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I. INTRODUCTION

BACKGROUND

A knowledge of the electric and magnetic fields associated with a rela-

tivistic electron beam (REB) propagating in a gas is of great interest be-

cause these fields influence the stability of the beam. Electron heating

and ionization by electric fields in the beamhead determine the conductivity

profile and return current profile. The magnetic fields in the pinched por-

tion of the beam are directly related to the interaction of the beam current

with the return current and are a measure of the hollowing, hose and flute

instabilities which can catastrophically affect the beam propagation. In

principle these fields can be measured by conventional emission spectroscopy

by first spatially resolving the area studied to localize the sampled volume

and then frequency resolving the emitted radiation to determine the Stark or

Zeeman shift. The field value can be inferred from the measured shift. The

technique requires the frequency resolved spectrum to be temporally resolved

to study the time evolution of the field strength. The technique is further

complicated by the fact that all the atoms in the plasma volume subtended by

the collection optics contribute to the detected signal. The resulting lack

of longitudinal spatial resolution results in apparent broadening of the

observed radiation spectrum due to spatially varying field strengths.

The research program described by this report is concerned with devel-

oping a laser-induced fluorescence (LIF) technique for measuring the elec-

tric and magnetic field strengths in an REB propagation study. The LIF

technique is an active spectroscopic diagnostic that employes a dye laser

tuned to an electronic transition frequency of a neutral or ionic specie

(the target) to resonantly excite the target to a higher energy state. The

fluorescence radiation viewed perpendicular to the pump laser is recorded

using a narrow band filter to discriminate against background radiation. If

the line width of the exciting laser is larger than the absorption line

width of the target specie, then the spatial distribution of the LIF radia-

tion is a measure of the number density of targets in the excited state

probed. This has been used to measure neutral densities in Tokomaks (Ref.

1) and ion concentrations in radio frequency (RF) sheaths (Ref. 2). If the

line width of the laser is less than the absorption width, only those atoms
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in resonance with the laser will absorb and radiate. If the broadenin, is

due to thermal motion or bulk streaming, the frequency spectrum of LIF

radiation is a measure of the ion velocity distribution. If the broadening

is due to electric or magnetic fields, then the frequency spectrum, sp:tial-

ly resolved is a measure of the local field strength. Researchers are

currently trying to develop the LIF technique to measure magnetic fields in

fusion devices (Refs. 3,4), and electric fields and magnetic fields in ion

diodes (Ref. 5).

The LIF technique offers three important advantages over emission

spectroscopy. First, the use of resonance radiation to optically puip

selected transitions results in improved signal-to-noise (SNR) characteris-

tics and greater sensitivity. Second, the lifetime of the upper state is de-

termined by the stimulated emission rate which can be made extremely short

by using intense lasers. In this way the time resolution is determined by

the response time of the detector circuits, not the radiative and colli-

sional depopulation rates as in emission spectroscopy. Finally, the dye

laser is the frequency selective element in the system. Interference fil-

ters at the detectors are sufficient to distinguish the fluorescence radia-

tion, and spatial distribution measurements are reduced to intensity distri-

bution measurements without Abel inversion.

An important feature of the LIF technique (which the diagnostics devel-

opmtent program described herein seeks to exploit) is the recording of

magnetic field contours in a rapidly varying pulsed environmient. This can

be accomplished by tuning the laser to a Zeeman shifted frequency corres-

ponding to magnetic field H1. If the narrow diameter laser beam is directeI

radially through the RIi cnannel, then only those atoms at the radial posi-

tions corresponding to the magnetic field strength !I1 will fluoresce. If

this radiation is focused onto the input slit of a streak camera, then t.i.

temporal variation of the H1 magnetic field contour is record ed.

OVERVIEW OF RESEARCH PROGRAM

The research effort consists of a proof-of-principle phase (Phase IP

concerned with establishing the applicability of the LIU technique for RQl.]

propagation studies and an investigative phase (Option I) concerned with

making measurement on a RTD system. This report will describe the Phase I

: L . ,,r r ", I : '2



work done to determine if frequency shifts in spectral lines of atom.a and

ions due to nagnetic and electric fields can be detected and resolved un,]er

conditions approximating those encountered in RED systems. The work wris

carried out in a high current discharge to simulate the pinched portion of

the propagating bean. In the original proposal, neon would be added as a

tracer to the background -as and the Zeeman shift of the 535.25-nm UeI

transition would be studied. This line was chosen because of its si.iple

Zeeman spectrum and relatively modest Stark broadening. During tie course

of the work, the effort was expanded to consider the 536.66-nm line of

singly ionized atomic nitrogen. This latter candidate was added because

this was an atonlic ion line that should occur in an ]i1, propa-ation experi-

ment in air that is reasonably isolated, intense, and accessible within the

wavelength selection limitation of the laser optics currently in-house.

Ionic lines are of interest in high pressure propagation e:zneriments be-

cause the Stark broadening of these lines is less than for neutral lines

(approximately an order of magnitude in some cases) (Refs. -3,7), an, is

expected to be less for broadening by neutrals as well (Zef. 3).

In the course of this study, high current discharges (0.5 - 40 'cA) were

generated using a capacitive discharge systen for backfill pressures in the

range of 10-Pa to 20-kPa in argon, neon, nitrogen and neon-nitrogen mix-

tures. The discharge was characterized using Lang 'uir probes, emission

spectroscopy, and open shutter photographs. Laser-induced fluorescence

spectra and absorption spectra were obtained for the 535.25 ,eI line usin a

pulsed dye laser to scan the line profile. Broadening of the LIF spectral

line and double humped features in the line profile indicate that Zeeman

shifting of the line might have been observed. :1agnetic field contours were

not recorded in the present work because of limitation in the streak camera.

Electron temperatures inferred fromn the LIF measurement are in betwee:l the

values obtained with the Languir probe and the values inferred froi absorp-

tion or line intensity ratio measure;aents. The unsuccessful atte::i)ts to

measure LIF on the IN II 566.67-nm line are not explained at this time.

Theoretical analysis of the feasibility of using tlhe LIF technique to mea-

sure magnetic field contours has been carried out for an PEE with a net bea-i

current of 2u-!:A propagating in air at pressures of 23.4 and U'4 kPa. Tioe

results indicate that the 535.25 .el line can be used to probe the nv;net'ic

3
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field for radial positions greater than 0.9 cm at 8.4 hPa, whereas the

566.66-nm N II line can be used to probe down to 0.25 cm at both pressures.

The next section presents a brief description of the theory of L17

spectroscopy and an analysis of the applicability of the contour approach to

measuring magnetic fields in RE3 propagation experiments. This is followed

by the section which discusses the high current discharge used as spectro-

scopic source for this work. A description of the experimental setup for

the LIF measurements, the calibration procedure and the LIF studies on the

5S5.25-nm line of :IeI are presented in Section IV. Section V discusses the

results and suggests topics for future work.

1 4



II. THEORY OF LASER-INDUCED FLUORESCENCE

AND APPLICABILITY TO REB PROPAGATION STUDIES

The minimum magne tic field stren-th, and the signal level that can be

observed under R-,B propagation conditions, can be estimated from tile anti-

cipated Zeeman splitting of the lines, the sensitivity of LIIr processes, infl

the estimated back-round fluore scence lev!el. These quantities are calcu-

lated next.

ZEEMAN4 SPLITTING OF ATOMIC TRAN1SITIONS

Tlae e-iergy levels of an atomic system are split relative to the zero

field case by an amount

w.,ier,?~ is the Bohr magneton, H the field strength in gauss, m, the Z

co:nponent of the total angular momentum, and g' the Lande' g factor. This

is shown in Figs. 1 - 3 for the energy levelsof the 535.25 transition in

NeI an(! the 566.66, 593.18; and 568.62-nm transitions in !I II. The Zeeman

shift in the wavelencth of the spectral line is given by the eXpression

2
AX = X (0.0046) P 11(2

where P is the difference in the products of the Larnde'g' factors and Z

compon3nts of the angular rno.-,enturn

P = (Mn

L> A, J The wavelengthi shifts for the various compononts are given in Table 1 an.1

the relative splitting is shown in Figs. I - 3. Thlese lines were chosen

because tie: are reasonably isolated from other interfering lines to facili-

tate discri~iinar-ion with interference filters, are reasonably intense f or

good sensitivity, and have a reasonably si-.i:)e Zeeman s~ectrun, sincfe th w

tota~l J of the energy levels involved is small .'-2). The S!)eCLra c~in

be further simplified by a judicious choice of polarization of t:Q
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excitation laser and detection system. The polarization of the 7 radiation

(Amj = 0) is parallel to the magnetic field direction when viewed perpendi-

cular to the field. The 7r transition is not observed along the field

lines. The polarization of the o components (Amj = 1 1) are linearly

polarized perpendicular to the magnetic field when viewed transverse to the

field. The lower frequency component is left circularly polarized when

viewed along the magnetic field direction, whereas the up shifted component

is right circularly polarized. P. Weber is utilizing these differences in

the 7r and a- components to study the direction of the magnetic fields in a

toroidal confinement device (Ref. 3).

TABLE 1. ZEEMAN SHIFTS (in nm/kg) AND STARK WIDTHS (in nm/cm )

OF CANDIDATE NII AND NeI LINES

P XXH AX (STARK)

1.5 593.18 N II 0*0024 nm/KG" 0.00197 Ne xl016

1.167 0.00186

0.834 0.0013

0.333 0.0005

1.5 566.66 N II 0.0022 0.00163 N xlO 16

e
1.167 0.00172

0.834 0.00123

0.333 0.0005

1.5 568.62 N II 0.0022 0.00163 N x10 16

e
0.5 0.0007

1 0.0015

034 585.2 Nel 0.00165 0.0069 N xlO 16
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Ne 1 5852.5

- 9

* '1 s'±0 g' 1.034

7r

Figure 1. Zeeman spiitting of the 585.25-nm transition in neutral neon in

terms of the P factor defined in Eq. 3. (The sigma transitions

are shown above the reference line and the pi transition is

below.)
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NI1 5666.64, 5931.79 3p 3

-2

A 0

01.51.6

01_ -1.16

- - 0-83 -- - 2

7r 0. 0834

X 0

Figure 2. Zeeman splitting of two transitions in ionized atomic nitrogen

in terms of the P factor defined in Eq. 2. (The sigma transi-

tions are shown above the reference line and the pi transitions

are below.)
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N~r 5686.21 3 p - 3 D

0~ 9k0.5

-1 I..

1.5

0,

0.

Figure 3. Zeeman splitting of the S68 .61-nm line in ionized atomic nitrogen
bg

in terms of the P factor defined in Eq. 3. (The sigma transi-
tions are shown above the reference line and the pi transitions
are below.)
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The information about the magnetic field that can be inferred from an

LIF measurement depends on the system geometry and recording procedure. A

laser tuned to a Zeeman shifted frequency corresponding to a magnetic field

HI will cause all the atoms situated in that field to fluoresce. The

fluorescent radiation and the background emission are imaged onto the focal

plane of the detector system (Fig. 4). If a photomultiplier is used with-

out any limiting apertures, the entire interaction region along the beam is

viewed. In this case there is no spatial resolution, and the LIF spectrum

obtained by sweeping the laser frequency is an integral of the Zeeman shifts

occurring in regions with different magnetic field-strengths weighted by the

local plasma density. If the photomultiplier is limited by an aperture,

then the photomultiplier is viewing a limited region in the plasma. Now,

the LIF spectrum is a measure of the magnetic field in the plasma volume

determined by the intersection of the laser beam (i.e., the image of the

aperture onto the laser beam) and detector optics. This procedure provides

spatial resolution but requires a scan over the Zeeman shifted frequency

spectrum. If a framing camera is used to record the fluorescent radiation,

then the image of the fluorescent radiation is two points on the HI magnetic

field contour, as shown in Fig. 4. If the field is time dependent, then a

streak image of the interaction region produces a time-dependent magnetic

field contour, yielding spatial, temporal, and field strength information.

In a simple Zeeman spectrum like the NeI 585.25 doublet, only one magnetic

field strength corresponds to a given laser frequency, and the resulting

fluorescence intensity produces an H = H1 contour. However, in a more

complex spectrum like the 566.66-nm line of N II, a given laser frequency

corresponds to a number of magnetic field strengths associated with differ-

ent multiplets of the transition (see Fig. 5). In this case a given laser

frequency resonant with targets in four different magnetic field strengths

corresponding to the four multiplets in the transition. The resulting

fluorescence intensity distribution will produce contours corresponding to

these four field strengths if they occur in the volume probed. If the

intensities of the four multiplets is sufficient to record, and if the line

width is sufficiently narrow to spatially resolve these contours, the mea-

surement technique suggests the possiblity of recording the spatial profile

of the magnetic field, temporally resolved. As pointed out above,

10
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polarizers on the laser or detection optics can reduce the complexity of the
spectrum by eliminating the 7 or cr components. Note that the multiplet
components do not have equal oscillator strengths and consequently their

intensities will be different.

DYE LASER

INTERFERENCE FILTER

FLUORESCENCE

INTENSITY

T I ME2\LSTREAK IMAGE

POSITION

Figure 4. Spatially and temporally resolved H = H1 contour using streak

camera to record spatially resolved LIF intensity pattern.
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01

01

L.

z
4

H H2  H3  H4

MAGNETIC FIELD STREI 3TH

Figure 5. Magnetic fields probed by a single laser wavelength exciting the

Zeeman split multiplet spectrum of the 566.66-nm transition in

N HI.
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ACCESSIBILITY OF BEAM PLASMA CHANNEL TO LIF MEASUREMENT OF MAGNETIC FIELDS

The LIF technilue pursued here for recording magnetic field contours

requires the half width of the absorption line probed to be less than the

Zeeman shift.

The dominant line broadening processes that must be considered are

Stark broadening by electrons and ions and Van der Waals broadening by

collisions with neutrals. The Stark broadening has been calculated by Griem

(Refs. 6,7) and measured by others (Ref. 9). The full widths of the candi-

date lines at half intensity can be calculated using Griem's expression

N 1/6 ii

XS - 2 + 1.75 x 10- 4 Ne1/4 A 1- 6.3 x 10- 4  e 0416)

where T and N are the electron temperature (K) and electron number densitye e

(cm- ) and the width W and parameters A are taken from the table in Ref.

7. The resulting values for Stark'widths are presented in Table 1.

The Van der Waals broadening is more difficult to estimate because

theoretical expressions for the broadening by different gases are not well

developed and measurements are not available for the particular transition

of interest (Refs. 10,11). Some estimates of the upper limit on the broad-

ening of the 585.25-nm line of Ne by nitrogen can be made using the results

of Kaliteevqkii, et al (Ref. 12). They have used the Hanle effect to

measure the frequency of depolarizing collisions for excited neon states by

collisions with neon and helium atoms. These results are presented in Table

2 along with the results of Gubin, et al, who inferred the width of a

transition in a HeNe laser by measuring the lasing threshold for a range of

helium pressures and attenuators inserted into the lasing cavity (Ref. 13).

Kielkopf indicated that depolarizing collisions are not necessarily effec-

tive line broadening processes and the above values would probably be upper

limits (Ref. 8). Note that the higher lying levels (4P' and 5S') are

broadening more than the lower lying levels, consistent with the observa-

tions on alkali metal atoms and the fact that helium is a more effective

broadening agent than nitrogen or neon (except for 3S'[1/2], level) (Ref.

10). Also note that the two 3P' levels are broadened approximately the

13



same. Using these trends as a guide, the broadening of the 585.2-nm line by

nitrogen will be less than the 38 kHz/Pa value observed for He, which

translates into a line width A X = 4.365 x 10-8 nm/Pa.

TABLE 2. WIDTH OF LOW LYING NEON ENERGY LEVELS

DUE TO COLLISIONS WITH NEUTRAL PERTURBERS

LEVEL PERTURBER y [-] REF

4p'[3/21 2  Ne 90 + 15 5

He 165 + 15 5

3P'[3/2]2  Ne 26 + 3.7 5

He 29 + 4.5 5

3P'[3/2]1  Ne 15.7 + 5.3 5

He 38 +.7.5 5

2S'[1/21 1  Ne 22 + 3.7 5

He 5.3+1.5 5

5S'[1/2]1  He 300 6

Information about the Van der Waals broadening of ion lines is limited.

However, note that the Stark broadening of ion lines is generally less than

the broadening of neutral lines (in some cases an order of magnitude less),

and that the broadening of neutral lines by collisions with neutrals is

smaller for the low-lying energy levels than for the higher levels. This is

physically reasonable since an electron further from the core is more easily

perturbed than a low-lying electron. This trend indicates that perturbation

of ion lines by collisions with neutrals is expected to be less than in the

case of neutral emitters (Ref. 8). If the Van der Waals broadening of the

nitrogen ion line is taken to be an order of magnitude less than broadening

of the neutral Nel 585.25-nm line, it can be ignored in the subsequent

analysis.

14
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The LIF contour technique requires the line width to be less than

Zeeman shift, with the minimum resolvable field corresponding to equality

between these two quantities. The region of accessability of the LIF tech-

nique on a beam-plasma system has been estimated by determining at what

positions the Zeeman shift is equal to the line broadening. For these

calculations the electron densities and magnetic field profiles calculated

by R. Lemke (Ref. 14) were used. For a range of radial positions, the Stark

broadening, Zeeman shift (0.00165-nm/kg) and neutral broadening were calcu-

lated. At 84 kPa, Stark broadening exceeds Zeeman shift for r < 1.2 cm, and

neutral broadening exceeds Zeeman shift for r > 1.7 cm. The accessible

region is shown striped in Fig. 6. At 8.4 kPa only the interior (r < 0.75

cm) is unaccessible due to Stark broadening, with neutral broadening negli-

N gible to r - 5 cm (Fig. 7).

These calculations indicate that at low pressure most of the current

plasma channel can be diagnosed using the LIF technique to fluoresce the

585.25-nm line of Nel. However, at atmospheric pressure, Stark and neutral

broadening limits the accessible region to a small fraction of the plasma

volume.

For the candidate ion lines, only the inner r < 0.25-cm region of the

plasma column is inaccessible to probing. The region to the right of the

solid line in Figs. 6 and 7 can be probed until the magnetic field decreases

to the value where Van der Waals broadening (not considered in this case)

limits the resolution at large values of r.

DETECTABILITY OF LIF SIGNALS

LIF signal amplitude-To determine what fraction f of the gas must be

neon to produce a detectable signal, the magnitude of the LIF signal must

be calculated and compared with the beam induced oackground radiation intensity

within the pass band of the interference filter. The relationship of the

fluorescent intensity to the number density N(i) of atoms in the lower state

of the transition is presented next.
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Figure 6. Regions of accessibility to magnetic field measurements on a 20-

kA REB using LIE for the 585.2 line of neutral neon (shaded area)

and the 566.7 and S68.6-nm lines of ionized atomic nitrogen (to

the right of the double verticle lines).
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Figure 7. Regions of accessibility to magnetic field measurements on a 20
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lines can be probed using the atomic transitions designated.)
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The derivation draws on the work of Razdobarin et al (Ref. 1) and Daily

(Ref. 16). The number density of atoms in the upper state is determined by

the rate equation

dN( j)
_ N(i)B .U - (Q. + A. + B..U ) N(j) (5)

dt ij 0 J ji0

where the first term represents upward transitions induced by the pumping
dye laser and the second term the total depopulation rate. Here B.. and B..

are the Einstein coefficients for absorption and stimulated emission, A. isJ
the total Einstein coefficient for spontaneous emission summed over all

transitions, Q. is the total collisional deexcitation rate and U is the

laser energy density/unit frequency interval. The steady-state population

density of the upper state is given by the expression

B..U
1J

N(j) = N(i) (6)
Q. + A + BjiU 0

If the pumping laser is sufficiently intense for stimulated emission to

overcome collisional depopulation processes, i.e.,

B.. U 0) Q. + A. (7)

then two important features of the laser induced fluorescence technique

emerge. First of all, Eq. 6 simplifies to

B..
N(j) -- N(i) (8)

B..
ji

which is known as the saturated condition. This results in a very simple

relationship between the fluorescen0.. intensity and the number density of

atoms in the state N(i) as follows. The principle of detailed balance

(giBji giB ij) can be used to simplify Eq. 8 to

18
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N(j) = . N(i) (9)gi

where gi, g. are the degeneracies of these two levels. The intensity of the

fluorescence radiation is given by the relation

hvAji gj
ULIF = - VLIF N(j)I (10)

4 gi

where l is the solid angle subtended by the collection optics and VLIF is

the volume of the region excited by the laser viewed by the collection

optics. The intensity of the fluorescence radiation can be related to the

undisturbed number density, N(i) , under the simplifying assumption that the

total population of the two states is not altered

* N(i) + N(j) ° = N(i) + N(j) (11)

This reduces to the condition N(i) 0 N(i) + N(j) if the upper state is

not heavily populated [N(i)o>>N(j)o]. In this case the fluorescence radia-

tion intensity is given by

ULIF = hv 1 LIF N(i) (12)
47 wj

which is independent of the collisional deexcitation rate or the intensity

of the excitation laser.

The condition represented by Eq. 7 alters the response of the LIF tech-

nique relative to the frequency response of emission spectroscopy that is

* . very important to pulsed applications. This can best be seen by comparing

the time constants for light emission observed in these two applications.

Equation 5 without the absorption and stimulated emiasion terms reduces to

the expression

19



dN(j)
dt = -(Q. + A.) N(j) (13)

which is a homogeneous differential equation with the solution

N(j) - N0 (j)e -r (14)

~1
where r = (15)

Qj + A.

This limit of Eq. 5 describes the temporal response of the radiation

observed in emission spectroscopy having a minimum temporal resolution given

by Eq. 15. The temporal response of the LIF technique in the saturation

limit (Eq. 7) is given by the expression

dN(j)
-- + BjiUoN(j) = B ijUN(i)dt joio.. (16)

which has a characteristic time constant given by

1

BjiU ° 0(17)

that can be made arbitrarily small. Equation 17 points out one of the

important advantages of the LIF technique over emission spectroscopy. In

emission spectroscopy, the temporal response is determined by the lifetime

of the upper state, which is determined by the radiative lifetime or colli-

sional quenching rate. With LIF, the lifetime of the upper state can now be

controlled by the stimulated emission which has a time constant (Eq. 17) at

the disposal of the investigator. The temporal advantage of the LIF tech-

nique is not without its drawbacks. The saturation condition given by Eq. 7

requires high laser powers, which in turn can perturb the plasma.

20



BACKGROUND INTENSITY

The background emission comes from two sources, 585.2-nm emission due

to beam excitation of the upper level of the transition and the beam-excited

fluorescence of other emission in the pass band of the detector. The beam-

excited 585.2-nm intensity is given by the expression

A..
U = h v ---2 a Vp N(j) (1)4 7

where V is the plasma volume seen by the collection optics. A nonequilib-

rium analysis of the air chemistry is required to determine the population

levels N(i) and N(j) that contribute to the radiation of interest. Al-

though this is out of the scope of the present study, an estimate of the

relative magnitude of the population levels in the Is 2 and 2p, states of

neon can be determined by considering only direct beam excitation processes

and ignoring secondary electron excitation and cascade processes. In this

approximation the population of the is2 level of neon is obtained by equa-

ting the beam excitation rate to the collisional quenching rate, i.e.,

c; N(o) = K N(i)NA (19)

Here N(o)n is the density of ground 6
tate neon atoms and NA is the back-

n A

ground air density. The two-body transfer to nitrogen is taken to be the

dominant deexcitation process, with the rate constant for depopulating the

is2 resonance state taken to be the same as the value 8.1 x 10
I cm 3/s

obtained by Yokoyama, et al, for depopulating the 1s4 resonance state (Ref.

16). The deexcitation rate by oxygen is taken to be two-thirds of the

nitrogen value (Ref. 17). The cross section for exciting the is2 level

has been estimated by extrapolating the value observed by Miers, et al

- (Ref. 18), at 100 eV using the energy dependence for a obtained by Peterson

and Allen (Ref. 19).

a(E) - C [I-W/E]2 E- 0 .75 (20)
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Here W. is the energy required to excite the jth state, 2 is the electronJ
energy, and C is a constant. The value of r obtained with this extrapola-

tion procedure is 3.1 x 10- 2 1 cm2 for 10 MeV electrons. The density of 1s2

state is estimated to be 1.84 x 10 1/cm3 for a 1-cm radius, 20-kA beam

propagating in an air-neon mixture at 84 kPa containing 10 percent neon.

The LIF intensity is readily calculated using Eq. 12 and the results are

presented in Table 3. The beam induced 585.2-nm fluorescence intensity is

estimated using Eq. 18 and the Boltzmann expression

N(J)0  J exp -AE/KTex (21)

I(1) gi
Ni0

relating the 1s2 and 2p, states separated by AE = 2.118 eV. Numerical

studies of the beam-air chemistry have indicated that the gas atoms have an

excitation temperature, T ex whose value is approximately O.2 of the elec-

tron temperature (Ref. 20). These studies estimate the electron temperature

to be 0.6-0.7 eV for a 1 to 2-cm-diam beam. The value of the background
beam-induced 535.2-nm fluorescence obtained with Eqs. 18 and 21 is presented

in Table 3.

TALLE 3. LASEP,-IX DUC-D AND BACKGROUND FLUORESCEINCE FOR A lO-1-1eV, 20-,-A B ZA'

PROPAGATING IN 84 kPa AIR WITH 10 PERCET NEON

LIF Beam Induced aN

Neon Air

ULIF Up Ub

0.089 VLIFl 0.0014 V p£ 0.0092 V p 2.65

- The magnitude of the 585.2-nm background intensity must be added to the beam
excited fluorescence emitted by the air componen* of the gas. This latter

quantity can be estimated using the measurements of Davidson and O'Neil for

the efficiency of an electron beam in generating fluorescence in air (Ref.

22
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21). They found that the power radiated per unit frequency interval can be

related to dE/dX, the power deposited per unit volume by the beam in the

gas, by the expression

dE Jb Vp
Ub - 71 - (22)

dX e 4w

Here dE/dX is given by the Bethe expression

-dE 2 N Z 7e 4  ln -2 E (23)

dx my2  L (1 - 2) W

where Z is the number of electrons/atom, W is the excitation energy, E the

beam energy, N the background gas density, and = v/c. Davidson and

O'Neil found that most of the radiation is emitted in the blue-violet range-

(Fig. 8), with a flat spectrum in the vicinity of the 585.2-nm line. They

quote an efficiency of , 0.i2 x 107 for the 585.4-nm line which can be

used for the wavelength range of interest. The values of Ub calculated in

this fashion appear in Table 3.

The bremsstrahlung emission by the plasma electrons has been estimated

using the relationship given by Sheffield (Ref. 22).

N N. -(1.2 x 10-4 d
-36 e___ 1______

Pdfd) = 2.1 x 10-  g z2  J exp V - dX (24)L oTel/2 . - X 4

where V is again the volume viewed by the detector optics and g the gaunt

factor. The power radiated per unit volume is 1.7 x 10
- 6 to 1.7 x 10-2

for Ne in the range of 1014 to 1016 . These values are much less than the

fluorescent values and can be ignored.
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Figure 8. Relative spectral radiance of nitrogen at 80 kPa excited by
50-keV electrons (Ref. 22).
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The ability to discern the image of the contour relative to the plasma

emission depends on the relative intensity on and off the contour. This can

be expressed as an enhancement factor

ULIF + Up + Ub

= (25)

(Up + Ub )

where the relative magnitude of V and V can be estimated from Fig. 9.

p LI
The plasma emission from the entire plasma cord intercepted by the collec-

tion optics contributes to Vp . whereas the LIF radiation is collected only

from the intersection of the laser beam and the collection optics (shown

striped). The enhancement has been estimated for a laser bean diameter of

0.4 cm and a plasma diameter of 2 cm and the results are presented in Table

3. The intensity of the contour stripe will be 2.65 times the intensity of

the background light level. Only the spatial extent of the enhanced region

is of interest in these studies because the magnitude of the field is

determined by the dye laser frequency. A microdensitometer can resolve a 10

percent change in optical density on the film, which is more than an order

of magnitude less than the anticipated enhancement. These contours should

be readily discernible in a beam propagation experiment with a modest 10

percent addition of neon. An enhancement factor of 15 is anticipated in a

pure neon propagation experiment.

EXCITATION TRIPERATURE MEASUREMENTS USING LIF

If the beam-generated fluorescence of the nitrogen and oxygen compo-

nents of the mixture is small compared to the neon components and can be

neglected in Eq. 25, then the excitation temperature can be estimated from

the relative enhancement of the LIr signal. Substituting Eq. 12 for ULI1

and Eq. 18 for U in Eq. 25 and rearranging, the following expression for

the excitation temperature is obtained

25
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VP = DPA VLIF Db A

Figure 9. Relationship of fluorescence volume, VLI, subtended by detector

optics to plasma radiating volume, VP, contributing to back-

ground intensity.
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AE

T!

F (EN-i1) V + V i
n p (26)

91 LLIF

where EN is the ratio of the emitted radiation with laser present to the

background level. This expression can be used to infer the electron tem-

perature from relative intensity measurements if the transition is saturated

(Eq. 7).
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III. HIGH CURRENT DISCHARGE SYSTEM

The proof-of-principle experiments were carried out on the discharge

system shown schematically in Fig. 10. The positively charged capacitor was

connected to the high voltage electrode via a spark gap switch and the

return current flowed in a 6.5-cm-diam copper tube surrounding the 4.4-cm-

diam discharge tube. Studies were carried out using 4.4-cm-diam disc elec-

trodes and 1.27-cm-diam pointed rod electrodes. The electrode separation

was varied from 5 to 28 cm. The current was monitored using a T & M model

CT-6.5 current probe and the voltage at the high voltage electrode was

measured with the 104 to 1 divider, shown in Fig. 10. A cylindrical Lang-

muir probe was inserted axially through the center of the low voltage elect-

rode to measure the plasma properties.

NEON LAMP
" LANGMUIR .

- ' tT&M CURRENT

,--- C T - 2O so

CURRENT
PROBE

INTERFERENCEFTE 
E 8

FILTER

PUT ceo
PULSER

Figure 10. Schematic of discharge tube and related circuitry.

* The current waveform was measured for a range of capacitor voltages and

backfill pressures and compositions. The inductance and resistance was

inferred from the oscillation period (18.5 x 10-6 s) and current decay rate

to be 0.577 x 10-6 H and 0.025 0, respectively. Since the estimated induc-

tance of the plasma is small and the circuit is underdamped, the oscillation

period is relatively independent of electrode configuration or discharge

condition.
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The value of the current at the first peak (1/4 period) in neon and in
nitrogen is presented as a function of the initial voltage on the capacitor in

Fig. 11. The neon results are a composite for different backfill pressures.
The slope of the strainght line extrapolated to zero time for the measure-

ments (I/V = 4.71) agrees well with value predicted for I/V (5.10) based on

the equivalent LRC circuit and the value of L deduced from the period of

oscillation. These results indicate that the current probe is calibrated to

within 8 percent.
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Figure 11. Dependence of peak discharge current on capacitor voltage for

neon pressures from 130 to 660 Pa and in 130 Pa of nitrogen.

Langmuir probe measurements of the plasma characteristics were made

using self biased and externally biased configurations. In the self biased

mode, a Tektronix CT-2 probe measures the current flowing in a resistor

connecting the probe to ground. Measurements are made for a range of resis-
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tor values, and the data is analyzed by measuring the current flowing at a

particular time in the discharge. The probe bias is taken to be the product

of the probe current and resistor value. No probe currents were observed

during the first, third, etc., half cycle of the current oscillation wher

the high voltage electrode was positive relative to the low voltage elec-

trode. Measurements obtained during the second half cycle when the low

voltage electrode was positive are shown in Fig. 12. Externally biased

probe measurements were made using a d.c. power supply shunted by a 1- u F

capacitor and the CT-2 current probe. Measurements made on the second half

cycle yielded results similar to those in Fig. 12. Measurements on the

fourth half cycle are presented in Fig. 13. The results indicated that

space potential is approximately 90 V negative with respect to ground during

the second half cycle, and approximately 4 V negative during the fourth half

cycle when these measurements were made. During the even half cycles, the

low voltage electrode is the anode, and space potential in the positive

column is expected to be close to the voltage of this electrode. The

differences observed during the second and fourth half cycles can 'be attri-

buted to inductive effects, since the low voltage electrode is connected to

ground through the plasma inductance, but quantitative correlations have not

been made. TI.e results indicate that the electron temperature is small (few

tenths of an eV) and that the produ t of electron density and the square

root of electron temperature (eV) is approximately 1 to 3 x 10 13. Measure-

ments at 3 kV on a 533-Pa neon discharge gave saLuration currents and hence

electron densities an order of magnitude larger than this. The analysis did

not include any magnetic field effects since field strength information is

not available and the on-axis field is expected to be small.

The emission profile was measured by scanning a pinhole perpendicular

to the discharge axis and Abel inverting the recorded intensity distribu-

tion. Figure 14 presents the radial intensity distribution in a 2-kV dis-

charge 2 u~s into the pulse. The results indicate that tYL radial emission

profile is an annular ring 2.2-cm outer diameter. Since the radiation is

primarily from the neutrals (ion lines could not be measured at this cur-

rent), it is not clear if the current density profile is proportional to the

emission profile. The current could be flowing in a 0.4-to 0.5-cm-radius

channel within the annulus where the ionization of the background gas has

* 30

N



reduced the neutral emission intensity. Measurements at higher currents and

voltages (36 kA, 10 kV in 40 Pa N2 ) reveal a very bright arc 0.7 cm in

diameter. The emission intensity of the 585.25-nm NeI line measured at

different radial positions reaches a peak value at progressively later times

as the distance from the center increased. These results indicated that a

36-kA discharge in neon, at a pressure of 13 Pa, produces a pinched column

that then expands with a velocity of approximately 2 x 106 cm/s. The emis-

sion in this case is primarily ionic and a number of N II lines have been

measured. These are described below.

10

•1.0

40 0

a.J

I .01
-100 -80 60 -40 -20 0

PROBE BIAS (VOLTS)

Figure 12. Current-voltage characteristics of a self-biased Langmuir

probe. (Probe voltage is product of probe current and resist-

ance connecting probe to ground. Measurements in second half

current cycle of 2-kV discharge in 530 Pa of neon.)
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Figure 13. Current voltage characteristics of biased probe in fourth half-
current cycle of 2-.kV discharge in 530 Pa of neon.
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Figure 14. Radial distribution of unfiltered emission from a 2 kV dis-

charge in 530 Pa of necn.

Emission line profiles were measured using an optical fiber to couple

the collection optics to a monochrometer. The line profile was recorded by

measuring the emission intensity for a number of wavelength settings of the

monochrometer. The measurement at each setting was normalized for shot-to-

shot variation using the signal from a PIN diode monitoring the overall

emission intensity. The line profiles for the 566.66, 517.95, and 444.7 nm

lines of atomic nitrogen are shown in Fig. 15. The intensity of a given

line depends on the population of the upper state (2) of the transition

according to the relationship
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1 g2 A 21 -E2/KT (7

121i constant - e 2  (27)
U(T) X 21

where U(T) is the total partition function at temperature T. This can be

rewritten as

ln 2 1  = const - E2/KT (28)

g2 A21 J-

from which the excitation temperature T can be inferred. The line emission

data, corrected for the response of the photomultiplier and the linear re-

gression fit of the data to Eq. 28, yield a value of 3.5 eV for T. The

plasma density inferred from the Stark broadening of the 566.66-nm line is

3.7 x 017 /cm3

The dependence of the excitation temperature on the backfill pressure

of nitrogen was studied by measuring the relative intensity of two transi-

tion multiplets. These are the lines from 517.15 nm to 518.03 nm corres-

ponding to the 5 o 5D and 5Do - 5F transitions and the 566.66-nm transi-

tion. For these measurements, the slits on the monochrometer were opened

wide enough to measure all of the lines in the multiplet but were narrow

enough to exclude others. Measurements were of the on-line intensity and

adjacent continuum intensity for each line at each pressuia. The tempera-

tures were deduced from the ratio of the intensities of these lines using

Eq. 28. These lines were chosen because the intensity ratio is related to

the energy level difference and this difference was the maximum that could

be studied using the current detection system. Figure 16 presents the

results for times corresponding to the peak currents in the first and second

half cycle. The temperature appears to be slightly lower during the second

half cycle, but there is no significant variation with pressure over the

range studied.

Because of insufficient intensity, the emission line profiles could not

be studied at lower capacitor voltages and arc currents where most of the

LIF studies were conducted.
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Figure 15. Emission spectra of four nitrogen ion lines obtained with a

monochrometer having a resolution of 0.02-nm in a 8.5 -kV

discharge in nitrogen at 0.L4 kPa.
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Figure 16. The excitation temperature inferred from the intensity ratio of

singly ionized ionic lines in an 8.5-kV discharge.
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IV. LASER-INDUCED FLUORESCENCE STUDIES ON THE 585.25-nm LINE IN NEON

EXPERIMENTAL SETUP

*The experimental setup used for these studies is shown in Fig. 17. The

50/50 beam splitter directs half the laser output to a set of mirrors which

pass the beam perpendicular to the plane of the paper through the discharge

tube. The fluorescent radiation is viewed by two lenses which image the

centerline of the discharge onto an aperture at the focal plane of the

second lens. An interference filter with a bandwidth of 1.6 nm is located

in the collimated beam between the two lenses, and the radiation is detected

by a photomultiplier tube. The other half of the beam is monitored with PIN

diodes, monochrometers, and a Fabry-Perot spectrometer to assess the laser

output using a series of glass plates as beam splitters (approximately 5%).

The PIN diode signal is a measure of the laser output power used to normal-

ize the data to take into account variation in laser power level. The

monochrometer, having a resolution of 0.02 nm, is used to roughly calibrate

the laser tuner. This is done by first setting the monochrometer to the

centerline frequency of the transition using a neon lamp. Next, the radia-

tion amplitude passed by the monochrometer is measured, since the micrometer

drive, which tilts the mirror on the grazing incidence tuner, is varied (see

Fig. 17). Small changes in laser frequency and the line width of the las-r

output are measured using the Fabry-Perot spectrometer. A more detailed

view of the discharge tube and collection optics is shown in Fig. 10. A

_ movable aperture at the focal plane of the second lens is used to measure

the spatial distribution of the LIF radiation. The narrow band interference

filter is tilt-tuned to pass the 585.25-nm radiation using a neon lamp

located at a chamber port on the opposite side of the discharge tube. The

filter is rotated until a peak in the photomultiplier output is achieved.
*'

The linear response range of the photomultiplier was checked by measuring

the amplitude of the detected signal as the discharge intensity was varied

using neutral density filters. All fluorescence measurements were restric-

ted to the linear regime.
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Figure 17. Schematic view of experimental set-up for measuring LIF on a

pulsed discharge system.

LASER PERFORMANCE

The wavelength of the laser radiation has been measured with a mono-

chrometer for a series of settings of the grazing incidence tuner (GIT)

micrometer drive. The results shown in Fig. 18 indicate that the laser

wavelength is proportional to the micrometer drive of the GIT with a slope

of 9.11 + 0.5 nm/mm. These monochrometer measurements are adequate for

roughly tuning the laser, but the 0.02-nm resolution of the monochrometer

limits its utility in measuring small wavelength changes or determining the

laser line width. A Fabry-Perot interferometer has been used to complement

the monochrometer measurements. The free spectral range of the Fabry-Perot

(FP) etalon was calibrated by measuring the diameter of the FP ring pattern

generated by a HeNe laser as the lens-to-film plane distance was varied.

This is described below.
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Figure 18. Dependence of wavelength of dye laser radiation on laser GIT

setting.

The Fabry-Perot (FP) etalon was positioned to measure the dye laser
output by removing one of the laser cavity mirrors and directing a HeNe beam
along the same optical path as the laser output beam. The FP calibration
was made using the HeNe laser as follows. The HeNe beam was focused by a 5-
cm focal length lens located 10 cm in front of the etalon as shown in Fig.
19. The ring pattern was recorded on Polaroid or on 35-mm film at various
distances behind the etalon. A typical ring pattern is shown in Fig. 20.
The ring diameters, Dno are related to wavelength, X , etalon spacing, t,

and distance from the focus of the light to the film plane, Y0 9 by the

relationship
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2 2t (D2 2)
Y0 - - Dn_ 1  (29)

8x

2 2 )1/2
This relationship was checked by plotting the quantity (Dn  n-i as a
function of the distance Y from the film plane to the focusing lens. The

results are presented in Fig. 21. The slope of this straight line is pro-

portional to 2/Xt and the horizontal intercept, b', is the distance from the

lens to the focal point of the laser beam. A least squares fit to the data

points indicates the intercept to be 2.6 - 4.9 cm which agrees well with the

anticipated value of 5 cm corresponding to the focal length of the lens.

The slope predicts an etalon spacing of 0.444 cm which corresponds to a free

spectral range (1/2 t) of 1.15 + 0.03 cm- .

)t

LASER

F Y

Figure 19. Geometry for Fabry-Perot interferometer.
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* Figure 20. Fabry-Perot ring pattern of (a) HeNe laser and (b) dye laser.
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Figure 21. Relationship of average diameter of HeNe ring pattern obtained

with Fabry-Perot interferometer on lens-to-film plane distance.

As a further check on this calibration and as an evaluation of the

current analysis used to interpret the FP measurements, the FP patterns were

recorded for a series of GIT settings. The GIT was varied by 0.001 mm

increments so that a ring corresponding to a certain order in the interfer-

ence pattern could be followed and identified. In this case, it is suffi-

cient to measure the change in wavelength, &X , as the GIT setting is

changed relative to some reference setting. The change in wavelength is

related to the change in diameter of the nth order ring in the FP pattern by

the relation

2 [ D 2  _ D 2 ( r e f )

x =  [ D2 ] (30)
-2t Dn 2- D n-1

where D (ref) is the diameter measured at the reference GIT setting (0.016n
in this case) and Dn is the diameter of that same order ring at each value x
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of the CIT setting. Since the change in wavelength should be linear with

CIT setting x,

X= mX (31)

the quantity in parentheses in Eq. 30 is also linearly related to x

D n2 Dn2(ref) 2t

This DL n 2 D l ] Jm (32)

Thsis shown in Fig. 22. The value of the free spectral range can be

inferred from the slope of the curve in Fig. 22 if the value of 9.11 + 0.5-

nm/mm is used for the value of m. The value of 1.301 + .045 cm-1 obtained

in this fashion is 12 percent higher than the value obtained with the HeNe

laser as described above. The agreement is sufficient to establish confi-

dence in the F-P analysis that has been used to date to measure line widths.

The error bars in Fig. 22 were obtained by calculating the difference in the

squares of the outside and inside diameter of a given ring. These error

bars represent the relative line widths of the individual measurements.

Using the value of the free spectral range obtained above, the line widths

are seen to vary from 0.0056 to 0.009 mm. Since these measurements are not

made at the half-power points of the intensity pattern, the actual line

widths are smaller than these values. Furthermore, the plotted points are

observed to fluctuate around the average value by ± 0.0046 nm, which indi-

cates the degree to which the laser frequency is known from the GIT setting.

4 Measurements have been made under similar conditions where the laser line

width is observed to vary and the central frequency is observed to fluctuate

7. more than is indicated by the present results.

The laser line width is strongly influenced by the turbulence of the

circulating dye in the flash lamp. The turbulence is determined by the

-~ temperature difference between the dye and cooling .4ater temperatures, and

the repetition rate of the laser. Experience has shown that frequency

shifts from shot to shot can be minimized by waiting I min between shots to

let the laser return to the equilibrium conditions.
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Figure 22. Linear dependence of laser wavelength on the micrometer setting

of the GIT (0.009 nm/micron).
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LASER INDUCED FLUORESCENCE

Laser-induced fluorescence was observed in neon discharges by tuning

the laser to 585.25 nm. This was achieved by setting the monochrometer to

".-i .the peak of the 585.25 line using a low pressure neon lamp and adjusting the

GIT to find the line center. Figure 23 shows a typical laser line profile.

The monochrometer measurements were normalized by measuring a fraction of

the laser intensity using a diffusing collector and PIN diode arrangement.

The diffusing collector consisted of a 0.65-cm-diam brass tube, with four

diffusers 0.5 cm apart along the axis. This collector acted as an integra-

tor to minimize variations in the monitor signal that were attributed to

beam wander and not fluctuations in beam intensity. The observed line

profile is indicative of the resolution limit of the monochrometer (0.02 nm)

and not a measure of the laser line width.
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Figure 23. Laser line spectrum ohtained with 0.02-nm resolution mono-

chrometer.
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LIF measurements were made on the 585.25-nm line of neon for currents

in the range of 0.8 to 8 kA and for backfill pressures in the range of 67 to

1300 Pa. A typical photomultiplier signal showing a fluorescent radiation

spike superimposed on the background emission signal is shown in Fig. 24 at

the center of the discharge (a) and at an edge (b).

LIF

0 2 4 6 8
TIME (ES)

t t A I I F(a)

~LIF

.5

5,

0 2 4 6 8
TIME (p.S)

(b)

Figure 24. The total emission detected by a photomultiplier (a) at the

center and (b) at the edge of the discharge, showing LIF emis-

sion spike superimposed on the background.
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The dependence of the LIF intensity on laser power was measured and the

results presented in Fig. 25. At low laser power levels, the LIF intensity

increases linearly with power which saturates at high power levels. Most of

the measurements presented here were made at the higher laser power levels.

This reduced the requirement for normalizing all the measurements and mini-

mized variations in LIF level due to fluctuations in laser power.

W•

0

La.

0 040 60805

LASER INTENSITY

Figure 25. Dependence of LIF signal on laser intensity showing linear and

saturated regimes.

The streak camera was not gated and therefore could not be used in

these studies because the return sweep superimposed an image due to the

afterglow plPsma on the original streak image. This shortcoming imposed

significant experimental complications on the project. Instead of measuring

contours, it now became necessary to spatially resolve the LIF line profile

by scanning the laser frequency for a series of transverse aperture posi-

tions. The following studies have been made.
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The LIF spectrum was measured on the axis of the discharge tube at four

different times in a 665-Pa neon discharge. The results are presented in

Fig. 26. The plotted points are the average of three measurements and the

error bars are the two extreme values observed. The peak current for these

conditions was 1.3 kA. The laser wavelength, checked before and after the

LIF spectrum measurements, was found to be centered at 0.0155 mm on the

laser GIT control.

2.0

1.6

1.2 Ast 1.5 At 2.63

0.8/

Iro.4[
Ci

0
0.011 0.013 0.015 0.017 0.010 0.012 0.014

LASER GIT(mm) LASER GIT(mm)

0.8 At 1 2.67 At a5.9

0.4

0 -----

0.0, 0.013 0.015 0.017 0.010 0,012 0.014 0.016

LASER GIT(mm) LASER GIT (mm)

Figure 26. LI spectra of 58 5 .2-nm NeI in 665-Pa neon at various times

(/ks) after initiation of the discharge. Peak current is 1.3 kA

and the wavelength change is 0.009 nm/micron.
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The radial variation of the LIF spectrum was studied by measuring the

line profile at the center of the column (a) and 0.57 cm from the center

(b). The results are presented in Fig. 27 for conditions similar to those

in Fig. 26. Note that the fluctuations are larger on the sides of the line,

where small variations in laser wavelength can cause large changes in the

LIF signal, than at the center of the line.

1.6

1.2-

_i.

LLU I

0
0.006 0.010 0.014

0.8-

z 0.4

,-i

0006 0.010 0.014
LASER GIT(mm)

(b)

Figure 27. LIF spectrum of the 58 5.2-nm line in neon (a) on axis and (b)

0.6 cm from the centerline.
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Measurements made at higher arc currents often exhibit a double-humped

spectrum as shown in Figs. 28 and 29. The higher current spectra are

invariably broader than the low current results shown in Figs. 26 and 27,

although the symmetrical double-humped feature is not always as pronounced

as in these measurements.

Measurements at larger arc currents were unsuccessful. The emission

spectra of the 585.25-nm line indicated considerable broadening, which could

account for the absence of any LIF signal. LIF was observed on the 585.25-

nm NeI line for small additions of nitrogen (10 - 20%), but no LIF was

observed in a 50/50 mixture.

I'

z
Lii

z

LASER GIT (mm)

Figure 28. LIF spectrum of 585.2-nm Nel in a 3.6-kA discharge in neon at 532

Pa. (0.009 rim .
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Figure 29. LIF spectrum of 585 .2-nm Nel in a 2.9-ky discharge in neon at

532 Pa. (0.009 nm/MLm).
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LIF ON 566.664-rm N II LIFE

A narrow band (0.08-nm) interference filter was obtained from Andover

Corporation to study the 566.664-nm line of N II. The discharge was used as

a source of 566.664-nm radiation to check the center frequency and band-pass

of the filter. The transmission through the filter was measured as a func-

tion of the micrometer drive used to rotate the filter. The transmission

values were normalized by the PIN diode signal used to monitor the discharge

intensity and the results presented in Fig. 30. The relative magnitude and

positions of the 566.66, 567.6 and 567.95-nm lines are also shown on the

figure. The filter was tilted to the proper angle and the laser was tuned

to the proper frequency using the monochrometer. For these latter measure-

ments, the monochrometer was set to the peak of the 566.664-nm line using

the discharge emission. The laser frequency was scanned through the center

frequency for a range of nitrogen pressures (4 Pa to 13 kPa) and a range of

discharge currents (0.8 - 20 kA) that spanned the range of parameters where

LIF was observed on the 5852 line of Nel. In spite of repeated attempts to

realign the system, vary the system parameters and carefully double-check

the system calibration, no evidence was found for LIF on the 566.664-nm line

of nitrogen.

ABSORPTION MEASUREMENTS

The laser radiation transmitted through the plasma was measured as the

laser wavelength was scanned over the range of wavelengths where LIF was

observed in neon. The laser intensity was attenuated to minimize the effect

of saturating the transition, although no quantitative check was made.

Figure 31 presents the average values (open circles) and error bars for the

transmission measurements along with LIF measurements on the same discharge

(crosses). The half micrometer shifts of the two peaks is of the order of

magnitude variation in wavelength that was observed in the Fabry-Perot

measurements (Fig. 22) and is not considered significant. The dip in the

transmission can be used to estimate the absorption coefficient, K, which

can be related to the density of absorbing atoms N* by the expression (Ref.

23)

K N* f H w VthK = N~HB = w-t

B c (33)
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Here f is the absorption oscillator strength, H is an integral over the

Doppler shifted line profile and B is the Doppler shift of the line center

frequency due to thermal motion of the absorbers (vth). Using Measures'

(Ref. 23) value for H and assuming room temperature neutrals, the concentra-
11 3

tion of absorbing neutrals is estimated to be 7 x 10 /cm3. If one further

assumes, as before, that concentration can be attributed to an excitation

temperature associated with the electron, a value of 1.25 eV is deduced for

T.
e

Vz

Z '

Vz

* o

,,6795

cn ,566.664z

I.-

%:56 5676

0.600 0.650 0.700 0750 0

=' FILTER TILT ANGLE (ARB. UNITS)

! Figure 30. Transmission through interference filter as a function of

micrometer setting tilting the filter. (Also shown are the

relative magnitude and calculated positions of three N Il lines

[ "1 in the pass band of the filter.)
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Figure 31. Laser transmission intensity (0) in 665-Pa neon discharge as

the laser wavelength is tuned through 585.2-nm line. (The LIF
intensity for similar conditions is shown by the crosses and
dashed lines.)
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V. DISCUSSION OF RESULTS AND SUGGESTIONS FOR FUTURE WORK

Laser induced fluorescence of the 585.25 NeI and 566.664-nm N II atomic

transitions was studied in the arc discharge over a range of currents (0.8

to 30 kA) and pressures (40 Pa to 13 kPa). The LIF was observed only on the

NeI line and only over a limited range of the parameter space probed. An

understanding of these results requires an examination of the plasma condi-

tions encountered in the discharge. Since the probe, emission, absorption

and LIF measurements were not all made under the same condition, it is

necessary to look for self-consistency in the results.

The Langmuir probe, absorption and LIF measurements were made at rela-

tively low currents under similar conditions. The Langmuir probe values for

the electron temperature (a few tenths of an eV) and the absorption measure-

ment value (1.25 eV) have already been quoted. The electron temperature can

.f also be inferred from the LIF measurements using the enhancement factor and

Eq. 26. The values of Te obtained for the LIF spectra shown in Fig. 26 are

presented in Table.4 assuming VP = VLIF and Vp/VLIF = 2.87 is given by the

ratio of the plasma diameter to the laser beam diameter. The electron

temperatures predicted by LIF measurements should still be considered upper

.-. limits, since broadening of the line due to magnetic field or Stark broaden-

ing effects will result in a reduced enhancement factor. In these cases,

integrals &.'!r the line profile are required. The LIF measurements indicate

that heating occurs during the discharge, as might be expected. The values

obtained are somewhat larger than the Langmuir probe values and about the

same as the absorption measurements near the peak of the current cycle (5.1

TABLE 4. ELECTRON TEMPERATURE (in eV) INFERRED FROM THE LIF SPECTRA

AT VARIOUS TIMES IN THE DISCHARGE

T (ps) T e T (2.87)
_._,.e e

1.51 1.24 0.82

2.63 1.14 0.78

2.67 1.78 1.1

P 5.9 2.21 1.32
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The emission measurements at large currents (20 -30 kA indicate

electron temperatures in the range of 2 to 3.5 eV, which are somewhat larger

than the values obtained at lower current as described above. The only

numbers with which these measurements can be compared are temperatures

inferred from the expansion velocity observed for the plasma column as

described in Section III. If the expansion velocity of 2 x 10 6cm/s is

equated to the ion sound speed, a value of 3 eV is inferred for the electron

temperature which is consistent with the temperatures inferred from the line

intensity ratios.

To determine whether the temperatures and densities inferred from these

measurements are reasonable requires a consideration of the plasma condi-

tions anticipated in arc discharges carrying currents of 0.8 to 36 kA. At

the upper end, a pinched plasma column satisfying the Bennett Pinch condi-

tion and possibly local thermodynamic equilibrium is anticipated. The

Bennett Pinch condition equates the magnetic pressure to the internal parti-

cle pressure (Ref. 24). For a 32-kA plasma column 1.71 cm in diameter, the

electron density is predicted to-be between 3.4 and 2 x 1017/cm 3for elec-

tron temperatures between 2 and 3.5 eV. These numbers compare very well

with electron density of 3.7 x lop1 inferred from the Stark line width for

the same arc current conditions. The Saha equilibrium relation predicts

electron densities in the range of i to 2 x 10 17/cm 3for the same range of
*emperatures (Ref. 25). These results taken as a whole indicate that a

pinched arc is formed with electron densities a few times 10 17/cm 3and
plasma temperatures of 2 - 3.5 eV for arc currents in the range of 30 kA.

If the Bennett Pinch relationship is applied to a 6 kA current in 530-

Pa neon, the electron density is predicted to be 1 - 3 times 10 16/cm 3for
electron temperatures in the range of 0.8 to 2 eV. Thermodynamic equili-

brium predicts the following electron densities for each of the electron

temperatures (Table 5). Also shown in Table 5 are the electron drift velo-

cities which would be required for a 6-kA current in a 1.0-cm-diam arc. The

electron drift velocitiec are- expected to be less than the thermal velocity

where plasma instabilities would be expected to heat the electrons and

increase the ionization. This should occur for electron temperatures bet-

ween 1.1 and 1.2 eV in Table 5. These temperatures are consistent with the

temperatures inferred from the LIF measurements and the absorption measure-
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ments. Furthermore, the electron densities in LTE are consistent with the

Bennett relationship. The self consistency of these results indicates that

the lower probe values are probably not indicative of the plasma conditions.

TABLE 5. ELECTRON DENSITIES CALCULATED FOR LTE CONDITIONS IN 530-Pa NEON

AND ASSOCIATED DRIFT VELOCITIES FOR 6-kA BEAMS

Te Ne(LTE) vd(cm/s)

0.5 1.82 x 1010 9.5 x 10I1

0.7 1.13 x 1013 1.52 x 109

0.9 4.3 x 1014 1.2 x 108

1.1 4.53 x 1015 1.1 x 107

1.2 4 x 10 1.3 x 106

1.4 8.77 x 1016 1.9 x 10

The LIF line profiles obtained at 1.3 kA (Fig. 26) are Lorentzian line

shapes that are definitely different from the double-humped profiles ob-

tained at 3.6 kA (Fig. 28). Since this double-humped distribution occurs on

many occasions, it cannot be dismissed as an experimental artifact without

additional study. However, possible physical explanations for its character-

istics can be made. First, the temperature measurements indicate that the

radiation absorption length in 530-Pa neon, at an excitation temperature of

1.25 eV, is 51 cm. Under these conditions, the double-humped nature cannot

4 be attributed to self-absorption. The widths of the LIF lines in Figs. 26

and 28 can be used together with Eq. 4 for the Stark width to infer the

electron densities. The values obtained in the 1.3- and 3.6-kA arc dis-

charge are 3 x 1016 and 8 x 1016 respectively. These values can be compared

with the anticipated values obtained from a Bennett Pinch analysis. If the

electron and ion temperature is assumed to be 1.25 eV, and the plasma radius

is assumed to be 1 cm (the radius of the emitting region in Fig. 14), then
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the electron densities are estimated to be 0.85 and 6.5 x 10 1 cm for the

1.3- and 3.6-kA cases. These predicted values are of the same order of

magnitude as those inferred from the width of line' and the line broadening

could be due entirely to Stark broadening. However, this effect cannot

explain the double-humped feature. A possible explanation is Zeeman split-

ting described below.

The magnetic field in a current carrying column increases from the

center of the column to some edge, at which point it begins to decrease

inversely with radius. The Zeeman splitting of the line would follow the

magnetic field strength, and the line profile measured in such a system

would normally be a convolution of the number density of radiators in a

given field and the shift at that field strength. This would produce a line

whose maximum width corresponds to the maximum field strength. In a high

current arc, the number density of neutrals in the center, where the magne-

tic field strength is small, can be severely depleted. This would reduce

the observed LIE intensity at the line center and most of the detected

radiation would correspond to radiators outside the a~c where the field is

large, producing a double-humped line profile similar to that shown in Fig.

28. This picture of reduced neutral radiators in the arc interior is con-

sistent with the emission profile shown in Fig. 14.

The peak-to-peak separation is taken to be twice the Zeeman shift which

has heen estimated to be 0.00165-nm/kg. A 4.2 kg field is required to

produce the O.007-nm splitting observed. Since the arc current was 3.6 kA

when these measurements were made, the arc radius would have to be 0.17 cm

to produce a peak field of this magnitude. Since no spatial profile mea-

surements were made on the ionic emission from the arc, a definite arc

radius is not known. However, the value of 0.17 cm is consistent with the

observations of others (Ref. 26).

Although some LIE was observed at higher arc currents, the signal was

too small and unreproducible to allow LIF spectra to be obtained. No LIF

was observed on the very high arc currents (15 - 30 kA). This could be due

to a number of factors. As the excitation temperature is increased from 0.8

eV to 2 eV, the enhancement given by Eq. 25 decreases from 4.35 to 1.4,

makinR the signal harder to separate from the background. Furthermore, any

addit ional Stark or Zeeman broadening would reduce the number of absorbers
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in the pass band of the laser. A slightly broader band laser might have

facilitated LIE enhancement measurements integrated over the line width to

be made, and the evolution of the excitation temperature to be studied.

However, emission line profiles of the 585.2-nm line have indicated a

severely broadened line which could account for the lack of LIE observation

at high currents.

The absence of any LIE observations at the 566.664-nm N II line is

without explanation. Unsuccessful attempts were made in pure nitrogen and

in nitrogen/neon m~ixtures where the LIE of the 5852 NeT line was observed.

These studies were conducted over broad pressure and current ranges that

encompassed the conditions where LIE on the neon line was observed. The

interference filter might have been broad enough so that the stronger 567.9

N II line obscured the enhancement of the 566.7 line, but no explanation is

presently available.

In summary, LIE of the 585.25 Nel line was observed in arc discharges

for a range of arc currents (0.8 to 5 kA). The excitation temperatures

inferred from these LIE measurements (0.8 - 1.5 eV) agree reasonably well

with the temperatures inferred from absorption measurements (1.25 eV) and

estimates of the electron temperature using LTE calculations or Bennett

Pinch analysis. Furthermore, these temperature measurements are slightly

less than the excitation tcmperatures (2 - 3 eV) inferred from line inten-

sity ratio measurements at high arc currents. A double-humped LIF spectrum

has been observed on many occasions. The width of the line and the separa-

tion between the peaks are larger than the laser line width and the fre-

quency variation observed with a Eabry Perot interferometer. These features

do not appear to be instrumental in nature. The electron densities inferred

from the width of the line using Stark broadening analysis are consistent

with the density predicted by the Bennett Pinch model. However, the double-

humped feature cannot be attributed to self-absorption. The separation in

the peaks is consistent with Zeeman splitting if the arc channel is 0.34 cm

in diameter. This arc diameter is consistent with observations of others,

especially at higher pressures, but has not been confirmed by any in-house

measurements.

The LIE studies were carried out on the discharge plasma to demonstrate

the feasibility of using this technique to measure magnetic fields of a
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relativistic electron beam propagating in a gas. The discharge is a good

simulation of beam propagation problems associated with Stark broadening

because comparable electron densities can be generated. Reductions in

signal strength, and "washing out" of contour lines due to this effect, will

occur in the propagation situation and can be studied here. Unfortunately,

the electron temperatures and hence excitation temperature in the discharge

(1 - 2 eV) are larger than those encountered in propagation studies (0.49 -

0.56 eV). Since the temperature appears in the exponent of the enhancement

factor, small differences in the excitation temperature result in large

differences in the amplitude of the LIF signal. An LIF signal which would

be 9 times the background level in the propagation study would only be 0.4

times the background in a discharge. In this regard, the present studies

are not a good simulation of what might be achievable in a beam study.

F1JTUXE WORK

The work to date suggests that Zeeman splitting of the 585.2-nm NeI

line might have been measured by LIE spectroscopy in a pulsed discharge.

The important ramification of this interpretation of the data to the beam

propagation program suggests additional work is in order to confirm or deny

this assertion. The magnetic field should be determined by measuring the

current channel diameter using Langmuir probes, or measuring the radial dis-

tribution of an ionic line and inferring the field from the known current.

The more definitive experiment that should be carried out is to measure the

spatial distribution of the LIE radiation in order to observe the magnetic

v field contour directly. This should be recorded in one event, using a

streak or a framing camera, to avoid the problems associated with repro-

ducibility of the arc discharge and stability of the laser system encoun-

tered in the LIE spectral measurements carried out in the present study. An

etalon added to the laser cavity to reduce the laser line width would allow

greater resolution in measurements made in lower field strength regions.

The LIE studies on the 566.664 nm N II line should be discontinued in

favor of the 343.716 nm atomic nitrogen ion line. This line has a Zeeman

spectrum which is simpler than the 566.66 nIl line and a Stark width which

is slightly less. The enhancement factor is substantially larger (351

compared to 10.1 for a 0.5 eV excitation temperature) which leads to better

signal to noise characteristics and better spatial resolution.
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