CHAPTER TWO 

Section 2.1 The Adiabatic Path to Ionization. 

To understand adiabatic ionization of a Rydberg atom in a rapidly 

increasing electric field, it is necessary to have a complete 

knowledge of the state of the atom from zero to ionizing fields* The 

most important consideration is how the initial atomic state interacts 

with other atomic states as the electric field increases. The path to 

ionization is dependent upon parameters inherent to the atom studied 

(quantum defect and thus the magnitude of the energy separation at 

avoided level crossings) and the rate of increase, or slew rate, of 

the external electric field. The«Stark structure has been studied 

extensively in static electric fields by Zimmerman et al. (1979) and 

perhaps this is the best place to begin a discussion of adiabatic 

field ionization. 

The Stark structure of the hydrogen atom provides - a natural 

starting point for an accurate description of the behavior of atomic 

states of alkali Rydberg atoms in static electric fields. The 

Hamiltonian of the hydrogen atom, neglecting electron and nuclear 

spin, (in atomic units) is, 

H = -£2 - JL + zF 

2 r 

where F is the magnitude of the applied electric field along the z 

axis. Schrodinger's equation, 

HY(r) - E^(r) 

may be solved analytically in the zero field case for the hydrogenic 

wavefunctions and energy levels. The parabolic coordinate system is 

9 
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the most useful for calculating Stark shifts in energy (Bethe and 

Salpeter 1977). The parabolic quantum numbers are n, n^, n2, and |m^| 

where n is the principal quantum number and ImjjJ is the magnetic 

quantum number. The quantum numbers obey the relationship 

n » nj + n2 + Im^l +1. 

Perturbation theory expansions to arbitrary order have been given 

by Silverstone (1978) for hydrogen in a static electric field. It has 

been shown (Koch 1978), however, that summing many terms of the 

perturbation expansion series does not necessarily lead to convergence 

at the correct energy. Perturbation theory expansions will actually 

diverge if summed to arbitrary order at high field strengths. Summing 

the perturbation series to fourth order typically gives results 

accurate to within a few percent at high field strengths (fields where 

the rate of decay is approximately 10^ sec-2). In general, at high 

fields, perturbation theory can only poorly approximate the energy 

shift when n^ - n2 » 0, but can give rather good results when 

nl “ n2 << 0» At low fields, the perturbation expansion gives a good 

estimate of all the energy levels of hydrogen. This series summed to 

fourth order is given by, 

WO ■ -1 
2a2 

W1 » 3n(nt - n2)F 
2 

“ -n^(17n2 - 3(nj - n2)2 - 9m2 + 19)F2 W2 
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W3 3n7(n^ - n2)(23n
2 - (nj - n2)2 + 11m2 + 39)F^ 

32 

W4 - =n
10(5487n4 + 35182n2 - 1134m2(n1 - n?)

2 

1024 

+ lSOôn^nj. - n2)
2 - 3402n2m2 + 147(nj - n2)

4 

- 549m4 + 5754(n^ - n2)
2 - 8622m2 + 16211)F4 

W - WO + W1 + W2 + W3 + W4 

In hydrogen, if non-Coulombic terms in the Hamiltonian are 

neglected, the Coulombic potential has a symmetry which allows energy 

levels of the same (mg I to cross (Helfrich 1972). This is a result of 

the spatial localization of the wavefunctions. Wavefunctions of 

states with opposite Stark shifts are concentrated in opposite 

directions along the electric field orientation. Thus, the matrix 

elements coupling the two states are negligible. 

In the alkali atoms, non-Coulombic terms arising from the 

interaction of the outer electron with the core electrons, break this 

dynamical symmetry and energy levels characterized by the same values 

of Im^l cannot cross. It is this feature that brings about adiabatic 

field ionization, i.e. the atom continuously evolves in an increasing 

electric field assuming the character of many states until a highly 

ionizing state is encountered and ionization occurs. 

Now we shall consider the Hamiltonian of the alkali atom, 

H » -£2 + V(r) + zF 

2 

where we have once again neglected electron and nuclear spin effects. 

The potential V(r) is complicated due to the multitude of interactions 

between the outer electron and the core electrons of the alkalies. 
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Highly excited atoms are veil suited to approximations because the 

outer electron spends much of the time far removed from the core 

electrons. The result is that the potential is nearly Coulombic and 

accurate wavefunctions may be constructed which obey the appropriate 

boundary conditions (Zimmerman et al. 1979). Non-Coulombic terms in 

the potential are most important for states which interact the 

strongest with the core electrons (states with low angular momentum 

X)• The principal result of the core interaction for low angular 

momentum states is to lower the energies of the states. The 

expression for the zero field energies is, 

-1 
E -   — 

2(n - Sjt)2 

where Sj^ is known as the quantum defect. For sodium the quantum 

defects of the three lowest states have been found empirically to be 

/0 - 1.3470(14), J1 - 0.8541(13), and «f2 - 0.0144(4) (Fabre et al. 

1978). Zimmerman et al. (1979) have verified that the level 

structure at level anticrossings is highly sensitive to the value of 

the quantum defect. 

Other non-Coulombic terms arise from the effects of core 

polarization and fine structure interactions. The effect of core 

polarization by the excited outer electron adds the term, 

-1 (*d) 
V(polarization) ■ — -   

2 r4 

to the Hamiltonian (Freeman and Kleppner 1976), where is the 

dipole core polarizability. The dipole core polarizability of sodium 
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has been found experimentally to be 1.0015(15) (atomic units). The 

fine structure interaction adds the term, 

(°02(L*S) 
V(fine structure) «   

2 r3 . 

to the Hamiltonian, where is the fine structure constant. 

The difference between hydrogen and alkali atom energy levels 

becomes apparent when the energies are presented graphically. In fig. 

3a we have plotted the energy levels of hydrogen calculated using 

perturbation theory summed to fourth order (derived by Silverstone 

1978) as a function of electric field strength. From the plot it is 

evident that level crossings occur. In fig. 3b we have presented the 

energy levels of sodium for n ** 15, m^ « 0 (numerical calculations by 

Zimmerman et al. 1979). Obviously there is a considerable difference 

between the energy levels of hydrogen and those of the sodium alkali 

atom. In fig. 3a energy levels are terminated upon reaching an 

ionization rate of 10^ sec”* It should be noted that some of the 

apparent level crossings for sodium are a product of the plotting 

procedure, while others such as the one at 500 cm”*, 4.5 KV/cm are 

real. 

Since the quantum defect for J(m 0 states is greater than one in 

sodium, the S states are displaced below the adjacent (n - 1) manifold 

with the 1 states slightly above the adjacent manifold. One can 

see that in an electric field there are very strong interactions 

between states with mjj ■ 0. In general the weakest interactions are 

between states which are spatially located on opposite sides of the 
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ELECTRIC'FIELD CV/CM) 

Figure 3. a). Energy levels of n “ 15, mo ■ 0 states of hydrogen 
calculated using fourth order perturbation theory, b). Energy levels 

of n ■ 15, mjj “ 0 states of sodium calculated numerically (reprinted 
from Zimmerman et al. 1979) . 
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Figure 4. a). Energy levels of n ■ 15, Im^l ■ 1 states of hydrogen 
calculated using fourth order perturbation theory, b). Energy levels 

of n ■ 15, Inigl ■ 1 states of sodium calculated numerically (reprinted 
from Zimmerman et al, 1979). 
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sodium atom, as in hydrogen. This is evident in fig. 3b where we see 

that the energy gaps at level anticrossings between states on opposite 

sides of the manifolds are the smallest. Other states interact to 

such an extent that the energies at level crossings have little 

resemblence to those of hydrogen. 

For states with ling I ■ 1 (fig. 4) the numerical calculations for 

sodium are much more similar to the perturbation theory calculations 

for hydrogen. Because electrons in states with |m^| ■ 1 penetrate the 

core less than electrons in states with m^ = 0, the non-Coulombic 

terms in the Hamiltonian are less important. The gaps at level 

anticrossings are much smaller in magnitude. 

Diabatic transitions at an avoided crossing of two levels which 

are traversed linearly in time have been described theoretically by 

Landau (1932) and Zener (1932). Landau-Zener theory is applicable for 

a two level system in which the Hamiltonian depends on some parameter 

q which may be an applied electric or magnetic field. We see in fig. 

5a an unperturbed two level system labeled by the states |1> and |2> 

which cross for some value of the parameter q. If there exists some 

interaction V (such as the core interaction in sodium) which couples 

the two levels, then the degeneracy will be broken and there will be 

an avoided crossing (as in fig. 5a). The interaction <1|V|2> will 

effectively couple the two levels. 

An atom initially in state |2> (fig. 5a) may either evolve 

adiabatically into state |1'>> or diabatically into state |2'>. The 

correct interpretation of pulsed field ionization data depends on a 
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(a) 

nsec-') 

(b) 

Figure 5. a). Energy of a two level system at an avoided crossing, 
as a function of the parameter q. b). Ionization rates for the state 
|12,6,3,2> crossing with the highly ionizing state |14,0,11,2> as a 

function of applied field. The solid line is the theoretical 
ionization rate of the two level system. The dashed line omits the 

highly ionizing state |15,0,12,2> at 17.3 kV/cm (reprinted from 
Littman et al. 1976). 

E( kV/cm ) 
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knowledge of the diabatic transition probability at avoided level 

crossings. Landau-Zener theory, for the simple case where the 

unperturbed energy separation E ■ E2 - El varies linearly with q and q 

varies linearly with time, gives this transition probability to state 

|2'> to be, 

-2*tf|<l|Vl2>|2.v 
Probability (2 -> 2') m exp   

(h*dE/dt) 

where <1|V|2> is the matrix element described above and dE/dt is the 

slew rate (dE/dt ** dE/dq.dq/dt). It has been shown experimentally 

(Gallagher et al. 1976} Jeys -et al. 1980) that in a rapidly 

increasing electric field diabatic transitions between Rydberg states 

at avoided level crossings can result in a change in ionization 

threshold. 

The energy separation of two levels at an avoided crossing is 

given by, 

E = 21 <11 V| 2> 1 . 

Komarov et al. (1980) have obtained an expression for the matrix 

element <1|V|2> of the core potential for alkali Rydberg atoms. 

However, the formula is applicable only when the Stark structure of 

the alkali atom is nearly hydrogenic (i.e. when the energy gaps at 

avoided crossings are small in relation to the Stark structure). The 

energy separations at avoided level crossings in lithium have been 

calculated numerically and measured experimentally to an accuracy of 

0.01 cm”* by Zimmerman et al. (1979). It should also be noted that 

the number of avoided crossings encountered by an adiabatically 
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ionizing atom scales as n for the states with mjg =* 0. 

Along with a knowledge of the energy levels and the interaction 

of these levels at avoided crossings, a third important topic in field 

ionization is ionization probability. The discrete atomic levels have 

been described by Damburg and Kolosov (1976) as "narrow bands of a 

dense continuum which become wider and more diffuse as the electric 

field becomes more intense". In order to characterize a particular 

atomic state it is thus necessary to know the center of this band E 

and its width T* . The width P is the probability of ionization of 

the perturbed atom. 

Damburg and Kolosov (1979) have derived a semiempirical formula 

for the ionization rate of hydrogen, accurate to within a factor of 

two between ionization rates of 10^ - 10^ sec-*, for arbitrary quantum 

numbers n, n^, n2, and |m^| and electric field F. The formula is 

given by, 

R - (-2E)3^2/F. 

The ionization rates of individual Stark levels of sodium have 

been measured by Littman et al. (1976) and the ionization rates of 

low lying sublevels were found to be in excellent agreement with the 

rates calculated for hydrogen, except at avoided crossings. The 

n2!(n2 + Im^Dln 

where 

K » 34n2
2 + 34n2lmAl + 46n2 + 7|m^|2 + 23|m^| + 53/3 

and 
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higher lying sublevels were found to have ionization rates very 

different from hydrogen» apparently due to level mixing with other 

highly ionizing levels. 

Vhen a non-highly ionizing state |a> mixes with a highly ionizing 

state |b> at an avoided crossing, the resulting ionization rate is 

contained in the following expression for the complex energy of the 

two level system (Kleppner 1971), 

w - i nT- i/2(wa + wb -i(Pa + rb)/2 

± ((Wa - Wb - i(ra - rb)/2)2 - 4|<a|V|b>|2)1/2) 

where W& and Wb are the unperturbed energies, T*a and 7b are the 

unperturbed ionization rates, and <a|V|b> is the matrix element of *Ê.r 

coupling the two states (fig. 5b). Littman et al. (1976) also found 

that if a level crosses with several highly ionizing levels and if the 

coupling matrix elements are large, then the ionization rate never 

returns to that of the original level, instead the level is coupled to 

the continuum and maintains a high ionization probability. 

Rubbmark et al. (1981) investigated individual level crossings 

in lithium for states with |mg| ■* 1 (fig. 6) and found that simple 

Landau-Zener theory gives diabatic transition probabilities in 

excellent agreement with those found experimentally. The study was 

conducted by varying the slew rate through an avoided crossing and 

monitoring the ionization products at higher fields strengths. The 

threshold field for ionization is delineated by the shaded area of 

fig. 6 and is given by fields greater than 

F - W*2/4 - l/(2n*)4 
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Figure 6. a). The adiabatic path followed by lithium atoms to 
ionization. The shaded area represents the threshold field for 
ionization, b). Expanded view of region near ionization. Reprinted 
from Rubbmark et al. 1981. 
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where W* is the energy (atomic units) of the electron in the Stark 

field (Littman et al. 1978). 

The classical ionization model predicts ionization to occur when 

the electric field is large enough to reduce the potential barrier 

below the electron's energy. This value of field strength can be 

obtained by setting the electronic energy equal to the potential 

energy at the classical saddle point. Cooke and Gallagher (1978) have 

modified the expression for states with higher Im^l by adding a 

centrifugal term to the potential energy (see fig. 2). 

While this model generally gives a good estimate of the field 

strength at which the atom will ionize, it is nevertheless based on 

classical arguments and fails to explain quantum mechanical effects. 

As stated previously, to accurately determine the field at which 

ionization will occur it is necessary to know the initial state of the 

atom, how the atom evolves (diabatically or adiabatically) as the 

field is increased, and the instantaneous ionization probability. 

The simplest way to trace the adiabatic path of an atom is to 

follow the path calculated using Silverstone's (1978) hydrogenic 

perturbation theory. Using a Digital Equipment Corporation LSI 11/2 

microcomputer we have traced the adiabatic path and calculated the 

ionization rate (Damburg and Kolosov 1979) of each state encountered 

(fig. 7). The initial state was chosen to be 130,0,29,0>. No states 

with an appreciable ionization rate were found before “440 V/cm. At 

“460 V/cm the atom will evolve into a state with an ionization rate of 

“10** see”*. Further increase in the electric field will convert the 
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Figure 7. a). Extreme members of the m^ * 0 hydrogenic Stark 
manifolds calculated by 4th order perturbation theory. The heavy 
solid line represents the adiabatic path to ionization for the m» = 0 
state resulting from Na(31S) excitation, b). Expanded view of the 
region delineated by the rectangle in a). All states with m^ ■ 0 are 
shown. States . with ionization rates of 10' to 10** sec-* are shown 
dashed. The heavy solid line shows the totally adiabatic path; the 
dotted line represents an adjacent adiabatic path. 
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atom back into a state with a very low ionization probability. The 

atom will then continue to evolve in the field until again 

encountering a state with a high ionization probability at "490 V/cm. 

It is thus conceivable that a single initial state could pass through 

several regions of high ionization probability in an electric field, 

depending of course on the ionization rates encountered and how 

quickly the atom passes through these regions. We will discuss this 

concept of adiabatic ionization further in Section 2.2 when we analyze 

data exhibiting these effects. 
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Section 2.2 Adiabatic Ionization of Sodium Rydberg Atoms 

Ground state sodium atoms, contained in a beam emerging from a 

heated oven (200 °C), are stepwise laser excited in zero (< 0.05 V/cm) 

electric field via the intermediate 3^Pl/2 level to either n^Sl/2 or 

n^D3/2 states (fig. 8). Nitrogen pumped tunable dye lasers (fig. 9) 

permit unique excitation of any nS or nD state from n ~ 25 to 50. 

Approximately 2 usee after excitation an ionizing voltage ramp is 

applied between two plane fine mesh grids, located on each side of the 

excitation region, resulting in a time-dependent electric field whose 

slew rate can be varied from “ 10^ to ~ 10^ V/cm/sec. The electrons 

liberated at ionization are detected by a Johnston multiplier whose 

output pulses are.fed to a time to digital converter (TDC). The TDC 

is started at the beginning of the voltage ramp and is stopped by the 

first output pulse received from the multiplier (fig. 10). The TDC 

is interfaced to a computer and for sufficiently low count rates (£ 

0.1 per laser shot) the signal stored in the computer is proportional 

to the probability of a field-ionization event per unit time during 

the voltage ramp. For high resolution studies the TDC is delayed with 

respect to the start of the ionizing ramp in order to encompass all 

ionization events. Measurement of the time dependence of the voltage 

ramp (Appendix A) then permits determination of the ionization signal 

per unit field increment. Uncertainties in the calibration of the 

voltage ramp give an uncertainty of “ 3% in the determination of 

absolute field strengths. Furthermore, fluctuations in the time 

interval between the formation of an electron and its subsequent 
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Figure 8. Partial term diagram illustrating the two 
photoexcitation of sodium Rydberg atoms. 

step 
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Nitrogen 
Laser 

3371 A 

YELLOW DYE LASER 

5890 % 

Figure 9. Schematic diagram of dye lasers used for excitation. The 
yellow dye laser excites the ^^1/2 (5896 A) level or the 

32P3/2 (5890 1) level of sodium. The blue dye laser provides ~ 4100 A 
photons to access n2S1/2 or “ ®3/2,5/2 levels. 
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Figure 10. Schematic diagram of the apparatus. For charge 
integration experiments, the output of the electron multiplier is 
capacatively coupled into a analog to digital converter. 
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registration by the detection electronics yield an instrumental width 

varying from ~ 10 V/cm at the highest slew rates to ” 0.1 V/cm at the 

slowest slew rates. These fluctuations arise primarily from the 5 

nsec transit time spread associated with the Johnston multiplier. 

SFI data obtained for laser-excited Na(31S) atoms are presented 

in fig. 11 and are seen to depend critically upon slew rate. The 

ionization features occur at field strengths consistent with those 

expected for predominatly adiabatic passage to ionization. These data 

can be explained semi-quantitatively with the aid of fig. 7a which 

shows the extreme members of the* ling I » 0 hydrogenic Stark manifolds, 

in the vicinity of n *• 30, calculated from formulas derived by 

Silversone (1978) using forth order perturbation theory. These energy 

levels, although not exact even for hydrogen (Koch 1978), provide a 

satisfactory approximation in the case of sodium, provided that 

account is taken of the presence of non-Coulombic terms in the 

Hamiltonian which lead to avoided crossings whenever levels of the 

same |mg| approach one another (Zimmerman et al. 1979; Rubbmark 

et al. 1981). In completely adiabatic passage to ionization each 

avoided crossing is traversed adiabatically and a sodium atom excited 

to the 3IS state successively assumes the character of many states as 

it follows the path indicated by the heavy line in fig. 7a. At a 

sufficiently high field strength the atom assumes the character of an 

unstable state and ionization may occur. The energy levels in this 

region, which is delineated by the box drawn in fig. 7a, are shown 

schematically on an expanded scale in fig. 7b, where the totally 
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Figure 11. Field ionization spectra of Na(31S) atoms at different 
applied field slew rates. 
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adiabatic path is again shown as a heavy line. States with ionization 

rates in the range 10^ to 10** sec”* are labeled, using the parabolic 

quantum numbers (Bethe and Salpeter 1977) and are shown dashed. The 

ionization rates are calculated using the semiempirical formula given 

for hydrogen by Damburg and Kolosov (1979). 

At point A an atom, that has responded completely adiabatically 

to the applied field, assumes the character of the highly ionizing 

state |34,0,33,0>. If the slew rate is sufficiently slow, ionization 

is inevitable and a single narrow peak will result. The peak 

appearing in fig. Ilf at ”476 *V/cm for a slew rate of 2.5 x 

10^ V/cm/sec is attributed to this mechanism. 

When the slew rate is increased to 1.2 x 10® V/cm/sec (fig. lie) 

an additional small narrow feature appears at a slightly lower field 

strength (”472 V/cm). This peak is attributed to atoms that at some 

value of the field make an appropriate diabatic passage at an avoided 

crossing and subsequently follow the dotted path in fig. 7b. Atoms 

following this path can evidently ionize at a slightly lower field 

strength than do those that follow the fully adiabatic path. 

As the slew rate is increased further the observed growth of this 

new feature is attributed to the enhanced probability of such a 

diabatic crossing. At sufficiently high slew rates (^ 3.5 x 

10® V/cm/sec) this feature merges with the (presumed) fully adiabatic 

feature because of the instrumental effects discussed earlier. At the 

same time a second major feature appears at field strengths between 

“490 V/cm and 510 V/cm. This second feature is attributed to the fact 



32 

that at the higher slew rates the atoms have an appreciable 

probability of escaping ionization at A and they thus continue to 

region B where the much higher ionization rate (“10** sec-*) of the 

state 134,1,32,0> ensures complete ionization. The separation in 

field strengths between these two broad features is seen to be 

comparable to that between regions A and B in fig. 7b. 

The plausability of the model presented to explain the origin of 

the narrow features is demonstrated by a measurement in which the 

slowest ionizing voltage ramp (2.5 x 10^ V/cm/sec) is applied to one 

grid and a small **20 V sharply tising step voltage is applied to the 

other grid. This step voltage may be applied at different times 

during the ionizing voltage ramp- and has the effect of causing a 

significant increase in the slew rate (to *" 5 x 10® V/cm/sec) over a 

small range of field strengths (~ 8.7 V/cm). 

Now at a slew rate of 2.5 x 10^ V/cm/sec no peak at 472 V/cm is 

evident (fig. Ilf). If however, as conjectured, this peak arises at 

higher slew rates because of diabatic behavior at an avoided crossing, 

it should reappear if the slew rate at this crossing is sufficiently 

enhanced by appropriate timing of the voltage step. Thus, while 

changing the time of application of this step, the SFI spectrum is 

monitored using two analog to digital converters. One converter 

(ADC2) records the signal in the peak at 476 V/cm, while the other 

(ADC1) records the total ionization signal. The ratio of signal at 

476 V/cm (ADC2) to the total signal (ADC1) is shown in fig. 12a* 

This ratio exhibits a major anomaly when the voltage step is applied 
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Figure 12. a). Ratio of ADC signals obtained, as indicated in fig. 
13a, as a function of the time of application of the voltage step. 
Features near 325 and 345 7/cm represent slew rate induced departures 
from the path which ionizes at ~ 476 V/cm. b). Applied electric 
field as a function of time. 
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at a field strength of about 345 V/cm. The SFI spectrum obtained 

under these circumstances is shown in fig. 13. Clearly the peak at 

472 V/cm is now present and is evidently due to diabatic behavior at a 

field strength of about 345 V/cm. The growth of the feature at ~ 481 

V/cm is also quite apparent. This feature is attributed to atoms 

which» because of diabatic behavior at a field strength near 345 V/cm, 

follow the path which lies immediately below the fully adiabatic path. 

They therefore ionize at a slightly higher field strength than do 

those atoms which follow the totally diabatic path. 

Narrow ionization features ate also observed at low slew rates 

for other parent Na(nS) atoms, with 27 < n < 37 (fig. 14). For 

Na(nD) atoms more complex structure is often observed and typical data 

are shown in fig. 15 for Na(29D). The data in fig. 15a are obtained 

with the exciting lasers polarized parallel to the ionizing field 

direction (Jeys et al. 1981,1982) and result from ionization of 

states with Im^l * 0, 1. The data in fig. 15b pertain to ionization 

of states with Im^l » 0, 1, and 2 and are obtained with the lasers 

polarized perpendicular to the ionizing field. No ionization signal 

is observed at field strengths greater than 700 V/cm. The two narrow 

features evident in fig. 15a are at field strengths consistent with 

ionization of Im^l 11 0, 1 states that ionize along predominatly 

adiabatic paths. The multiple ionization features, evident in fig. 

15b, result from ionization of Im^l ** 2 states and occur at field 

strengths between those expected for purely adiabatic and for purely 

diabatic passage to ionization. This suggests that, for n * 29 and a 
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Figure 13. a). Na(31S) field ionization spectrum obtained with a 
slew rate of 2.5 x 107 V/cm/sec. b). Na(31S) field ionization 
spectrum obtained when, at a field strength near 345 V/cm, the slew 
rate is increased from 2.5 x 107 to 5 x 10° V/cm/sec. 
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Figure 14. High resolution spectra of Na(nS) atoms (n • 28 - 36) 
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slew rate of 3 x 10^ V/cm/sec, lingl = 2 atoms display neither 

predominatly adiabatic nor diabatic behavior during passage to 

ionization but are in the intermediate region in which many avoided 

crossings are traversed diabatically, and many are traversed 

adiabatically. Such behavior results in atoms following many 

different paths to ionization resulting in the large number of SF1 

features. 

Structure in the SFI adiabatic spectrum of Na(nS) atoms is 

attributed to two causes. Closely spaced structure, separated by ~ 3 

V/cm, is attributed to the fact that in passage to ionization some 

atoms exhibit diabatic behavior at one or more avoided crossings. A 

group of identical atoms will therefore not follow a unique path to 

ionization and yield a single peak, but will follow several adjacent 

paths each of which can lead to a narrow SFI feature. 

The broader structure, separated by ~ 20 V/cm, is attributed to 

the fact that, at sufficiently high slew rates, atoms following a 

particular path will not necessarily ionize when they make their first 

encounter with an unstable state. Some may survive until a second (or 

possibly third) encounter with an unstable state is made. For Na(nD) 

atoms, at the slew rate used, the SFI spectra are more complex, but 

may again be understood in terms of these considerations. 



39 

Section 2.3 Modelling of Collision Products 

Recent experiments (Smith et al. 1978; Kellert et al. 1980a, 

1980b) involving highly excited atoms (Xe) and target molecules 

(NHj and SFg) have demonstrated that collisions can occur which result 

in a complete redistribution of excited states. The collision 

products were analyzed by the technique of selective field ionization 

(SFI). By analyzing the electric field dependence of the collision 

products, it has been possible to study the dynamics of field free 

collisional processes and determine which states are populated and the 

rate at which these states are populated. 

Two basic types of state redistributions have been reported. 

Collisions in which the angular momentum quantum number (JO of the 

state changes, and collisions in which both the principal quantum 

number (n) and the X of the atomic state are changed. These two 

processes are commonly referred to as X~ and n-changing collisions, 
/ 

respectively. 

The analysis of the field dependence of the collision products 

may be complicated by several factors. The collisionally populated 

states may not have a single ionization threshold because of the 

tendency of states with small values of |m^| to ionize adiabatically 

and states with larger values of Im^l to ionize diabatically. In 

fact, it has been observed that a statistically mixed manifold of 

given n will have two well separated ionization features corresponding 

to the two possiblities outlined above. Other complications arise 

from the tendency of ionization thresholds from different manifolds to 
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overlap one another. Also, states with intermediate values of Im^l 

tend to ionize along paths which are not completely diabatic or 

adiabatic. 

We have modelled the field ionization profiles for n- and 

^-changing collisions by tracing the path to ionization for both 

diabatically and adiabatically ionizing states. The number of states 

populated is given by n^ (neglecting spin) and thus at n * 30, 900 

states must be dealt with (a task which should only be considered when 

a computer is available). Actually, since states with the same n, nl, 

n2 and |m^| are degenerate in energy and have the same ionization 

probability, the number is approximately halved (there are n - 1 

states with ** 0) . 

For an ensemble of atoms in a given initial state the number of 

atoms ionized per unit field increment is given by, 

dN » N(F)T(F) 

dF dF/dt 

where F « electric field strength (V/cm) 

N(F) =* number of atoms remaining in state |n,nl,n2,|m|J> 

T(F) « ionization probability (see”*) 

dF/dt ** slew rate of applied electric field (V/cm/sec). 

By calculating the energy and ionization probability as a function of 

applied field it is possible to generate an ionization profile for an 

ensemble of atoms in an initial state |n,nl ,n2, |mjjJ>. Using the 

expression for energy given by fourth order perturbation theory 

(Silverstone 1978) and the analytical formula for ionization 

probability derived by Damburg and Kolosov (1979) it is possible to 
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ELECTRIC FIELD CV/CM3 

ELECTRIC FIELD CV/CM) 

Figure 16* a). Calculated SFI profile for diabatic ionization of an 
ensemble of 140,0,0,39> Stark states at a slew rate of 10^ V/cm/sec. 
b). Calculated SFI profile for diabatic ionization of a mixture 
containing equal numbers of atoms in each Imp I > 3 Stark state for n = 

40 at a slew rate of 10^ V/cm/sec. 
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generate a synthetic ionization profile for a ensemble of diabatically 

ionizing atoms such as the one shown in fig. 16a. By calculating the 

ionization profile for each diabatically ionizing atom for a given n 

and summing the profiles, it is possible to generate a profile such as 

the one in fig. 16b. This profile is a representation of a X^mixed 

ensemble of atoms ionizing diabatically. 

For an electric field slew rate of ~ 10^ V/cm/sec ionization will 

occur when the ionization probability reaches a value near 10^ sec”*. 

In fig. 17 we have labeled the individual ionization thresholds for 

atoms with n * 37, Im^l > 1. Obviously, the shape and onset of the 

ionization profile are proportional to the slew rate of the applied 

electric field. Decreasing the slew rate of the applied field will 

decrease the field at which ionization will occur and vice versa. 

The adiabatic path to ionization for an ensemble of atoms is much 

more difficult to model. A complete knowledge of the energy and 

ionization rate of each state encountered is necessary for each value 

of field strength near ionization. The state of an atom is determined 

by energy ordering the states in zero and then at arbitrary field 

strengths. Since, by definition atoms which ionize adiabatically 

evolve into states (of the same Im^l) whose energy levels never cross, 

the relative position in energy of the atomic state remains constant. 

The relative position is completely independent of field strength. 

Thus, by tracing the adiabatic path and calculating the ionization 

rate as before we can generate the ionization profile for an 

adiabatically ionizing ensemble of atoms. In fig. 18a we have 
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Figure 17. a). Extreme members of the n ** 37, Imgl = 2 Stark 
manifold. The crosses represent the points at whicn each Imjjl > 1 
Stark state achieves an ionization rate of 10^ sec-*, b). Calculated 
SFI profile for diabatic ionization of a mixture containing equal 
numbers of atoms in each Ira^l > 1 Stark state for n ■ 37 at a slew 
rate of 10^ V/cm/sec. 
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ELECTRIC FIELD CV/CMi 

ELECTRIC FIELD CV/CR3 

Figure 18. a). Calculated SFI profile for adiabatic ionization of a 
mixture containing equal numbers of atoms in each Im^l < 4 Stark state 

for n =» 40 at a slew rate of 10’ V/cm/sec. b). Above profile with a 
7-point digital filter applied. 



45 

plotted a. synthetic SFI spectrum for atoms with n ■ 40, Im^l < 4. We 

would expect that the sharp, well-defined features due to a rapid 

onset of ionization would be absent in a more realistic ionization 

profile which would include the effects due to large energy gaps at 

avoided level crossings. Thus, in fig. 18b we have applied a 7 point, 

digital filter to the data to smooth the synthetic profile. 

In fig. 19 we have plotted the calculated and observed 

ionization features resulting from collisions of Na(37D) atoms with 

thermal Xe atoms (Kellert et al. 1981). We have assumed that an 

equal number atoms in each 137 ,hl ,n2, |mjj|> state is populated by the 

collision. Atoms with Imjgl < 2 are assumed to ionize adiabatically 

and atoms with |mj^| 2 ionize diabatically. Although the adiabatic 

profile is obscured by the parent state ionization feature, the 

diabatic feature agrees quite well with the observed data. 

In fig. 20 we have plotted the calculated and observed 

ionization features resulting from collisions of Xe(27F) atoms with 

thermal HF molecules (Higgs et al. 1981). Rotational energy from the 

HF molecule has populated states at or near n “ 40. Xenon atoms with 

Im^l < 4 are assumed to ionize adiabatically while atoms with Im^l > 4 

are assumed to ionize diabatically. The disagreement of the data with 

the model may be due to several factors. Differences may result from 

populating more than one n, states with intermediate values of |m^| 

ionizing neither completely adiabatically or diabatically, large 

background signals, or a more fundamental discrepancy between the 

simple model and ionization of xenon Rydberg atoms. 
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Figure 19. Calculated ionization features ( ) resulting from 
ionization of a mixture containing equal numbers of atoms in each n s 

37 Stark state. States with |m»| < 2 ionize adiabatically resulting 
in the feature at ~ 200 V/cm; states with |m^| > 2 ionize 
diabatically at fields in the range ~ 330 to 750 V/cm. For comparison 
purposes, typical SFI data obtained following Na(37D) + Xe collisions 

are shown. 



47 

ELECTRIC FIELD (Vcnr1) 

Figure 20. Calculated ionization features (——) resulting from 
ionization of a mixture containing equal numbers of atoms in each n » 

40 Stark state. States with |m«| < 4 ionize adiabatically resulting 
in the feature at ~ 150 V/cm; states with Im^l i 4 ionize 
diabatically at fields in the range ~ 240 to 500 V/cm. For comparison 
purposes, typical SFI data obtained following Xe(27F) + HF collisions 
are shown. 



CHAPTER THREE 

Section 3.1 Results of Study 

Utilizing the technique of high resolution selective field 

ionization it is possible to observe ionization profiles as narrow as 

2 V/cm for Na(nS,nD) atoms. Field ionization structure this narrow is 

characteristic of atoms evolving adiabatically, or predominantly 

adiabatically, in an increasing electric field. By increasing the 

slew rate of the applied field, it is possible to induce departures 

from the common ionization path. These departures result in multiple 

ionization thresholds for an ensemble of atoms. Multiple ionization 

thresholds may be explained by arguments based on a simple model. 

Most atoms pass through avoided level crossings adiabatically and 

eventually ionize when the atom assumes the character of a highly 

ionizing state. However, some atoms may pass diabatically through an 

avoided level crossing and then continue to follow an adjacent 

adiabatic path and ionize upon assuming the character of the highly 

ionizing state at a slightly different field strength. As the slew 

rate of the applied field in increased further, more atoms will pass 

through avoided level crossings diabatically and there may be several 

narrow, closely spaced, ionization thresholds. 

If the ionization rate of the highly ionizing state encountered 

is insufficient to ensure complete ionization of all atoms, it is 

conceivable that some atoms will escape ionization and evolve further 

as the field is increased. Atoms escaping ionization will continue 

evolving adiabatically until again assuming the character of a highly 

48 
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ionizing state, at which point the atoms will then ionize. Ionization 

in this manner may lead to two well separated ionization thresholds, 

dependent upon the separation between highly ionizing states. 

The structure of the ionization feature is dependent upon several 

factors. Sharp, well-defined ionization thresholds are the result of 

the atom evolving adiabatically into a state with a large ionization 

probability. Broader structure may be attributed to several 

processes. The atoms may evolve into a state with an ionization 

probability sufficient to ionize some, but not all atoms. As the 

field is increased the ionization rate of level will increase 

exponentially and ionization will proceed until all atoms have 

ionized. Ionization of atoms in this manner is much like diabatic 

ionization, and the ionization profile is similar to that calculated 

for diabatically ionizing atoms. 

Broad structure may also result if the atom evolves into a region 

of field where the energy level couples to nearby highly ionizing 

states. States with very high ionization probability are not well 

defined in energy and the degree to a which they couple to the 

non-highly ionizing state will determine the induced ionization rate 

of the atom. 

By selectively increasing the slew rate of a small portion of the 

applied field we have found that the probability of a diabatic 

transition is greater at some avoided level crossings than others. 

This result is in agreement with the numerical calculations by 

Zimmerman et al. (1979) in that some energy gaps at avoided crossings 
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are smaller than others. Also, we know that the diabatic transition 

probability at an avoided level crossing is proportional to the 

magnitude of énergy gap. 
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Section 3.2 Future Work 

Selective field ionization has proven to be a useful tool for the 

study of highly excited atoms. A complete understanding of field 

ionization is necessary in order to fully utilize the technique for 

analysis of collisions, quantum beating of atomic states, and other 

fundamental experiments. While many aspects of field ionization are 

well understood, a more quantitative approach is necessary to 

completely understand the field dependence of high Rydberg ionization 

thresholds. It is necessary to have a complete knowledge of the 

energy, diabatic transition probability, and ionization probability to 

accurately predict the field at which ionization will occur. 

We have utilized Na(nS) states to study adiabatic ionization of 

alkali Rydberg atoms. Because the energy gaps at avoided crossings 

are very large for m^ ■ 0 states of sodium, the use of hydrogenic 

fourth order perturbation theory as anything more than a qualitative 

representation of the energy levels is questionable. States with Im^l 

= 1 have much smaller energy gaps and thus, are much better 

represented by energies calculated using fourth order perturbation 

theory. With recent advances in our ability to produce Na(nD) states 

with only Im^J ** 1 components, it should be possible to quantitatively 

study adiabatic field ionization. It should be possible to more 

accurately predict the ionization thresholds, energy levels, and 

diabatic transition probabilities with the analytical tools at hand. 

It should be possible (if not for Imj^l » 1 states, then for states 

with Imj^l * 2) to calculate the ionization threshold for an arbitrary 
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electric field slew rate using the expressions for energy (Silverstone 

1978), ionization rate (Damburg and Kolosov 1979), and diabatic 

transition probability (Komarov et al. 1980). 

An important area of interest in field ionization is 

understanding how states with low ionization probability couple to 

states which have a very high ionization probability. Highly ionizing 

states are broadened in energy to such an extent that they are no 

longer well defined in energy. It is thus questionable to what extent 

an atomic state must broaden in energy such that it will no longer 

couple to states with a low ionisation probability. Perhaps this 

could best be determined by direct measurement of the ionization 

probability of a stable state near a very highly ionizing state. It 

is conceivable that level mixing may decrease the ionization 

probability of a highly ionizing level while increasing the ionization 

probability of the associated non-highly ionizing level. 
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APPENDIX A 

Measurement of the Applied Electric Field 

To accurately determine the field dependence of the ionization 

signal (which is accumulated as a function of time with the time to 

digital converter)» it is necessary to measure the time dependence of 

the applied electric field and the relative time delay between the 

recording electronics. Past methods of determining the field 

dependence of the ionization signal were time consuming (typically one 

hour) and were generally performed*after the time domain data was 

acquired. An approach is described below which reduces this time to 

approximately one minute. 

The electric field used for ionization is produced by applying a 

rapidly increasing» high voltage pulse (typically -3000 Volts in 1 

microsecond) to the grid shown in fig. 10. Before this voltage can 

be fed into any digitization circuit it must first be reduced by three 

orders of magnitude. This is accomplished with a voltage divider 

(2000:1) constructed from precision resistors and tunable capacitors 

(fig. 21). 

The output of the voltage divider is fed into a high speed 

comparator which compares this voltage to a reference voltage 

established by a 12-bit digital to analog converter (DAC). When the 

applied voltage is equal to the reference voltage» the comparator will 

change state and a pulse will be output to a time to digital converter 

(TDC). Thus» by repetitively scanning the reference voltage and 
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Figure 21. Diagram of electronics used to digitize high voltage 
ionization ramp. 
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recording the time at which the two voltages are equal it is possible 

to establish the time dependence of the high voltage ramp. 

Since we are only interested in the potential difference between 

the two grids shown in fig. 10, it is not necessary that we measure 

the potential of each relative to ground. By floating the ground of 

the digitizing circuit relative to the lower grid we can measure the 

potential diference directly. Then, knowledge of the grid separation 

permits a direct computation of the electric field between the two 

parallel grids. 

An LSI 11/23 microcomputer «is interfaced to the digitizing 

circuit by means of a CAMÂC crate. Perpherals within the crate (TDC, 

parallel port, etc.) are used to control data acquisition (Appendix 

B). The electric field is mapped by programming the computer to set 

the DAC via the parallel port, wait until the high voltage ramp is 

pulsed, and read the subsequent registration of the output pulse by 

the TDC. By storing this information in memory and then repeating the 

process for the full range of the DAC, the computer can directly 

measure the time dependence of the applied electric field (fig. 22). 

Measurement of the electric field by this method is accurate to 

within approximately three percent. One major source of error is the 

difficulty in determining the relative delay between the formation of 

the electron by ionization and its registration by the TDC, and the 

voltage comparison and its subsequent registration by the TDC. A 

second, and possibly the largest, source of error is the voltage 

divider. High voltage, high frequency voltage dividers are difficult 
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ELECTRIC FIELD (V cm-') 

Figure 22. a). Field ionization of Na(38D) atoms versus TDC channel 

number (one channel represents 2.5 nsec). b). Electric field 

strength versus TDC channel number. c). Field ionization signal 
versus electric field strength. 
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to calibrate due to the possible frequency dependence of their 

division ratio. Other possible sources of error are field penetration 

of the grids and a small slev rate dependence in the time delay of the 

voltage comparator. 
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APPENDIX B 

Enhancement of the Data Acquisition Rate 

The addition of microcomputer has significantly enhanced the 

experimental capability of the laboratory. With a few basic devices 

such as time to digital converters (TDC), analog to digital converters 

(ADC), digital to analog converters (DAC), and digital delays, it is 

possible to perform very different types of experiments by writing 

software which sets various parameters at the correct instant and to a 

specified value. In this way it is possible to completely alter the 

type of experiment by running a different program, not by building 

many different devices to accumulate data in slightly different ways. 

As an example, software has been written to utilize the TDC to 

accumulate the ionization signal as a function of time and map the 

field dependence as a function of time. Thus, while actually 

performing the experiment, we may observe the field dependence of the 

ionization signal. In this manner, decisions may be made instantly 

concerning the quality of the data, which particular state the laser 

is tuned to, or any other parameter subject to close scrutiny. 

With only a slight change in the apparatus, a different program 

may be run on the computer to set the digital delay and read the ADC 

each laser shot. This program may be used to accumulate quantum beat 

data or move a voltage step such as the one described in chapter two. 

In the past this experiment was performed by changing the pulse delay 

by hand, easily requiring two to three times the amount of time as the 
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computer controlled experiment. Also, within a few moments of 

starting the experiment one can discern acceptable data from 

unacceptable data and make appropriate changes in the apparatus. 

Previously, the experiment had to be completed before this decision 

could be made. 


