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I. INTRODUCTION

The application of an electric field on an atom modifies the potential in
which the electrons orbit, which in turn modifies the energies of bound ‘ates and
transition probabilities between states. The internal electric field in an atom is
very large, 5.142 x 109 V/cm for ground state hydrogen, so an external electric field
must be of a similar magnitude to cause an observable perturbation on the atom's
spectrum. Reducing the internal electric field by increasing the nuclear-electron
separation, i.e., exciting the electron to a higher principal quantum number,
reduces the external electric field required to produce a measurable effect on the
atom to fields which can easily be achieved in the laboratory. Experimental
evidence of this effect on the Balmer series of hydrogen was first reported in-
dependently in 1913 by Stark! and LoSurdo2, and is commonly known as the Stark
effect. To produce their spectra, both Stark and LoSurdo used glow discharges in
nonstandard coenfigurations. Stark used the discharge to produce canal rays (fast
ions and neutrals) which were passed through a perforated cathode into an
observation region where an electric field was maintained between two electrodes
independent of the discharge. The effect of electric fields from 10 to 100 kV can be
observed on the modestly excited states, principal quantum number = 7, contained
in the neutral component of the canal rays and excited by the canal rays. Stark's
experiment allowed the electric field in the observation region to be varied in-
dependently of the discharge; however, the number of excited atoms was low and
the photon signals were very weak. LoSurdo used a glow discharge with a
constriction in front of the cathode to observe the electric field effect on hydrogen

spectra. A glow discharge in this configuration can produce the combination of




the high electric fields and excited atomic states (through electron impact,
recombination, and other processes) required to produce a measurable effect, and
has the advantage of producing a much higher signal level than Stark's method.
Jowever, it is difficult to produce a stable discharge which can produce electric
fields high enough to affect these low lying n-states.3 In addition, the electric
field in a discharge cannot be varied independently and cannot be accurately
measured because the high electric fields (in the cathode sheath) are accom-
panied by very high field gradients which make probe measurements unreliable.
Thus an absolute comparison of the spectra to the theoretical predictions cannot
be made.

The invention and development of tunable dye lasers has enabled excita-
tion to high principal quantum number (Rydberg) states, extending the range of
electric field sensitivity4 down to uV/cm. Improved detection techniques coupled
with laser excitation has made Stark's technique a very powerful tool for inves-
tigating the atomic physics of the interaction of very well characterized electric
fields with well defined excited states of atoms and molecules. Laser excitation of
selected Rydberg states meant that greatly reduced electric fields are required to
produce a measurable effect, and the electric fields produced in conventional glow
discharge configurations became accessible to measurement.

In this report we discuss the application of Rydberg state Stark spectros-
copy of helium to the measurement of electric fields in various regions of a DC
glow discharge: the cathode sheath, negative glow, and positive column. Spectro-
scopic electric field measurements on glow discharges are preferred because,

unlike Langmuir probe measurements, spectroscopic measurements are non-




intrusive. Helium was selected for these investigations for several reasons. First,
the theoretical description of the Stark effect on helium is well founded and can be
readily computed for a wide range of principal quantum numbers. Second, it has
long been assumed that the behavior of Rydberg states of helium would be indis-
tinguishable from that of hydrogen, an assumption which is shown to be invalid
on the basis of the data collected in these experiments. Recent high precision
Stark cell measurements of helium published after the inception of our
measurements demonstrate this fact conclusively.5 Lastly, because helium has
the highest ionization energy of any atom or molecule, it would not greatly affect
the operation of glow discharges in other species when introduced as a minority
species, and thus has the potential to be an electric field tracer in other gases for
which the Stark effect cannot be easily interpreted.

In this report, a review of the development of the theory and of
measurements of the Stark effect on hydrogen and helium is presented, as well as
a description of how the Stark effect manifests itself on spectra, Sec II. In
Sec. I1II, a brief description of the electric field profile anticipated in a normal DC
glow discharge is presented, as well as a matching of the various spectral
manifestations of the Stark effect to the different regions of the discharge. Recent
pertinent experiments on Rydberg state Stark spectroscopy and non-intrusive
electric field measurements in glow discharges are described in Sec. IV. The
experimental setup is described in Sec. V. The experimental results are described
in Sec VI, and a new analysis of low electric field spectra, recorded in the
negative glow and positive column, are discussed in Sec VII. This analysis shows

that the standard implementations of spectral line broadening and series ter-




mination on high Rydberg states are inadequate and require modification for
application to the low electric field regime, < 50 V/cm. The differences between
the Stark spectra of singlet and triplet helium Rydberg states are highlighted, as
well as the difference between helium and hydrogen spectra. The impact of these

differences on electric field measurements in plasmas is discussed.




II. STARK EFFECT: REVIEW

After the discovery of the effect of an external magnetic field on spectral
lines by Zeeman in 1896, it was natural to expect that a similar effect would be
caused by an external electric field. Voigt considered the electric field perturba-
tion of atoms as early as 1899, and also attempted (unsuccessfully) to observe an
effect on the D lines of sodium.6 Bohr's theory of quantized electron orbits in
atoms was published in 1913,7 the same year as Stark and LoSurdo's
measurements, and it was an important success for this theory when Epstein 8
and Schwarzchild ¢ used it to calculate the hydrogen line displacements and
obtained good agreement with the experimental results. Kramers applied Bohr's
correspondence principle in an attempt to calculate the hydrogen line intensities,
however, the disagreement of his results with experiment helped demonstrate the
incompleteness of Bohr's theory.10 The Stark effect on hydrogen was not properly
treated until after the introduction of wave mechanics by Schrodinger in 1926,
where this problem was used as the first application of the perturbation
method.11,12  Since the Bohr theory had been successful in predicting the line
shifts it was reassuring that the first order terms (linear Stark effect) obtained
from both approaches were identical; however, the two differed significantly in
higher order field terms. The major improvement of the wave mechanics
approach was that it provided much better agreement with the line intensities
measured by Stark, though some discrepancies still remained. Foster revisited
this experiment and made more precise measurements of the line intensities,

which removed any discrepancies between experiment and theory.13




————————-———

The initial calculation of the high field Zeeman effect (Paschen-Back) was
performed by Lorenz from a classical approach 14, however, the Stark effect can
only be accounted for using quantum theory. The calculation of the Stark effect on
hydrogen is a special case because of hydrogen's unique symmetry, however the

overall method of solution is similar for other species. The unperturbed wave

equation for hydrogen is

Hy ¥ = E¥ Hy=2_1
9 T (1)
This equation is separable in polar coordinates, and its solution results in the

hydrogen energy levels given by :

1

B, =--1
N7 9.2 (Atomic Units) (2)

where n is the principal quantum number. An interesting feature of this result is
that the energies do not depend on the electron's angular momentum 1. The
wavefunctions for the various l-states are different but the central potential
remains the same for all I-states so the value of 1 does not change the energy for a
given n. This is customarily stated as all the l-states in hydrogen have quantum
defects of zero, and are degenerate, neglecting relativistic effects.

The application of an external, one-dimensional, DC electric field modifies

the Hamiltonian to the form
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H=Hy-eFz (3)

where F is taken to be along the z axis. The addition of the field removes the
separability of the problem in polar coordinates. The general method of solution is
to construct a perturbation matrix using the eigenfunctions in polar coordinates
and to find the energies from the eigenvalues of the matrix. However, for
hydrogen only, the perturbed equation remains separable when transformed into
parabolic coordinates. Following Schrodinger, the perturbation method is applied

and results in the following solution ( to second order)

E=- .21_2 +F Sn(n; - ny) - F n4(170? - 3(n; - ng)*- n - 9m” + 19)
n

(4)

where m is the magnetic quantum number and n;,n; are the parabolic quantum
numbers.15 In the parabolic basis set, n; ranges from 0 to n-Im|-1, np from
n—Iml-1 to 0, and ny ranges from n-m-1 to 0. Thus, the 1=0 (s) state cor-
responds to n; =0, ng = n—Im!-1, the ] = 1 (p) state corresponds to the n; =1,
no=n—Iml- 2, etc. For all n;, ny states in an n-manifold, the relation
ni+nz+|mi+1=n holds. Higher order terms in the series of equation 4 have been
calculated!6, and good agreement between the third order expansion and
hydrogen spectra recorded in electric fields up to 106 V/cm has been obtained.1?

The second order term is small compared to the linear term for electric field




values found in most glow discharges, and higher order terms can be safely
neglected in most situations. The relative intensities for the different n;, ny states

are given by15

I= (nj-n9)2 Am=0 Transitions (5a)

I= (n1+1)(ng+1) Am =11 Transitions (5b)

This formula is only valid when the effect on the lower state is small compared to
the effect on the upper state of the transition.

The calculation of the Stark effect on helium is more complicated because
the Hamiltonian contains terms for the interaction of each electron with the
nucleus plus the interaction between the two electrons. For excited states of

helium, one can treat the inner electron and the nucleus as a single entity, the

core, with an effective charge of 1, and set up the problem as an approximate

hydrogen atom. The Hamiltonian then takes the form

H=Hg + H(Q) (6)

The term H'(1) appears because the interactions between each l-state and the core
are no longer identical. For 1<4, the wavefunction of the outer electron is such
that it sees the nucleus and the inner electron as separate entities, so the energies
must reflect this additional interaction. For 12 4, the outer electron essentially

sees a hydrogen nucleus, so the higher 1-states energies match those for hydrogen




and are described as quasi-hydrogenic. H'(l) is difficult to calculate, however, it
can be easily obtained from spectroscopic data. The energy difference is described
in terms of a quantum defect, with the energy given by the modified hydrogen

formula:

1
0l o 82 7

The Hamiltonian for helium with an external electric field is then:
H=Hp+HA() - eFz (8)

The wave equation describing the helium Stark effect is not separable in
either polar or parabolic coordinates so it cannot be solved using a perturbation
expansion. However, wave mechanics was not applied to this problem mainly
because the "rival camp", i.e., Heisenberg's matrix mechanics group, first
tackled this problem. J. Stuart Foster, a Canadian, and Jane Dewey, an
American, were working with Heisenberg in 1926.18 Both were interested in the
Stark effect on helium from previous experimental work. At the time Dewey was
new to the problem, while Foster already had a long affiliation with it. In their
calculations of the Stark effect on helium, they both benefitted from Heisenberg's
treatment of the neutral helium atom described above, which simplifies helium
energies to modified hydrogen energies.19 In order to proceed with practical

calculations, Foster made use of the perturbation theory for degenerate systems

9




developed by Born, Heisenberg, and Jordan.20 For a given principal quantum
number n, he set up an energy matrix of dimension (n-m)x(n-m). The diagonal
elements of the matrix are the helium energies arising from Ho, Because the
internal electric field of helium is centrally symmetric, H'(1) is also diagonal. The
interaction with the external asymmetric electric field gives rise to off-diagonal
elements of the matrix. To calculate these terms, Foster copied Pauli's treatment
of the Stark effect on hydrogen. Since helium wavefunctions can be well ap-
proximated by hydrogen wave functions, elements in the matrix corresponding to
transitions of Al > 1 are neglected. This results in a tridiagonal matrix, which
greatly simplifies calculations. Only first order terms in the electric field which
are proportional to the dipole matrix elements connecting optically allowed states
need be included.2! The singlet and triplet (ortho and para) states of helium are
well separated in energy so their interaction is negligible, and in Stark effect
calculations they can be treated individually. Foster considered only the range of
electric fields and n's such that fine structure splittings are overshadowed by
Stark splittings so fine structure effects could be ignored. Since helium fine
structure effects are small this condition does not impose a tight restriction on the
parameter space of n*F. The electric field shifted energies are obtained from the
eigenvalues of the perturbation matrix. The energies of transitions are obtained
by connecting perturbed upper and lower states according to the selection rule on
Am.

The intensities of the l-state transitions can be found from the eigenvector
matrix which is generated from the diagonalization. In the treatment of the

hydrogen Stark effect, one can define a coordinate transformation in which the

10




perturbed energies are diagonal. Diagonalizing a matrix is equivalent to perfor-
ming a coordinate transformation. Since the Stark coordinate system is defined
in terms of the polar basis set, it is easy to visualize how the intensity from a
single dipole allowed transition becomes distributed among the manifold. Table
1a shows the energy matrix for triplet helium, n=5, m=0, with an applied electric
field of 25 kV/cm. (All values are in atomic units) The eigenvector matrix for this
manifold in the polar basis set, shown in Table 1b, is the identity matrix, which is
simply another representation of the normal polar basis set. Table 1c shows the
energy matrix after diagonalization; Table 1d shows the eigenvector (transform)
matrix which contains information describing the new coordinate system in
terms of the polar coordir.ate system. The axes of the diagonal coordinate system
are composed of projections of each of the axes of the unperturbed polar coordinate
system, namely the normal angular momentur: states. Stated equivalently, the
angular momentum wavefunctions of an electron under the influence of an
external electric field are linear combinations of the field-free wavefunctions. The
intensity transfer is now readily apparent from these projections.

For our experiments, we used the helium 2S metastables as the lower
states, thus the normally allowed transition would be to the 5P-state. In the
absence of an electric field, only one state in the n=5 manifold is described by the
5P wavefunction. As soon as an electric field is applied, 5 transitions are possible
since each of the 5 angular momentum states is now partially described by the 5P
wavefunction. The relative intensities of each transition is proportional to the
square of the coefficient of the 5P wavefunction it contains, which are the elements

in the P row of the n=5 manifold. Strictly speaking, the electric field will affect the

n




2S,m=0 state. However, for helium the effect on the n=2 manifold is negligible
except for very high fields, F > 1 MV/em. In general, the Stark effect on both
upper and lower states must be accounted for.

Helium Stark spectra are markedly different from hydrogen spectra, even
though helium has small quantum defects.20, 21 While the electric field modified
energy levels of helium I-states with zero quantum defects calculated by either
diagonalization or the hydrogen Stark formula are approximately equal (the two
methods differ significantly for the energies of states with non-zero quantum
defects), the 1l-state intensities highlight the differences between helium and
hydrogen. While the hydrogen intensities are independent of field and can be
given in an analytic form, the relative helium intensities are strongly field
dependent and cannot be even approximated in a closed form. In addition, the 1-
state intensity distribution within a helium n-manifold is a strong function of the
exact quantum defect values used. As a result, the helium singlet and triplet
lineshapes display drastically different responses to the same electric field. This
has important consequences for electric field measurements based on helium
Stark broadening, namely that the linewidth, full width at half intensity maxima,
of triplet helium is not a linear function of the applied electric field (this is
discussed in detail in Sec 7). Foster's technique neglects interactions between
adjacent n-manifolds, and therefore it is only valid for field values lower than the

n mixing field F=1/3n5, at which value the outermost l-states of two adjacent n's




Table 1 Triplet helium energy and eigenvector (oscillator strength)

matrices.

(a.) n =5 energy matrix, n-polarization, under an applied electric field
of 25 kV/cm. Energies are given in wavenumbers; the zero field ener-
gies (diagonal elements) are given as the magnitude of the energy below
the ionization limit.

4968.139 2.828 0 0 0
2.828 4498.500 2.366 0 0
0 2.366 4409.211 2.028 0
0 0 2.028 4388.956 1.512
0 0 0 1.512 4369.312

(b.) Eigenvector matrix before diagonalization.

s pdifg
s 10000
s 01000
d00100O
f00O0O1O0
g 00001




(c.) Energy matrix after diagonalization.

4967.061 0 0

0 0
0  4496.155 0 0 0
0 0  4392.408 0 0
0 0 0  4389.597 0
0 0 0 0 4398.895

(d.) Eigenvector matrix after diagonalization. The relative intensities
are given by the squares of the matrix elements in the p-row which is
the projection of the wavefucntion of the zero electric field allowed
transition from the 2s3S lower state onto the field perturbed

wavefunctions.
S‘ pl d! f' gl
S 0.998 -0.047 0.00488 -0.00411 0.00316

p 0.0477 0982 -0.120 0.105 -0.0837

d 0.00156 0.179 0.549 -0.0594 0.559

f 10'5 0.0268 0.711 0.00403 -0.702
-6

g

10 0.002 0421 0.797 0.432
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become equal equal in energy.21

Using a similar approach one should be able to calculate the Stark effect on
other species with "hydrogen-like" electronic configurations. Recently Zimmer-
man22 devised such a procedure for alkali atoms, however, his procedure has
several important differences because the approximations Foster made for helium
are not valid for the alkalis. First, fine structure effects are significant in the
alkalis, so the energy matrix must contain the energies of both spin states for each
l-state, giving a dimension of 2 x (n-|Am|) for each n-manifold . Second, several
of the alkalis have quantum defects greater than one, so an energy matrix must
contain several n-manifolds to include these interactions. Third, alkali
wavefunctions cannot be approximated by those of hydrogen, so Zimmerman's
procedure includes a numerical integration of the radial wavefunctions to
calculate the off-diagonal terms in the energy matrix. The resulting energy
matrix is sparse but not merely tridiagonal. The Stark energies and intensities
are again obtained from diagonalization of the energy matrix and the correspon-
ding eigenvector matrix. Zimmerman's procedure reduces to Foster's in the
simple case of helium or hydrogen, and both procedures produce exactly the same
results. The program which Zimmerman wrote to calculate the Stark (and
Zeeman) effect has been distributed to many groups ( including this group)
throughout the world and is commonly used for calculations of alkali atoms, and
has also been used in conjunction with high resolution helium Rydberg
measurements.

A limitation of the energy matrix diagonalization methods for calculating

the Stark effect is that only bound-bound transitions are considered. The applica-

15




tion of an electric field imparts a finite tunnelling probability to the excited
electron, so an exact calculation must include interactions with a continuum of
states. This is impossible for matrix techniques, because one would need an
infinite basis set to include interaction with the continuum, i. e., an energy
matrix of infinite dimension. An alternative approach, multichannel quantum
defect theory (MQDT) has been developed which can deal with continuum interac-
tions and other available channels. A good description of the situations where
MQDT must be used is found in Ref 5 (and references therein). In our
measurements, for bound-bound transitions the matrix diagonalization of Foster
was found to be adequate within our experimental resolution.

Selection rules for optical transitions in the presence of an electric field are
modified from the Al = £ 1 to Am=0 (% polarization) and |Am|=1 (s polarization),
where polarization is defined with respect to the vector direction of the applied
electric field. Removal of the l-state degeneracy transforms a single transition
into a family of l-state transitions, collectively described as an n-manifold. When
the separation between adjacent 1-states is larger than the experimental resolu-
tion the result is termed Stark splitting; when the separation is below experimen-
tal resolution, the result is customarily referred to as line broadening. This effect
is not the line broadening caused by the electric field induced tunneling
probability23 which appears when the electric field approaches n—+4. Most analyses
of Stark line broadening have considered the n-manifold as a single line whose
FWHM is equal to the separation between the extreme l-states in the manifold.
This is an approximation because the intensities of the extrema will not equal one-

half of the maximum intensity in the manifold. The validity of this approximation
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will be discussed later. In the % polarization the Am=0 selection rule is satisfied by
2s51,38-ns1,3S transitions, thus this field free forbidden transition appears in Stark
spectra. The s-states have the largest quantum defects and so appear as distinct
lines well separated from the rest of the manifold. Because the field broadens the
lines, proportional to n2, manifolds of different n will begin to overlap.

Examples of triplet helium Rydberg state Stark spectra, n=17, s
polarization, recorded at various locations in the cathode fall of a glow discharge
(which is described in Sec V) are presented in Fig 1 to show the spectral modifica-
tions caused by an electric field. The rest of this report will describe how these
spectral features can be used to measure the electric field in plasmas, however, it
is informative to use these examples to outline the general features of Stark
modified spectra. The spectra in Fig 1 were recorded at electric fields of 340, 575,
and 740 V/cm respectively. As the electric field decreases from the bottom
spectrum to the top, the splittings (separations between adjacent 1-state tran-
sitions) decrease and the overall shape of the manifold ( 1-state intensity
distribution) changes. Both features are unique functions of the electric field
present. An additional feature visible in these spectra, an apparent change in the
1-state linewidth across the manifold, is a consequence of the electric field
gradient present in the cathode fall. Fig 2 shows Stark spectra for triplet helium,
n=17 in the = polarization, also recorded in the cathode fall of a glow discharge at
electric fields of 300, 500, and 620 V/cm respectively. As in the s polarization, the
splittings decrease with decreasing field and the manifold shape changes. Unlike
the s polarization, the distinct peaks visible on the low energy side of these spectra

are the 2s3S to 17s3S transitions, which are Stark allowed in the x polarization.
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The advantage of the large separation of the s-peaks from the rest of the manifold

from a diagnostic viewpoint is discussed in Sec V.




II1 DC GLOW DISCHARGE ELECTRIC FIELD PROFILE

The energy gained by an electron from the electric field in a plasma
determines its influence on ionization, dissociation, excitation, and recom-
bination. Near a cathode the energy gained by ions determines secondary emis-
sion and material modification properties as in ion assisted etching. One can
measure the local electric field in plasmas using Langmuir probes provided that
the plasma is uniform, that there is no net space charge, and that there are no
species present which would react with the probe material and influence the
measurement. These constraints make probe measurements unsuitable for
electric discharges which are characterized by a highiy non-uniform field
distribution. Fig 3a shows the electric field profile of a normal DC glow dischar-
ge. The space charge distribution which gives rise to this field profile is shown in
Fig. 3b. The electric field has its highest value at the cathode and decreases
linearly over a few mm to a value near zero. This region, which has a positive net
space charge, is called the cathode fall or sheath. The sheath occupies a small
portion of the discharge yet often accounts for typically 90% of the total voltage drop
across the discharge. The field has a small, fairly uniform value past the sheath
in a region known as the negative glow, where ionization balancing losses are
satisfied by the high-energy beam component of the electron energy distribution
function (EEDF) emitted from the sheath. The beam component's energy will be
relaxed by inelastic collisions Elastic collisions randomize the electron velocities.
In a transition region known as the Faraday dark space, ionization and excitation

by the beam component are complete and there are sufficient electrons diffusing
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from the negative glow to satisfy current continuity. As the density decays, the
electric field increases and eventually ionizations of an approximately isotropic
EEDF are sufficient to satisfy ionization balance;this marks the beginning of the
positive column. The axial electric field in the positive column is reasonably
small and uniform in the absence of instabilities, but ambipolar diffusion sets up
strong radial fields and gradients. The positive column is terminated by the
anode, which attracts or repels electrons depending on its area, setting up
negative or positive space charge. This space charge sets up an anode sheath,
whose voltage drop is usually less than the ionization energy of the species
present. The axial dimension of the anode sheath is very small, typically on the
order of 100 microns.

The space charge distribution which is required for a stable, self-sustained
discharge has been investigated in detail by many researchers.2¢ This brief
description is presented to introduce the range of electric field values, field
direction, and other complications which can affect field measurements. Because
the electric fields vary over a wide range, ~ 1000 V/cm, to near zero, one cannot
use the same spectral feature to measure the fields in all regions of the discharge.
One can make a rough estimate of which feature is most appropriate for different
conditions by comparing the linear splitting, 3nF, to the instrumental resolution
R. If 3nF>R Stark splitting should be easily observable. If 3nF~R, the energy shift
of the s-peaks is easily measured if Am=0 spectra are available. If 3nF<R, one
must fit the manifold profile for helium. For the | Am|=1 polarization of helium
and for the singlet series only the hydrogen line broadening formula can be

applied with confidence. For the triplet series, helium line broadening is much
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different than that of hydrogen. If 3nF<<R, manifold overlap of high Rydberg
states, n> 35, is the only technique which can be applied. In this last case, the

differences between helium singlet and triplet lineshapes do not significantly

affect the results.




IV RELATED EXPERIMENTS

Rydberg state Stark spectroscopy has been a topic of considerable interest in
the past 15 years, both for validation of theory as well as for plasma diagnostics.
The earliest experiments on the Stark Effect were, perforce, emission
measurements and thus limited to the low principal quantum number states (n <
7) produced in glow discharges. Unusual discharge configurations were
employed to produce the requisite electric fields (10's' to 100's of kV/cm); a good
description of one such discharge configuration known as a LoSurdo source is
given by Ryde.3 Although Foster was interested in the atomic physics of the Stark
Effect, his plates provide a complete measurement of the cathode sheath electric
field profile. The plates show the interesting result that the maximum of the
electric field appears to occur some distance away from the cathode for both
hydrogen and helium.14,20,25 The helium data in Ref 26 shows the presence of
molecular impurities, and that similar field profiles have recently been observed
in this laboratory in a hydrogen discharge in geometries where there are guard in-
sulators adjacent to the electrodes, and are likely to be configuration dependent.28

The development of tunable dye lasers enabled the production of Rydberg
atoms independent of discharge sources. This has lead to two classes of Rydberg
Stark spectroscopy experiments: atomic physics oriented experiments conducted
under well defined field conditions (Stark cells), DC and RF, and plasma diagnos-
tic experiments. The Stark structure of hydrogen Rydberg states would be the
obvious first choice because its theoretical description is the simplest, however,
excitation of hydrogen is difficult because of its high ionization energy, 13.6 eV.

Koch and Mariani2? developed an excitation scheme based on a fast atomic beam.
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A fast proton beam is generated and charge exchanged to create the fast neutral
beam. The charge exchange process creates a distribution of excited states in the
neutral beam; electric field ionization (EFI) is used to eliminate excited states with
n >10. A collinear 12C16Q5 laser is used to excite transitions from n=10 to high
Rydberg states, n=60 to 100. Doppler tuning of the neutral beam, and/or a .ries of
EFI plates is used to select specific transitions. The electric field ionization of
specific l-states of the high Rydberg states was then investigated in detail.
Pinnaduwage28 later used this setup with microwave fields to investigate the
chaotic aspects of the field ionization of Rydberg states. Nayfeh29 used laser
excitation of the hydrogen ground state to investigate hydrogen Rydberg states.
Two photon absorption at 243 nm connects the 1s and n=2 states of hydrogen; a
second tunable laser excites the Rydberg levels from n=2. The power of the 243 nm
laser must be carefully adjusted because three photon absorption will ionize
hydrogen. In Nayfeh's experiments the 243 nm beam was produced by mixing the
Nd:YAG 1.06 micron fundamental with the doubled output of dye laser pumped
by the first harmonic of the Nd;YAG. Delsart et. al. 30 used very narrow linewidth
two—step laser excitation from the atomic hydrogen ground state and were able to
resolve the manifold splitting of n=33 under an electric field of 23.6 V/em.
Agreement between the measured l-state relative intensities and those predicted
by Schrodinger was found to be excellent. Recently, nonlinear crystals have been
developed which can frequency double at 486 nm and produce the 243 nm photons
more directly.

Experimental investigation of the Stark Effect on alkali atoms is easier

because their low ionization energy makes excitation from atomic ground states
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possible. In conjunction with his calculations, Zimmerman23 measured the
spectra of the n=15 and adjacent maxﬁfolds in cesium and lithium from 0 to 6000
V/em. As in subsequent alkali experiments, a thermally generated, collimated
atomic beam is crossed with one or more laser beams between electrodes designed
to produce a spatially uniform electric field. The background pressure is kept low,
around 10-6 T, to preclude breakdown. After the excitation, a ramped high-
voltage pulse is applied to ionize the Rydberg atoms, and the resulting ions or
electrons are collected. Several groups3, 4 have applied very narrow linewidth
(Mhz) lasers and well shielded Stark cells to observe very high Rydberg states.
The highest reported state observed in the laboratory is n = 520 in barium 4. This
means that the stray fields present were less than 45 uV/cm.

An interesting feature of Stark spectra which has received considerable
experimental and theoretical attention is the so-called avoided crossing which
arises from interactions between adjacent principal quantum number manifolds.
As can be seen from Eq 4, the energies of 1-states with 1< 0.5 n (n; < 0.5 n) are
shifted lower (more tightly bound) as the electric field increases, while the
energies of l-states with 1 > 0.5 n (n; > 0.5 n) are shifted higher in energy (less
tightly bound). If the energies of the l-states of two adjacent n-manifolds are
plotted as a function of field, the red shifted I-states of principal quantum number
n would apparently overlap with the blue shifted l-states of the n=n+1 manifold.
However, with the exception of hydrogen which possesses a purely symmetric
Coloumb central potential, the l-states repel each other as they approach,
producing the feature known as an avoided crossing3!. This level repulsion is

actually stronger than the Stark effect, because the levels are actually shifted
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opposite to the field induced energy shift. Chardonnet32 has measured this
interference in cesium over the range of n's from 40 to 50. In his theoretical
approach, the l-states of the cesium manifold with zero quantum defects are
treated as an incomplete hydrogen manifold interacting with a few discrete states,
the low l-states with appreciable quantum defects. This approach is conceptually
simpler than a diagonalization of the complete multi-n energy matrix, iic wever,
diagonalization is still required to accurately calculate the relative line intensities.

The interaction of the states involved in an avoided crossing changes the
lifetimes of these states, sometimes by as much as a factor of 103 across the range
of electric fields where the avoided crossings occur. This means that the electric
field can be measured with very high accuracy, but only over a very narrow range
of electric fields.33, 3¢ For example, one might be able to measure the electric field
between 3000 V/cm and 3040 V/cm with mV/em accuracy around one avoided
crossing. However, if the electric field value is outside this narrow interval, this
technique will not have any sensitivity. There are a number of such discrete
avoided crossings distributed over a wide range of electric fields, however, in
order to exploit the high sensitivity of any one of them, one must be able to predict
the electric field to within approximately 1%. In most (if not all) plasma ex-
periments, this requirement is too restrictive to make this technique useful as an
electric field diagnostic.35

The Stark structure of helium Rydberg states is of considerable interest
because helium is the simplest multi-electron atom. However, helium has the
largest ionization energy of any species, 24.7 eV, making excitation difficult.

Cooper and Saloman?21 were able to excite helium from the ground state to n=7 to
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10 in electric field up to 21.5 kV/cm using synchotron radiation from the SURF II
storage ring. Foster's diagonalization procedure was used to calculate the energy
shifts and manifold intensity distributions for n=7 and 8 in both the Am=0 and +1
polarizations. The }inewidth of the synchotron radiation was very large, 27 cm-1,
larger than the Stark splittings at 31.5 kV/cm so the manifolds were not resolved.
Qualitative agreement with Foster's diagonalization was obtained, but the low
resolution of the experiment hampered quantitative comparisons. Recently
Lahaye and Hogervost 5. 36 have performed high resolution Mhz) measurements
on helium. They used the flowing afterglow of a helium discharge to produce 25
metastables, which lie approximately 20 eV above the ground state. A frequency
doubled CW ring dye laser (approx 260 nm) was used to excite the metastables to
the Rydberg states around n=40 to investigate avoided crossings. Since Foster's
procedure cannot handle n-n interactions, Zimmerman's procedure was used.
Because of the high resolution, up to 5 n values (38,39,40,41,42) were included in
the matrix to match the experimental spectra. Because the model does not
account for effects such as the enhanced tunneling probability, i.e., interaction
with the continuum states, the theory does not discuss the experimental
linewidths. Mariani37 investigated the ionization of helium Rydberg states
around n=30 in microwave fields. The Rydberg states were produced using a fast
neutral beam and CO; excitation, as in the hydrogen experiments described
above. The ionization threshold for microwave fields was found to be lower than
the static field value, and corresponds to the field value at, which the outermost 1-
states of adjacent n-manifolds overlap. Knight and Wang 38 measured the Stark

structure of xenon from 0 to 2000 V/cm. They excited the n=17 manifold from the
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6s8'(1/2] metastable state. Calculation of the xenon Stark structure was not
attempted because extensions of present theoretical treatments would have been
required to predict the Stark structure of the heavy noble gases.

Emission spectroscopy of Stark broadening of low lying hydrogen transi-
tions has long been used as a diagnostic for high temperature, fully ionized
plasmas, however, the electric fields found in a normal glow discharge are too low
to produce a measurable effect on these low lying states. Lawler39 first applied
Rydberg state Stark spectroscopy to measure the electric field in the cathode
sheath of a DC glow discharge in helium. The experimental procedure used in
this work is essentially the same as his, however, Lawler had a more limited dye
laser hence a more limited range of n's which he could address. As previously
discussed, excitation from the helium ground state is difficult, however, a
significant number of helium metastables are produced in a discharge. At the
operating conditions used, pressure of a few Torr, current density 0.1 to 0.5
mA/cm2, approximately 1010 /cm3 2S metastables will be produced, which is a
sufficient density for laser excitation and detection of the Rydberg states. The
linearly polarized, frequency doubled output of a nitrogen pumped dye laser was
focused with a cylindrical lens to a strip approximately 0.01 cm wide and 1 cm
long. The laser excites transitions from the 2S metastable to the n=11 manifold,
with the laser polarization parallel to the electric field in the cathode sheath (Am =
0 polarization). Better spatial resolution is possible, but in this experiment a
larger excitation volume was required to improve signal to noise. The Rydberg
states produced are very rapidly ionized by collisions with the background

neutrals at these pressures because the Rydberg states lie within kTNeytra) Of
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ionization, and their collision cross sections, which scale as n4, are huge. This
increase in ionization causes a change in the discharge conductivity, which can
be recorded as a change in discharge current, is called the optogalvanic effect.
Because the electric field is measured when the atoms absorbed the laser light,
before the collisional ionizations, this technique is truly non—perturbative. At this
pressure range, the perturbation to the discharge relaxes in a few microseconds,
which constrains the repetition rate of the laser to be slower than this timescale to
insure non-perturbative measurements. Foster's diagonalization procedure was
used to calculate the helium Stark spectra, and the field was measured from the
manifold splittings. This experiment revealed a linearly decreasing electric field
in the cathode sheath, as predicted by several theories.40 Levels up to the n=11
manifold were excited and fields below 500 V/cm were not measured because the
splittings could not be resolved. The validity of the spectroscopic field
measurements was made by comparing the integrated field profile with the
measured discharge voltage; these agreed to within 5%. An effect which was
noted in this experiment was the varying linewidth of the l-states across the n-
manifold. This effect was ascribed to the width of the laser beam in the presence
of an electric field gradient. This effect was later exploited by other experimenters
to make direct measurements of the space charge density in the sheath.41 Lawler
later used two-step excitation of the neon metastable to improve spatial resolution
and measured the cathode sheath electric fields in a neon discharge.42 Similarly,
one would like to take advantage of metastables in a hydrogen to measure electric

fields, however, electric field mixing of the 2S and 2P states in hydrogen removes

the metastability of the 2S-state.43
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Just as an electric field mixes oscillator strength from normally allowed to
forbidden atomic transitions, a similar effect also occurs in the electronic spectra
of molecules. Gottscho44 exploited this effect in BCI to measure the cathode
sheath electric fields in DC and RF BClj discharges up to 1 MHz. Laser induced
fluorescence was used to measure the ratio of the allowed R branch to the
forbidden Q branch. Different vibrational transitions must be used to cover a
range of fields. Derouard et. al.45 have applied this technique to NaK dimers,
making both time-resolved field measurements and have mapped out the two-

dimensional field profile in a discharge exploiting the polarization of the NaK

spectra.46




V EXPERIMENTAL

As mentioned above, the experimental setup used in this work closely
parallels that used by Lawler, the significant difference being tunability to shorter
wavelengths that enabled excitation of a wider range of helium Rydberg states.
This improves the field sensitivity and highlights the n-dependent manifold
intensity distribution. The polarization dependence of the spectra is also acces-
sible in our setup, enabling the measurement of the electric field vector. A
diagram of the experiment is shown in Fig 4. The second harmonic of a Spectra
Physics DCR-2A Nd:YAG (YAG denotes Yttrium Aluminum Garnet) laser
pumps a Spectra Physics PDL-2 dye laser using Coumarin 500 dye. The linearly
polarized dye laser visible output ( 0.25 cm-1 FWHM) is frequency doubled by a
potassium dihydrogen phosphate (KDP) crystal which is continuously angle tuned
to produce the UV output between 260 and 265 nm required to excite the atomic
helium Rydberg states from thie triplet 2S5 metastable state. The doubled output of
the dye laser using DCM dye is used to produce the 310 to 315 nm output required
to excite the singlet 2S helium metastable state. The dye laser fundamental and
frequency doubled UV are spatially separated with a Pellin-Broca prism. The
visible output of the dye laser is calibrated from atomic argon transitions from the
optogalvanic effect on an argon hollow cathode lamp. The optogalvanic voltage
changes of the helium discharge and the argon lamp are simultaneously
recorded with two separate wideband amplifiers and boxcar averagers, PAR
Model 160. The spectra are recorded and stored using a Hewlett Packard 9836A

computer which also controls the dye laser scanning. Each data point is averaged
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over at least 10 laser shots with a typical spectrum containing 2000 data points.
The Nd:YAG laser operated at 10 hertz with a pulse length of 7 nanoseconds
FWHM. The optogalvanic response of the helium discharge has a relaxation time
of a few microseconds, so all measurements were made on the unperturbed
operation mode of the discharge.

A question which should be considered in the measurement of electric
fields by laser excitation of Rydberg states is the effect of the laser electric field on
the spectra. In our experiments we typically operate with 200 pJ, 7 nsec UV laser
pulses with a beam diameter of 200 microns, providing an intensity of ap-
proximately 9 x 107 W/cm2 . This corresponds to a peak laser electic field of 500
V/em which is up to 50 times as large as the electric fields spectroscopically
measured in the discharges from manifold splittings and Stark induced features.
One might expect that the spectra would exhibit the effect of the sum of the laser
and discharge fields. The reason that this does not occur is that the laser field is
oscillating with a frequency of 1015 hertz while the discharge field is a static field.
The effect of an AT field is fundamentally different than the effect of a DC field,
where DC means that the frequency of the field is very much less than the electron
orbital frequency. Bayfield4? provides an excellent review of the AC Stark effect, in
which the primary effect is Rabi splitting. Several authors48, 49, 50 have considered
the effect of laser fields on Rydberg atoms and the related phenomenon of ioniza-
tion by intense (1014 V/cm2) laser fields5! where the primary effect is an enhan-
cement of the ionization rate.

For the laser intensities used in our experiments, such laser induced

effects are well below the experimental resolution. A comparison with the high
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resolution helium measurements of Ref 37 demonstrates this point. In these
experiments, a CW UV laser with an average power of 3 mW was employed. The
laser intensity is not reported, however, the authors state that the laser was
focussed onto a metastable helium beam approximately 200 microns in diameter.
Assuming a laser focus diameter of 50 microns, the laser intensity would be
around 106 W/cm2, within an order of magnitude of our experiments. However,
the resolution in these experiments is more than a factor of 103 better than ours
(MHz vs GHz) and their spectra do not show any laser induced AC Stark effects.
The negative glow and positive column measurements were made in a
sealed 22 cm long hollow (aluminum) cathode discharge tube (Fig 5a) a configura-
tion similar to a HeNe laser. ‘The inner diameter of the pyrex tube is 6 mm, but
widens to approximately 8 mm in the observation region because of window moun-
ting stems. The discharge current ranged from 1 to 10 mA with a static gas
pressure of 1.2 Torr. For the cathode sheath profile measurements, a sealed
parallel plate discharge tube (Fig 5b) with 5 cm diameter aluminum electrodes
spaced 18 mm apart was used. All measurements on this tube were taken at a
static pressure of 1.5 Torr and a current of 2.5 mA with the discharge always
confined to the front sides of the electrodes (normal glow). Two inch diameter
Suprasil windows mounted parallel to the discharge axis enable the UV laser
beam, collimated to 200 microns diameter to achieve high spatial resolution, to
probe the entire discharge volume. The discharge tubes were mounted on motor
driven translation stages, Oriel Model 18512 "Stepper Mike", with a spatial
resolution of + 1 micron. For the cathode sheath profile measurements, the

location of the cathode was determined by moving the tube until the UV laser
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Figure 5 DC discharge tube configurations

(a.) Hollow cathode discharge tube used for the negative glow and
positive column measurements. (b.) Parallel plate discharge tube used
for the cathode sheath electric field measurements. Both tubes were
constructed out of pyrex with suprasil windows mounted around the

regions measured to pass the UV laser beams at normal incidence.
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beam struck the front surface of the cathode. This produces photoelectric emis-
sion and an easily measured response in the discharge current. The parallel
plate tube was mounted either horizontally to record Am = 0 spectra ( laser
polarization parallel to discharge electric field vector) or vertically ( laser
perpendicular) to record Am = + 1 spectra.

The use of optogalvanic detection requires a very quiet discharge tube,
especially for the high Rydberg states, n=25 to 50, where the oscillator strengths
are very small. Much of the success of our experiments can be attributed to the
skill and experience of our glassblower who devised a standard discharge tube
processing procedure. After being fabricated, a tube is baked at 4000 C for 12 to 24
hours while being pumped, reaching a base pressure < 10-8 Torr at temperature.
The tube is then filled with 1 Torr of argon and run up to several hours, switching
anode and cathode, to clean the electrodes. The discharge is monitored by
observing the voltage drop through a 5-megohm resistor with an oscilloscope.
When the white noise of the discharge is less than 5 nA RMS ( out of a current of a
few mA) the argon sputtering is stopped. The argon is pumped out and the tube
filled with a few Torr of hydrogen. A hydrogen discharge is then run for roughly
an hour to clean the inner walls of the tube. The hydrogen is pumped out, the tube
filled to the desired pressure of helium, and then sealed. A current-voltage curve
for the fresh tube is recorded. Before each day's experiments, the current voltage
curve of the tube is recorded. When the current voltage relation for the tube
changes by more than 20%, presumably from the diffusion of molecular atmos-
pheric gases whose ionization energies are much less than that of helium,

measurements are stopped and the tube reprocessed. Typically a tube will operate
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for 2-3 weeks before reprocessing is required.




VI EXPERIMENTAL RESULTS
A. Parallel Plate Cathode Sheath Field Measurements

The electric field profile of a glow discharge has long been a topic of interest,
both theoretically and experimentally, however measurements in the cathode
sheath are hampered by its small spatial dimension and the large field gradients
present. Early measurements of the cathode sheath field profile were made using
electron beam deflection and showed an electric field which decreased linearly to
a small value below instrumental resolution and remained at this low value for
some distance into the negative glow.52, 53 However, this technique is limited to
very low pressure discharges, where the electron beam will not be scattered by
collisions or cause additional ionization, perturbing the discharge. The spatial
resolution of this technique is also limited. Langmuir probe measurements are
unsuitable for the cathode sheath because of the high field gradients present, as
well as the fact that the presence of a metal probe near the cathode is certain to
perturb the discharge. Rydberg state Stark spectroscopy provides a non pertur-
bing, high spatial resolution electric field measurement and can be used over a
pressure range used in practical discharges.

Stark induced features of Rydberg state spectra can easily be observed at
modest n's (12 < n < 20) for the range of electric fields found in typical glow
discharge sheaths. The helium metastable density is roughly constant across the
diameter of the cathode sheath so there is no effect from averaging along the laser
beam. The electric field in the cathode sheath is oriented perpendicular to the
cathode ( neglecting edge effects ) so the polarization dependence of the Rydberg

spectra can be examined in detail. Fig 6 shows a typical Am = 0 polarization
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(laser parallel to the discharge field) triplet helium spectrum showing the
Rydberg states n=14 to 20. The top scan is the argon calibration spectrum
recorded simultaneously with the dye laser fundamental. The polarity of the
argon optogalvanic signal is inverted for convenience of display. The absolute
wavelength accuracy, using known argon lines, was found to be £ 0.125 cm-! in
the visible, essentially limited by the step size of the tuning of the dye laser
grating. This spectrum was taken at an axial distance of 0.4 mm from the
cathode with a discharge current of 2.5 mA and pressure of 1.5 Torr. ( All
measurements were made under these last two conditions.) This spectrum
contains 2000 data points, with the complete spectrum of typically seven manifolds
taking about 45 minutes to collect. One can measure the electric field reliably
from a single manifold, however, we were interested in comparing the behavior of
a range of n-manifold spectra as well as measuring fields. The narrow, single
peaks on the low energy side of the manifolds are the 2s 3S to ns3S transitions,
which are well separated because the S-state quantum defects are an order of
magnitude larger than the rest of the l-states.

Several Stark induced features are visible in this spectrum. The manifold
splitting is clear and many of the manifolds are completely resolved. At this
location the field is large enough that adjacent manifolds for n>19 overlap. Since
Foster's procedure does not include n mixing these manifolds are not used to
measure the field. For a constant electric field, the relative intensity distribution
of the manifolds changes markedly as a function of n. The intensity of the s peak

grows with n, while the separation of the s peak from the rest of the
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Figure 6. Typical triplet helium Stark spectrum, Am = 0 polarization,
recorded in the cathode sheath of a parallel plate DC glow discharge.
The upper trace is an argon calibration spectrum.




manifold decreases. The background in this spectrum is fairly noisy compared to
other cathode sheath spectra because it was taken close enough to the cathode that
some of the UV laser beam is scattered onto the cathode causing photoelectric
emission. The optogalvanic signal caused by the laser directly striking the
cathode is roughly two orders of magnitude larger than the Rydberg signal.

The triplet Am = 0 spectra for n=16 to 18 at three axial distances is shown in
Fig 7. Here one can compare field-dependent Stark features for the same n-
manifolds. As the field decreases with increasing distance from the cathode, the
location of the s peaks is seen to shift towards its field free location, and the
relative intensity contained in the transition decreases. Because the s peak can be
unambiguously identified, the electric field can be easily measured from the
displacement of this peak from its zero field energy. As noted in Ref 21, the
hydrogen Stark formula substituting n-ds for n fails poorly to predict the field
dependent energy shift of the nS peaks; diagonalization must be employed. The
manifold splitting decreases with decreasing field, with only peaks near the
center of the manifolds resolvable at 2.5 mm from the cathode. No splittings could
be resolved farther than 3.0 mm from the cathode, even though the splittings
calculated from the field measured from the - peak shifts were larger than the
laser linewidth. This fact, and the observation that the linewidths of the l-states
near the manifold centers were always narrower than those on the wings of the
manifolds, indicated that spatial averaging of the electric field gradient across the
laser beam diameter was occurring. We are able to exploit this effect to make
direct measurements of the cathode sheath space charge density, which will be

discussed later. While the hydrogenic theory will not provide the correct absolute
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energies for helium, the calculated separations between adjacent 1-states are
essentially identical to the diagonalization results for 1>4, i.e., states with zero
quantum defects. However, the correct relative intensities can only be obtained
from diagonalization.

The cathode sheath electric field profile obtained from the energy shift of the
s peaks as well as the manifold splittings are shown in Fig 8. The values plotted
represent the average over several manifolds. The field values obtained by either
technique agree well. For these discharge conditions the electric field in the
cathode sheath drops off linearly. A check on the accuracy of the spectroscopic
field measurements can be made by comparing the integral of the field profile
with the measured voltage drop across the tube. The integrated sheath field is 167
volts; the contribution from the negative glow and positive column is estimated
from previous measurements to be 15 volts, while the anode sheath drop is
estimated to be 25 volts ( the ionization energy of helium). Thus the spectros-
copically determined tube voltage is 207 volts, while the measured tube voltage was
212 volts, showing agreement to with 2.5 %.

All measurements were taken on the discharge axis, using the assumption
that there is no radial variation of the cathode sheath electric field. This was
verified by recording spectra at a fixed axial distance of 2 mm and several loca-
tions off axis. The electric field was measured up to 10 mm off axis, where no
variation in electric field was found above. experimental uncertainty.

In order to investigate Am = + 1 polarization spectra, the discharge was
rotated 900 so the laser polarization was then perpendicular to the sheath field. In

this polarization the 2S to nS transitions are not allowed; the absence of this
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transition affects the inte.isity distribution of the entire manifold. A typical Am =
+ 1 spectrum with n=14 to 21 recorded at a distance of 0.6 mm from the cathode is
shown in Fig 9, with the argon calibration spectrum shown above. The small,
sharp peaks near the n=15 and 16 manifolds are the 15S and 16S peaks, which
appear because the tracking of the frequency doubler used (Inrad Autotracker)
was imperfect and rotated the angle of the output UV beam a small amount. This
feature was reproduceu in all Am=+1 spectra taken in this set of measurements.
Because it is a small effect and occurs over only a small portion of the scan range
it did not affect the field measurements. However, this highlights the need for
laser polarization purity in field measurements.

The triplet helium Am=%1 spectra for n=16 to 18 at several axial distances
from the cathode are shown in Fig 10. Asin the Am=0 spectra, the manifold
splittings decrease with increasing distance from the cathode. Again the peaks
near the manifold centers remain resolved for the lowest field, reflecting field
averaging. The variation of linewidths across the manifolds caused by field
averaging can also be observed in this data, and the decrease in oscillator strength
with n is apparent. The cathode sheath electric field profile measured from the
manifold splittings is shown in Fig 11. Notice that the electric field values are
approximately 100 V/cm higher than measured in the Am = 0 polarization
spectra. This difference reflects a change in the discharge conditions, not a
difference in the field sensitivity between the two polarizations. The Am =+1
measurements were made 5 weeks before the Am=0 measurements, and the
discharge tube was reprocessed during this time. Before reprocessing, the

measured tube voltage was 222 volts,and the decrease in tube voltage to 207 volts at
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n=16 n=417 Nn=418

DISTANCE FROM

CATHODFE

2.5 mm
w
&
ot
c . .
s
na
[
>-
',—
-4
7)) ' .
Z
w
=
Z
— 0.4 mm

38040 38030 38050 38070 38090 38440 38130
ENERGY (Waverumbers)

Figure 10. Triplet helium Stark spectra recorded at various distances
from the cathode. A horizontal slice shows the n dependence at a con-

stant field value; a vertical slice shows the field dependence at a

constant n.




(V/cm)

ELECTRIC FIELD

900

ao0o0

700

600

500

400

300

200

100

0 o 1 A 1 5 1 " 1 A L " J

0 0.5 1.0 1.5 2.0 2.5 3.0
DISTANCE FROM CATHODE (mm)

Figure 11. The electric field profile in a DC glow discharge cathode
sheath measured from the manifold splittings.




the same current, 2.5 mA, was not thought to be significant. However, as the data
shows, this assumption proved to be false, highlighting the sensitivity of these
measurements to small changes in the discharge. The accuracy of the spectro-
scopic field measurements was again verified by comparing the integrated field
profile, 227 volts, to the measured tube voltage of 222 volts, again agreeing to
within 2.5%.
B. Negative Glow and Positive Column Measurements

Measurement of the electric fields in a discharge outside the cathode sheath
is a much more complicated problem for a number of reasons. The magnitude of
the electric fields are low, less than 40 V/cm, so Stark splitting even for high
Rydberg states, n>25, cannot be resolved with the standard laboratory pulsed dye
laser resolution of 0.3 to 1.0 cm-1. The energy shifts of the nS peaks are also below
resolution, and their-field dependent intensity often makes them difficult to
distinguish from the background. One must rely on other Stark induced features,
"broadening” and series termination, for field measurements. However, the
interpretation of these features in often ambiguous under discharge conditions
where one must worry about charged particle collision induced field effects
(microfield) as well as axial field effects. In most applications the effect of the
microfield has been treated under the quasistatic approximation, however, our
data suggests that this approximation may not be valid for high Rydberg states.
Because the positive column is diffusion dominated, a radial field, which for
narrower tubes can be larger than the axial field, is also present. The direction of
the net field will be a vector combination of all these fields which cannot be

predicted, however, one can exploit the polarization selection rules to measure the
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field vector.

The data to be presented are the results of several previous experiments.54
Because they were taken over a wide range of operating conditions correlations
between the different sets will not always be made. In the previous papers the
data was analyzed using standard literature treatments of hydrogen line
broadening and series termination. Since high Rydberg states of helium were
involved, the consensus at the time was that the behavior of these states would be
sufficiently hydrogen-like that using the techniques derived for hydrogen was
acceptable. Subsequent analyses have shown that this assumption is invalid, and
that the standard treatments of broadening and series termination are only
approximations which fail for high Rydberg states. The definition of series
termination was also misquoted, and unfortunately the error has been propagated
in the literature for the past 50 years. The problems with these techniques will be
discussed in detail in the next section of this report, as well as the inherent limits
on electric field measurements in glow discharges using Rydberg state Stark
spectroscopy.

A representative singlet helium negative glow spectrum is shown in Fig 12.
A neon calibration spectrum recorded from the optogalvanic signal of a neon
lamp using the visible output of the dye laser (DCM dye) is shown above with the
621.728 nm line present. Because of the low electric field present in the negative
glow is low, helium transitions up to n=45 ¢ ~ be observed. The absence of the 2S
to nS transitions indicates that this polarization purity (Am = 1) of this spectrum
is (nearly) 100%. Features which should be noted are the decrease in peak

intensity as a function of n, the increase in linewidth with n, and the symmetry of
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the lineshapes. Because the electric field broadens the peaks, and the separation
between adjacent n peaks is fixed, the electric field will modify the last n value
which can be resolved in the Rydberg series spectrum. Inglis and Teller 24
derived a relation for this lowering of the continuum which is commonly
described as "series termination.” The electric field measured from this "series

termination” of this spectrum is given by

~_1
P =t (9)
where np, is the n-state peak which has merged into the continuum, customarily,
and incorrectly, taken to be several n-states beyond the last resolved peak.. For ny,
of 45 the electric field is 9.2 £ 3 V/cm. The uncertainty in the field arises from an
uncertainty in identifying the series termination by + 1. The electric field

measured from the broadening of the n = 30 transition is 18.8 + 5§ V/em using the

formula given by Griem55

—_3h 2
Aw=ge g - 0pF (10)

where Aw is the half width at half maximum. The field values obtained from
these two techniques vary by more than a factor of two, and the broadening result
is high for the negative glow. Since the field measured is the sum of the axial and
microfields, this value may not be unreasonable. However, one can infer that the
influence of the microfield is small because the polarization purity of the

spectrum indicates that the field present is dominantly anisotropic.
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Figure 12 Singlet helium Rydberg series spectrum, Am = * polarization,
recorded in the negative glow of a DC glow discharge. The upper trace
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For contrast, a triplet helium negative glow spectrum with an argon calibration
spectrum is shown in Fig 13. The conditions under which this spectrum was
taken are similar to the singlet spectrum because the last resolved peak is also
n=45, and the absence of the 2S to nS transitions indicates good polarization (Am =
1) purity. However, the triplet peaks are seen to be asymmetric for the lower n's,
gradually becoming more symmetric near the series limit. This is a clear
indication that even for high n's, the behavior of Rydberg states of helium still
shows the effect of the quantum defects, i.e., helium behavior really never
becomes "hydrogenic’. We will later show that the symmetry of the singlet peaks
occurs because the n1P quantum defects are negative. The asymmetry of the
triplet peaks raises a question about applying hydrogenic line broadening,
however,ignoring this issue for now, a field value of 26 £ 5 V/cm is obtained, again
quite high for a negative glow. For comparison, a Am = 0 polarization triplet
helium spectrum is shown in Fig 14. Here the 2S to nS transitions are clearly
visible. The relative intensity of the S peaks grows with n, but because the spacing
between the n-manifolds is decreasing they become buried in the background.
Note that the linewidths of the peaks from the rest of the n-manifolds do not
increase very much, being essentially constant to within experimental uncertain-
ty, though from Griem's formula the linewidth should increase as n2.

The oscillator strength of the n-state transitions falls off as n-3; line
broadening goes as n2. Thus the intensities of the n-state peaks would be expected
to fall off as n-5. However, it is apparent that the decrease in the n-state peak
intensities in the experimental spectra do not follow the same relation, and as will

be shown later, deviate significantly from an n-5 fall off. The laser power was not

56




b—.,-—‘-v-ﬁ—-v— - —‘*:v‘-ﬁ.. b -\ P
- 1.}
% NEGATIVE GLOW 28
»n
Q 30
z 32
pr
g 34 x ’
36
S 38 |
© 42
PP
1 ] 1 ]
38400 38370 38340 38310 38280

cm”!

Figure 13 Triplet helium Rydberg spectrum, Am = + 1 polarization,
recorded in the negative glow of a DC glow discharge. The upper trace
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Figure 14 Triplet helium Rydberg series spectrum, Am = 0 polarization,
recorded in the positive column of a DC glow discharge.




recorded while these spectra were taken, however, DCM (singlet helium) and
Coumarin 500 (triplet helium) laser dyes produce essentially constant power over
the wavelength regions over which these spectra were taken, so the abnormal
intensity drop-off cannot be attributed to a variation of laser power. Because these
experiments rely on collisional ionization of the Rydberg states to produce the
optogalavanic signal, an n-dependence in these cross sections could account for
the abnormal intensity drop-off. However, Rydberg state collision cross sections
are in general roughly constant for n > 20, so the difference in the n-state cross
sections is not enough to account for this feature. The n—state intensity drop-off is
important because it implies that electric field broadening is not the dominant
source of broadening in these experimerits, under these conditions the Rydberg
state-background ground-state helium atom collisions provide the major con-
tribution to the measured linewidth. Thus the standard line broadening approach
to measuring electric fields, as well as series termination which relies on line
broadening, is not valid for these plasma conditions, and different approaches are
required.

The net electric field in the positive column is a sum of an axial field, a
radial field arising from diffusion, and the so-called microfield created by the
presence of the space charge. Depending on discharge conditions and radial
location in the discharge , the relative magnitudes of these three fields will
change. Because the Rydberg atom will respond to the net electric field present,
the spectrum will show the effect of the vector sum of these three fields, whose
individual contributions can be difficult to separate. Fig 15 shows singlet helium

spectra taken at various radial positions in a positive column. The center

58




OPTOGALVANIC SIGNAL

Lli

x4

x4

i—‘L 1 f }
31980 31928 31900 1878 cm-!

Figure 15 Singlet helium Rydberg series spectra, Am = + 1 polarization,
n=25 and above, recorded at varying radial locations in the positive
column of a DC glow discharge. Spectrum C was recorded on axis; B
and D, A and E were recorded as symmetric radial distances.
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spectrum was taken on axis; the others were taken symmetrically off axis. The off
axis spectra show increasing linewidth with increasing distance from the axis,
and the last resolvable transition shifts to lower n. The off axis spectra are
multiplied by a factor of 4 reflecting the metastable population profile in the
positive column. The electric fields present, using Griem's line broadening
formula on the linewidth of the n=30 transition, are 29 + 4 V/cm on axis, 33 + 4
V/cm at locations B and D, and 37 + 4 V/cm at locations A and E. While these
values are high, the spectra do show good radial symmetry as one would expect
in the positive column. Using series termination, defined as the onset of line
overlap, one obtains field values of 74 + 10 V/cm, 98 £ 15 V/cm, and 113 £ 20 V/cm
at the same locations, which are about one order of magnitude higher than seems
reasonable! These results are obviously wrong because the integrated electric
field across the tube would greatly exceed the tube voltage. Clearly there is
something wrong with the implementation of these techniques.

The measurement of the electric field vector is demonstrated by the spectra

in Fig 16. For tlas measurement, the discharge tube was tilted at an angle of 500
with respect to the laser polarization. Thus the center spectrum, taken on axis,
contains a mixture of both Am = 0 and Am = + 1 polarizations, shown by the
presence of the s peaks. In the top spectrum, taken 2 mm above the discharge
axis, the relative intensities of the s peaks is larger, indicating that the laser
polarization is more parallel to the field direction. In the bottom spectrum, taken
2 mm below the discharge axis, the s peaks have essentially vanished, indicating
that the laser polarization is nearly perpendicular to the field direction, as one

would expect from the symmetry of the positive column. The electric field
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Figure 16 Triplet helium Rydberg spectra from n=25 and above
recorded for three different radial locations in the positive column as
shown in the insert. The spectrum labeled B is on the radial axis. The
spectra labeled A and C are 2 mm away from the axis. The spectrum
labeled B is at two-times reduced gain as compared to spectra A and C.
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values previously reported for these spectra were based on the broadening of the
triplet helium Rydberg state lines. The next section of this report shows that line
broadening is an inappropriate diagnostic for triplet helium spectra, so the
electric field values reported are probably in error. These measurements were

taken at a current of 0.8 mA to minimize the microfield.




VII ANALYSIS AND SIMULATION OF SPECTRA

As discussed previously, a number of techniques were employed to measure
the electric fields present in various regions of the discharge: 1-state energy level
shifts and level splittings for fully and partially resolved spectra, line broadening
and series termination for unresolved spectra. However, outside the cathode
sheath, this analysis led to results inconsistent with other measured experimen-
tal parameters, namely, the voltage drop across the tube. Because the line
broadening and series termination formulae used had been derived for hydrogen
and merely assumed to hold for Rydberg states of helium, the validity of this
assumption seemed to be the most likely reason for the discrepancies. Up to this
point in our studies, full advantage of Foster's diagonalization had not been taken;
while the calculated energy level shifts were used to measure the field, the relative
l-state oscillator strength information had been ignored.

To better understand the helium Rydberg state spectra and characterize the
glow discharge, the following procedure was employed to simulate helium
Rydberg state spectra. For a selected electric field value, polarization, and
principal quantum number, Foster's technique is used to calculate the 1-state
energy levels and their relative intensities. Each l-state is treated as a separate
line, whose characteristics are varied to mimic one of a number of possible
mechanisms present in the discharge or the instrumental response thought to
constrain spectral resolution. For example, initially the laser linewidth was
thought to be the major constraint on resolution, so a Gaussian line profile with a

FWHM of 0.4 cm-1 was used to describe each 1-state line. The individual l-state
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lines are then convolved to obtain the overall n-state manifold lineshape. The
initial simulations showed good qualitative agreement with the experimental
data, however, there were distinctive features present in the data which were not
reproduced by this simple modelling.

The power of the spectral simulations is that they enabled the investigation
of the influence of various aspects of the plasma environment on the helium
Rydberg state spectra. For example, changing the linewidth mimics changing
the electric field gradient. By changing the line profile, Gaussian to Voigt, the
relative importance of neutral collision broadening can be determined. These
spectral simulations also provide a clean calibration set against which the results
of the hydrogenic line broadening and series termination formulae can be
benchmarked. The simulations also enabled a comparison of the triplet and
singlet Rydberg series of helium, whose spectra had been assumed to exhibit the

same response to electric fields.

A.  Electric Field Gradient Measurements

The cathode sheath Rydberg spectra display a variation of the linewidths of
the different l-state peaks across the n-manifolds, with l-states near the manifold
centers having a minimum width which increases monotonically towards both
wings. These characteristics of the measured helium spectra are the conse-
quence of the presence of a finite electric field gradient across the excitation laser
diameter and the dominance of the linear Stark effect for the range of n's and
fields investigated. The measured spectrum thus represents a summation of

Rydberg states created within a range of electric fields, F + AF, where F is the
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average electric field at the location of the probe laser. This effect is illustrated in
Fig 17 for the n=19 triplet helium manifold, Am = + 1 polarization, at an average
field of F of 740 V/cm with a AF of 60 V/cm. The linear Stark energy shift is

(approximately for helium)

AE= SnF(n; - ny) (11)

where nj ng are the parabolic quantum numbers. For states near the manifold
center, n; = ng, so these states exhibit very small energy shifts as a function of
field. Thus measurement of these states over a range of fields does not affect the
measured linewidth. For states at the manifold wings, In; - ng | is maximized,
so their field dependent energy shifts are large. Measurements of these states
produces a large apparent linewidth. The dimension of the boxes along the x-axis
represents the width of the laser beam, which is the same across the manifold.
The dimension of the boxes along the y-axis represents the measured linewidth,
which minimizes at the manifold center and increase on either wing. The
resolution of the manifold is determined by the AF/F ratio, and the linewidth of
each n;, ny state is proportional to AF (AF/F can be greater than 0.2 for a few
hundred micron diameter laser beam in the cathode sheath).

The following procedure was used to model the field gradient. A sequence
of manifold profiles was generated for a range of electric field values. These
individual profiles were weighted by a factor proportional to the laser intensity
profile across the probe laser beam diameter and then summed to produce a

calculated profile which best fit the experimental data. A representative set of
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calculated Stark spectra for n=19, Am = + 1 polarization, is shown in Fig 18. The
average electric field F is 340 V/cm, with AF ranging from 0 to 60 V/cm. The Stark
spectrum corresponding to the zero field gradient shows a fully resolved manifold,
and with increasing gradient, only states near the manifold center remain
distinct. The dashed line in Fig 18 represents the zero field energy of the 23S to
193P transition.

Stark spectra for n=19, Am = t 1 polarization, measured at 0.4, 1.25, and 2.5
mm from the cathode are shown in Fig 19. The average electric fields at these
locations, measured from the manifold splittings, are 740, 575, and 340 V/cm
respectively. Note that fully resolved manifolds are not observable below 600 V/cm,
confirming the presence of a strong field gradient in the sheath. The calculated
intensity profiles for these average electric field values are shown in Fig 20. A
constant value of AF = 60 V/cm and a flat top intensity profile56 of the probe beam
was used to obtain the best fit to the data set shown in Fig 19. For the
measurements conditions used the AF of 60 V/cm equates to a field gradient of
2000 V/cm2. The use of a single valued field gradient fit to the spectra for a
distance of 0.4 mm out to 2.5 mm from the cathode positively shows a linear
dependence of electric field with distance from the cathode. This electric field
gradient also agrees well with the slope of a linear fit to the sheath electric field
profile shown in Fig 11. It should be emphasized that gradient measurements
from spectra fitting can also be applied to situations where nonlinear gradients
are present. Invoking Poisson's equation, the direct measurement of dF/dZ
indicates a net space charge density of 109 cm-3. The changes in the manifold

lineshape caused by a AF of only 10 V/cm (dF/dZ =~ 300
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Figure 18 Calculated Stark spectra for triplet helium n=19 for an
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Figure 19 Measured Stark spectra for triplet helium n=19 in the
cathode sheath at positions 0.4, 1.25, and 2.5 mm from the cathode

surface. The discharge current was 2.5 mA and the total tube voltage
drop was 225 V.
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Figure 20 Calculated intensity profiles for the Stark splitting of the
n=19 manifold of triplet helium at electric field values of 745, 575, and
340 V/cm. The dashed line is the zero field position of the 23S to 193P
transition. A field gradient of 2000 V/cm2 gave the best fit between the
measured and calculated intensity profiles.
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V/cm?2) are readily measurable.
B. Low Field Measurements

1. Line Broadening Field Measurements
If the 1-state separation caused by an external field is below experimental
resolution, one observes an apparently broadened single line resulting from the

convolution of the unresolved l-state lines. Griem56 gives a formula for this

linewidth as a function of field
A(FWHM) = 3F(n?- n?) (12)

which can be derived from the hydrogen linear Stark formula, with the exception
of the minus sign. Griem's line-broadening formula is a standard for electric
field measurements in equilibrium plasmas, however, it is not directly applicable
over the full range of plasma conditions. Griem's result assumes that the
spectral linewidth is caused only by field broadening, which is not always true. In
our experiments, the laser linewidth was approximately 0.4 cm-1 FWHM. The
Doppler widths at 300 K are 0.18 and 0.2 ¢cm-1 respectively for singlet and triplet
helium. Initially, it was assumed that the effect of collisions between the Rydberg
states and the background ground state helium atoms was negligible and would
not contribute to the measured linewidth. However, our attempts to apply the
Inglis-Teller relation to the high Rydberg state data indicated that additional line
broadening effects were significant. Miller57 et. al. measured the singlet helium

Rydberg series in the positive column of a hollow cathode discharge and noticed
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that the linewidths of successive n-state lines were approximately constant,
instead of increasing as n2 as expected. A thorough analysis of their broadening
mechanisms was performed which led them to investigate the pressure depen-
dence. Their measurements indicated that the helium ground state helium
Rydberg state collision cross section is 105 A2. The cross section was found to be
roughly constant for n>20, and is roughly an order of magnitude less than the
geometric cross section for these n values. Using this cross section for our
experimental condition of a neutral pressure of 1 Torr, the collisional linewidth

FWHM is approximately 1.0 cm-1, as much as 50% of the Rydberg state

linewidths. Since each l-state will have this linewidth and the total manifold
linewidth results from the convolution of the I-state lines, the collisional linewidth
is not a simple offset which can be subtracted from the total linewidth. Applica-
tion of Griem's approach to a situation where one observes field broadening on top
of a substantial inherent linewidth will lead to spurious results.

Examining Eq 12 one can see that Griem has used the approximation
(n;-n2) = n which assumes that the half maximum intensity points occur at the
extreme n,ng states. Fig 21 shows the hydrogen n;,ny relative intensity distribu-
tions15 for n=30 in the Am = 0 and Am = %+ 1 polarizations. The shape of these
distributions are independent of electric field; the field merely increases the
separation between the states. The envelopes plotted are the overall lineshapes
generated from the convolution of Voigt profiles for the individual l-state com-
ponents. From this figure it is apparent that the approximation (n;-n2) = n at half
max is bad for the Am = + 1 polarization. The Am = 0 polarization shows two

peaks per n-manifold and cannot be described by the broadening of a single line,
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Figure 21 Calculated n = 30 hydrogen intensity distribution
(a) Am =t 1 polarization intensity distribution. (b.) Am = 0 polarization
intensity distribution. The x ordinate on each graph corresponds to the
l-states of the n = 30 manifold.
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unless the separation of the extrema states is smaller than the total manifold
linewidth. However, unless the extrema separation is much smaller than the
total linewidth, a distorted line profile will result, displaying apparent saturation
at the manifold center. This result is shown in Fig 22a, where the Am = 0
manifold for n=30 is shown. For pure Am = + 1 polarization spectra, a better
approximation for (n;-ng) half max is 0.7n, which results in a correction of
approximately 30% from Griem's result. The Am = + 1 manifolds do not distort as
the field increases, as is shown in Fig 22b under the same conditions as Fig 22a.

The origin of the negative sign in Eq 12 is explained by Griem as resulting
from the approximate selection rules for hydrogen atoms in an electric field:
transitions between levels which are shifted in the same direction are much
stronger than transitions between levels shifted in opposite directions. However,
it is not appropriate to apply this analysis to helium spectra. In the case of helium
Rydberg spectra at the fields investigated in our experiments, the broadening of
the n = 2 state is negligible and the broadening observed will just be the
broadening of the Rydberg states, so the sign in Eq 12 doesn't matter.

Griem's formula for n=30 in hydrogen using the approximation (nj;-ng2) = n

at half max produces the line

=0.115 (em-1 Vv
A (%)F(cm) 13)

which predicts zero linewidth at zero field. Using the approximation(n;-ng)=0.7n,

the slope changes to 0.088 cm-1/V/ecm. One could add in a zero field linewidth
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Figure 22 Calculated n = 30 hydrogen line profiles
(a.) Am = 0 polarization line profiles as a function of electric field.
(b.) Am = + 1 polarization line profiles. Notice that only forthe Am=+1
polarization does the term "line broadening” accurately describe the field

induced line profile modification.
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based on experimental resolution and use this slope to measure the field,
however, it is better to generate the n=30 manifolds and derive a broadening
relation from these results. To simulate the experimental conditions, the l-state
components were described by a Voigt profile with a Doppler width FWHM of 0.2
cm-! and a Lorentzian width of 1.0 cm-1, with the relative intensities given by Eq
Sa.

Representative results of the hydrogen simulations are shown in Fig 23 for
electric fields of 0, 10, 20, and 30 V/cm. As expected, the Am =+ 1 line is sym-
metric and broadens homogeneously. The linewidth saturates at 5§ V/cm and
below, indicating that the inherent (pressure) linewidth is larger than the Stark

width. Neglecting the F=0 V/cm point, a linear fit to this data produces the

equation

A =0.726(cmD) +0.064 (<L) F (%)
s (14)
This result is valid only above 5 V/cm, which means that the experimental
conditions, here the pressure, determine the lower limit of electric field sen-
sitivity.

An interesting result of this procedure is that the slope of the line

broadening (broadening coefficient) differs significantly from that predicted by
Griem's formula. For a consistency check, the hydrogen simulations were
repeated using small linewidths, Doppler 0.02 cm-1, Lorentzian 0.1 cm-1. For

these values, the simulations produce a slope of 0.88 cm-1/V/cm, so in the zero
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Figure 23 Calculated hydrogen Stark line profiles, n =30, Am =+ 1
polarization at 0, 10, 20, and 30 V/cm. A Voigt profile was used in these
calculations with a Doppler width (FWHM) of 0.1 ¢cm-l and a
Lorentzian width of 1.0 cm-1 .




linewidth limit this procedure does reproduce Griem's broadening formula. Fig
24 shows a comparison of these approaches for n = 30, emphasizing the impor-
tance of linewidth on the broadening relation.

To examine the sensitivity of the simulation to the lineshape used, a
set of field-broadened n=30 hydrogen lines were generated using a Gaussian
profile with a width FWHM of 1.0 cm-1. The slope of a linear fit to these results
was nearly equal to the slope from the Voigt profile fit, 0.0615 compared to 0.0638.
However, the zero field offsets differed significantly, 0.52 cm-1 compared to 0.726
cm-l. Thus, the use of a Gaussian will overestimate the field compared to a Voigt
profile fit, in this case by 3.5 V/cm. While this is at most a 20% difference for this
experiment, from the spectra it is readily apparent that a Gaussian line profile is
a poor description of the experimental conditions.

The description of the effect of an electric field on a hydrogen Am =+ 1
transition is good because the intensity distribution within an n-manifold (Eq 5)
is independent of the field, so hydrogen lines are always symmetric. A FWHM
can always be accurately defined for symmetric, homogeneously broadened lines.
However, for helium (as shown before) the intensity distribution is very sensitive
to the field and produces generally asymmetric lineshapes. In previous analyses
of this helium data 55 it was assumed that the hydrogenic line broadening as
given by Griem was valid for helium Rydberg state spectra. However, after
additional analysis and calculations we now know that this assumption is invalid,
and that a generalized formula for line broadening for the conditions considered
might not even make sense for helium. To test this hypothesis, synthetic spectra

for the helium n=30 singlet and triplet manifolds in the Am = t 1 polarization were
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generated for fields from 0 to 30 V/em. A Voigt profile with the parameters given
before was used for the individual l-state lines, with the relative intensities
calculated using Foster's procedure.

Fig 25 a shows the results for triplet helium, n=30, form 0 to 30 V/cm. As
the field increases, the triplet manifolds look like a single, sharp line with a
growing asymmetric tail. In measuring the linewidth, one will measure the
width of the main peak, which is not representative of the width of the entire
manifold. Fig 25 b shows the n=30 singlet helium simulations from 0 to 30 V/cm.
Notice that while the singlet helium distorts, it retains a good degree of symmetry,
and the linewidth is representative of the entire manifold width. Fig 26 shows a
comparison of the broadening of hydrogen, singlet helium, and triplet helium.
Hydrogen shows linear broadening. Triplet helium shows distinctly nonlinear
broadening, with the linewidths measured from the simulations smaller than the
hydrogen results. We believe that earlier field measurements based on triplet
broadening are erroneous. Somewhat unexpectedly, the singlet broadening is
quité linear and close to the hydrogen results. Thus, field measurements based
on singlet helium broadening are valid, though only below fields which will
produce a distorted singlet lineshape.

The reason for the marked difference between the singlet and triplet helium
Stark lineshapes is that the n3P quantum defects are positive, while the ntP
quantum defects are negative (all other helium quantum defects, singlet and
triplet, are positive). The positive quantum defect of an n3P means that it is
nearest in energy to the n3D-state, then the n3F, then the n3G to n3 (I=n-1) states.

Beyond the n3F-state, the remaining l-states are degenerate, having quantum
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defects equal to zero. The electric field induced intensity transfer will occur most
rapidly to the l-states nearest in energy to the n3P-state (the zero field allowed
transition), thus the n3D-state intensity will increase most rapidly with

increasing field, then the n3F-state, and the intensity of the states in the rest of the
manifold will grow slowest with increasing field. The result of this intensity
transfer behavior is that the triplet helium lineshape is asymmetric, peaked to the
low energy side with a growing tail on the high energy side. Thus, the linewidth
measured at the intensity half maxima dces not represent the width of the entire
n-state manifold, and line broadening is an inappropriate way to describe the field-
induced lineshape modification.

The negative quantum defect of an n1P-state means that it is nearest in
energy to the degenerate 1=G to n-1 energy states in the n-manifold. To use the
terminology of Ref 33, the n!P-state interacts most strongly with the quasi-
hydrogenic portion of the helium n-manifold, while the n3P-state interacts with
the non-hydrogenic portion of the manifold. As the electric field increases, the
bulk of the nlP-state intensity is transferred nearly equally to the degenerate 1-
states because their energy separation from the n!P-state is nearly equal (the
small, increasing electric field changes their energy levels so the intensity
transfer to all these states is not identical). The net result is to proéuce a sym-
metric lineshape, whose linewidth, FWHM, is linear with the electric field for low
electric fields (the exact field value for which this remains true is n-dependent).
Theoretically, an n1P-state will be driven to lower energies as the field increases;
the I-state adjacent to the n1P-state will be driven to higher energies as the field

increases. Thus the singlet helium Stark manifolds will have an avoided
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crossing within the manifold. However, the avoided crossing will be difficult to
observe because the singlet manifold will have several peaks with nearly equal
intensity, and it is hard to definitely identify the n1P-state. Hogervost et al,5 37 who
have published the highest resolution helium Stark spectra to date, discuss the
existence of the avoided crossing but were unable to observe this phenomenon

because of the complicated structure of the spectra.

2. Series Termination Field Measurements
In the absence of external perturbations, an atom possesses an infinite
number of bound n-state energy levels below its ionization limit. The separation

between adjacent energy levels decreases as the ionization limit is approached, so

the highest n-state which can be resolved is limited only by instrumental
resolution. The application of an external electric field broadens each line, so the
last n-state which can be resolved will be determined by the ratio of the linewidth
to the energy level separation (assuming the instrumental resolution is smaller
than the field broadened linewidth). Inglis and Teller5824 took advantage of this
effect to derive a relation between electric field and line overlap. The criterion they
used to define "series termination” was that the half linewidth of an n-state line,
n=np,, was equal to one half the separation between the line n,, and np+1.

Expressed in terms of the more familiar first-order Stark effect

—z—an (

)

n2, (nm+ 1)2 (15)




Inglis and Teller made two approximations to simplify this equation. First, the
RHS = np,-3. Second, they set (n; - ng) = n,. The second approximation is valid
only for the extreme n,, n states of the n-manifold. Though not explicitly stated,
this relation is only valid for the Am = £ 1 polarization. After these

approximations, Eq 15 reduces to

=_1

~ 3n5, (16)

This relation defines the electric field at which the highest nl, n2 state of the
n=nm manifold overlaps with the lowest n1,n2 state of the n=n,+1 manifold, i.e.,
the onset of line overlap of adjacent n's.

Series termination, experimentally, is commonly defined as the last
principal quantum number state which can be resolved from the background,
which is defined as the overlap of two adjacent peaks at their half-maxima
(Rayleigh criterion). Thus for the Inglis-Teller criterion to be equivalent to series
termination, the intensity of the extreme n;, ny states of the n-manifold would
have to have one-half the intensity of the maximum intensity of any n;, n2 state in
the n-manifold. In addition, the Rayleigh criterion assumes a Gaussian line
profile, though it can also be applied to the half-maxima overlap of symmetric
line profiles, e.g., Voigt or Lorentzian profiles. For hydrogen in the Am = 0
polarization, the intensity half-maxima do occur at the extreme nj, n; states of the
manifold, as can be seen from Eq 5. However, unless the field broadening of the
line is small, one will observe the distorted lineshape as shown in Fig 22 . For the

Am = £ 1 polarization of hydrogen, the intensity half-maxima do not occur at the
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extreme n;, ny states. From Eq 5b, the relation (n; - ng) = 0.7n can be derived. The
Am = £ 1 profile in hydrogen is symmetric, so a Rayleigh overlap criteria can be
unambiguously defined.

Almost all of the applications of Inglis-Teller series termination have been
on high density, fully ionized plasmas. 59 Under these conditions, collisional
interactions of the electrons and ions oa the atom is the dominant source of
electric fields, i.e., the microfield. Because the collisions are isotropic, the
spectra produced will have a random (mixed) polarization, possessing equal
portions of Am = 0 and Am = * 1 polarizations. Series termination occurs at lower
lying Rydberg states, n < 20 , because the microfield are typically 1000 V/cm or
greater, and a quasistatic approximation is used to calculate the effect of the

electrons on the radiating atoms. In this experiment, fully resolved Rydberg state

spectra were obtained for this range of electric fields and n's, while in a high-
density fully ionized plasma unresolved spectra are almost guaranteed because
the collisional linewidths of the l-states in these conditions is very large.

The low electric field spectra taken in our experiments differ from most
spectra on which series termination is applied in several different ways. First, for
helium, the approximation that the half maxima intensities occur at the extreme
n, ng states is not good for either polarization. The electric field is predominantly
the applied (axial) electric field which is anisotropic, so pure polarization spectra
can be recorded. The intensity profile of the Am = 0 polarization is asymmetric, so
only for the Am = *+ 1 polarization can series termination be applied. As discussed
in the previous section, the primary source of line broadening in these

measurements are the applied field, and collisions, here assumed to be with the
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background helium atoms. At the present time, the effect of collisions with
charged particles, as well as the validity of the quasistatic approximation for
collisions with Rydberg states n > 30, are neglected.

In order to use series termination to analyze the Am = * 1 helium spectra,

the approximation

(n; - Ng)HaifMax = 0.7 Ny (17)

is used. Using this approximation, Eq 16 changes to

_ 1
F‘2.1 e, (18)

Again, simulated spectra were generated to verify the analysis of the
spectra. The same procedure as described earlier was used for each individual n-
manifold. To simulate the Rydberg series, a number of n-manifold lineshapes
were calculated, weighted by a factor of n-3 to represent the decrease in oscillator
strength with increasing n, and the individual line profiles summed. Fig 27
shows simulated singlet helium Rydberg series, Am= * 1 polarization, calculated
at three electric field values. The field values used in the simulations were
selected by solving Eq 18 for integer values of n,. To speed up the calculation, a
Lorentzian rather than a Voigt profile was used for the individual 1-state lines.
Because the collisional width is approximately five times the Doppler width, the

use of the Voigt and Lorentzian profiles showed no significant difference for

87




(Arb Units)

INTENSITY

n=25

4.86 V/cm
n=55
LU MMMJ\MNWMN»——
13.26 V/cm

il .
M 23.91 V/cm
JHL/\M/UU\A/\N\/W-. ~

ENERGY (Wavenumbers)

Figure 27 Calculated singlet helium Rydberg series for n = 25 and
above. The electric field values were selected to insure that "series
termination” occurred at integer n-values. The n-value for series

termination at each field value is insgicated.




100

@
o

(-2
o

F -
o

(wo/A) piold 2110913

Separation (Wavenumbers)

S T T i T
30 35 40 45 50 55 60 65 70

Principal Quantum Number

r

Figure 28 Experimental resolution limit on electric field sensitivity. For
a selected n-value, the zero electric field n-state separation is read on the
left-hand axis from the solid curve. The electric field which would cause
that n-state to be the last resolved is read on the right-hand axis from
the dashed curve. If the experimental resolution os larger than the zero

field separation at that n-value the electric field cannot be determined.

0




100

@
Q

F S
o

(wa/A) piatd 2112913

Separation (Wavenumbers)

——— T
30 35 40 45 50 55 60 65 70

Principal Quantum Number

Figure 28 Experimental resolution limit on electric field sensitivity. For
a selected n-value, the zero electric field n-state separation is read on the
left-hand axis from the solid curve. The electric field which would cause
that n-state to be the last resolved is read on the right-hand axis from
the dashed curve. If the experimental resolution os larger than the zero
field separation at that n-value the electric field cannot be determined.

0




as the last resolved state, which would be caused by an electric field of 3.1 V/cm.
This means that at a pressure of 1 Torr, electric fields below 3.1 V/cm cannot be
measured by this technique, independent of instrumental resolution. This simple
treatment agrees well with the hydrogen Rydberg series measurements of
Nayfeh30, who was able to resolve up to n=60 at a zero electric field, limited by a

laser linewidth of 1.0 cm-1.

3. Comparison of Approaches

The consistency of the modified treatments of line broadening and series
termination with the spectral simulations are encouraging, however, the real test
of the validity of these modifications is a comparison of all the methods on
experimental data. This is shown in Table 2 applied to singlet helium spectra
recorded in the negative glow and positive column in the hollow cathode tube.
This data has been published previously in Ref 54c. The field values obtained
from the standard Inglis-Teller relation differ between Ref 54c and Table 2
because in Ref 54c series termination was taken to occur several n-states beyond
the last resolved peak, and in this work the last resolved peak is used. The results
of Table 2 are very disconcerting. The electric field values are much too high, by
at least a factor of three. The electric field profile in the negative glow shows two
maxima, where it would be expected to decrease monotonically. There is no
physical reason to justify these results, the operating conditions of the discharge
tube were not recorded, and the accuracy of the axial positions is uncertain
because the zero location was reset between some of the scans. It is almost certain

that other processes, e.g. charged particle collision broadening, which have not
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Table 2 Comparison of the various methods for analyzing helium

4.0
2.0
6.0
8.0

20

Positive
Column

Rydberg spectra
glisTellr  Broadening g peuer
Viem Viem Viem
14112 2082 21.1+4
13.2+2 18.2 18.7+3
19.0+3 234 27.1+4
13.1+2 174 18.7%+3
16.7+3 18.2 23.8+4
11.6+2 15.6 16.6 +3
16.7+3 22.5 23.8+4
24.7+4 26.0 3535
2

31.0

20.0
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16.8
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been included in the simulations, will have an important effect of the spectra.
However, because the operation of the discharge tube was not adequately
documented, it is impossible to sort out exactly what is occurring from this data.

For these reasons, no conclusions can be made about the discharge tube operation

from this data.




VIII CONCLUSION

The interpretation of fully or partially resolved Stark spectra, even in the
presence of an electric field gradient, is unambiguous because the influence of the
electric field dominates over all other processes. Thus the cathode sheath data
presented in this report is highly reliable. However, when the Stark spectra is
unresolved and the electric field does not dominate over all other processes, e.g.
pressure broadening, charged particle collisional broadening, interpretation of
the spectra becomes difficult. Measurement of electric fields from line broadening
and series termination (which is a consequence of line broadening), is not reliable
unless all other broadening mechanisms can be accurately accounted for. The
anomalous peak intensity fall-off of the helium Rydberg series is now easily
explained, because the line broadening is not proportional to F n2. Fig 29 shows
the peak intensities versus principal quantum number for several of the singlet
helium Rydberg series simulations discussed in the previous sections. At the
lowest field, the peak intensities fall-off as n-3.2, showing that the field does not
significantly alter the n-3 intensity fall-off built into the simulation. At the highest
field, the peak intensities decrease as n—4.8 , which is close to the n-5 decrease
expected from the combination of decreasing oscillator strength and line
broadening. Also shown in Fig 29 is the peak intensity fall-off of an experimental
singlet helium Rydberg series recorded at 3mm from the cathode in the hollow
cathode tube. These peak intensities decrease as n-3-4, which clearly shows that

the electric field does not have the dominant effect on the linewidth. In contrast to
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this data, Vidal 60 shows triplet helium data which has a peak intensity fall-off
proportional to n-4.6, which means that for his conditions (n, = 1013) the electric
field, here the microfield, is dominant and series termination is valid (though a
factor of 1/2.1 instead of 1/3 in Eq 18 is recommended). At present, only the effect of
background neutral atom collisions is included in the spectral simulations.
Charged particle collisions almost certainly have a significant effect, however, the
quality of our present data is not good enough to enable the magnitude of this effect
to be determined. Additional experiments are in progress using a thermionic
cathode discharge tube whose operation will be stable over a large enough range of
pressures and currents to enable neutral and charged particle effects to be
observed independently.

Rydberg state Stark spectroscopy of helium is well enough understood to
provide a reliable, non-intrusive electric field diagnostic for plasmas. Fully or
partially resolved Stark spectra can be interpreted unambiguously. In high-
density plasmas where the electric field present results primarily from the space
charge, line broadening and series termination provide reliable electric field
values for hydrogen and singlet helium; results for triplet helium are not as
reliable. In intermediate conditions, where the electric field does not dominate
over other processes, linewidth alone does not uniquely define the electric field, so
line broadening and series termination will not provide reliable field values
unless all other sources of broadening are well known. In order to accurately
measure electric fields from such data, the entire line profile must be fitted. This
profile fitting may be very difficult if the quasistatic approximation for electron

collisions with Rydberg atoms is not valid. The lower limit of the electric field
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values which can be measured will depend heavily on pressure, so that at one
Torr, electric field below 5 V/cm cannot be resolved by any of the methods dis-
cussed in this report. Because the collisional linewidth scales linearly with
pressure, a reduction in pressure to 100 mTorr will reduce the collisional
linewidth by an order of magnitude to approximately 0.1 cm-1. This is roughly
equal to the Doppler width for helium at 300 K. Sensitivity to electric fields lower

than 5 V/cm is possible, though only at pressures below 1 Torr.
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