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SPECTROSCOPIC MEASUREMENTS OF THE LASER-HANE PLASMA

I. Introduction

One aspect of the laboratory simulation of HANE phenomena using a
laser~target interaction is the measurement of the temperature and plasma
densities in the photoiocnized region ahead of the blast-wave front and also at
and behind the blast-wave front. Such measurements can then be used to check
computer codes written to simulate such an event. Time-integrated and time-~
resolved spectroscopy is used here to make these measuremcnts, and the results
of the first experiment will be given. Spectroscopy has the advantage of
being a passive measurement, requiring no physical probes or intense beams
which may perturb the plasma during the measurement. Spectroscopy has the
disadvantage of not giving complete spatial resolution, unless an Abel
inversion procedure is performed, since it integrates along the optical path
of the accepted ravs. However, we do get some spatial resolution by making
our observation at a known distance from the target surface. Data taken in

higher pressure regimes, 1.3~5 Torr, will be emphasized in this paper.

IT. Description of Optical Arrangement

The physical layout of our experiment is shown in Fig. 1. The laser
beam is incident onto the target from the left, having been focused by an £/6,
1.2-m lens to a focal spot between 250 um and 1000 um in diameter. During the
course of the experiment, both the laser energy and pulse duration were also
varied to produce the desired ion velocities. The target is either a carbon
or aluminum foil, typically 4-10 um thick, and the background gas present in
the target chamber is nitrogen, hydrogen, or a mixture of 90% N, and 10% H, at
pressures ranging from 15 mTorr to 5 Torr. (This corresponds to the range of

pressures of HANE events of interest.)

Manuscript approved December 12, 1983.




An optical train to observe the plasma luminosity is set up perpendicular
to the laser beam and parallel to the target surface, with the axis of the
optical train located 1 cm from the target. In some experiments an aperture
is placed between the target surface and the line-of-sight so that the length
of the photoionized region can be more accurately measured. (In the
experiments described here, this aperture was not used, because observations
of both the photoionized plasma and the debris plasma were made, and
collisions of the debris with the aperture would have produced undesired
spectral intensities.) Most of the measurements were made with the optical
train shown in Fig., 1, which consists cf a £/2.5, 9-cm f.l. lens, a plane
mirror, and a concave uwmirror. The concave mirror has a 1lé-inch focal
length. This optical train focusass the image of the plasma (magnified 4.23
times) onto the slit of a l-m spectrograph-monochromator, equipped to take
either photographic, time-integrated spectra or else time-resolved spectral
data. A RCA-1P28 photomultiplier connected to a fast oscilloscope (Tektronix
7104) gives a system rise time of 3 nsec. The entire optical train including
the spectrograph and the photomultipliers 1s calibrated in situ on an absolute

scale using a calibrated tungsten lamp.

III. Time-Integrated Spectra

Before any time-resolved spectral data were taken, a time-integrated
survey was made of the spectra in the wavelength region from 3000 4 to
6500 A. The spectra were recorded on Polaroid 57 film (ASA 3000) and a
suitable exposure could usually be made using one shot of the laser. This

data, even though time-integrated, shows which gspectral lines are present in




the discharge and gives a rough indication of the relative intensity of the

lines.

Figure 2 is a typical spectrum showing the region 3300 A - 4200 A, The
conditions for this shot are as follows: a laser pulse (120 J, 4.5 asec) is
focused onto an aluminum foll target (4.5 microns thick) in a background of
nitrogen gas at a pressure of 165 mTorr. The spectrograph views the plasma
located 1 cm from the target surface. A wavelength calibration of the
spectrum 1is made prior to the shot by superimposing the spectrum from a Hg
vapor light source. The laser-plasma spectrum shows the molecular bands YN,
3371.3 A, N, 3576.9 &, Np* 3884.1 A, and N,* 3914.4 A; and numerous nitrogen
atomic ion lines including NII, NIII, and NIV lines. (Other spectral plates
showed NI lines.) Also, the target spectral lines of ARI, AZII and ARIII are
clearly seen. From these photographic spectra, one can choose suitable
spectral 1lines for time-resolved observation using a monochromator with
photoelectric recording. The data given in the remainder of the report will

be taken with photomultiplier recording.

Iv. Time-Resolved Spectral Data

One of the main reasons for taking time-resolved data is that it allows
one to separate the photolonized region of the plasma from the plasma region
which has been heated by the target debris. Also, photoelectric recording
makes it much easier than photographic recording to make absolute intensity
measurements of the spectral lines and the continuum.

In the results that are presented here we will be making measurements at
three ambient gas pressures, which simulates three different atmospheric

altitudes. The three pressures are 15 mTorr of nitrogen, 1.5 Torr of a 907%




nitrogen and 10%Z hydrogen mixture, and 5 Torr of the 907 N, and 107 Y,
mixture. (The Nz,Hg mixture was used because we had hoped to use the profile
of one of the hydrogen Balmer lines as a measure of electron density. TCue to
the low intensity of this line, this technique proved to be impractical, so we
used other spectroscopic techniques to determine Ne.) It is felt that the
small concentration (1C%) of hydrogen is going to have little effect on the
hydrodynamics or temperatures and densities of the target debris-plasma

interaction.

v. Data Taken at Pressures below 1 Torr (N,,E,)

Three different spectral lines are time-ccrrelated in FTigure 3; the
molecular 1ion line ﬁ2+ 3914 &, the singlv-charged nitrogen icn line NII
3995 A, and the carbon (hydrogen-like) ion CVI 3434 A, These were cbtained
under conditions c¢f 15 wmTorr Ny (4.9 x 1014 molecules/cm3 or 9.8 x 101L
atom/cm3) and a 1.5 mg/cm2 carbon foil target; the bandwidth of the observed
signal was 3 &. As before, for all the runs described here the plane of ~
observation was perpendicular to the laser axis and 1 cm from the target. The
laser energy was 8 J in a 3.5-nsec FWHM pulse. The time t=0 corresponds to
the time of the peak of the laser pulse. It is readily seen that the N:*
3914 A line intensity rises rapidly from t=0 and then has an apparent second
peak at about t=30 nsec. However, the NIT 3995 3 line has negligible
intensity until about t=23 nsec and then rises rapidly to a peak at abocut t=30
nsec. The CVI 3434 A line has a similar rise time behavior to that of the
NII 3995 A 1line. From these results, we can conclude that the x ravs and the
UV emitted during the laser-target period can excite and ionize the molecular

nitrogen, but do not have sufficient flux to dissociate and further ionize the




higher species of ionization. However, collisions between the target debris,

whose time history is clearly indicated by the CVI 3434 & signal, and the
background plasma can easily excite the NII 3995 & line.

Since we xnow the time of the peak of the CVI signal and the distance to
the point of observation we can determine an average velocity, e.g., 3.3 x 107
cm/sec, for the conditions shown in Fig. 3. Also, the full-width-~half-maximum
of the CVI temporal signal of 10 nsec indicates that the debris shell has a
thickness of about (3.3 x 197 cm/sec) x (10 x l()"9 sec) = 0.33 cm. This is
consistent with the shell thickness inferred from dark-field shadowgrams.
Another example of these velocity measurements is shown in Fig. 4, where the
velocity was measured as a function of the laser energy for hydrogen gas at 15
mTorr pressure., Most of the data were taken with a magnetic field aligned
perpendicular to the laser beam, but several of the shots had no nagnetic
field. The velocity rises quite rapidly with laser energy up to about 10 J on
target and then coantinues to rise but at a much slower rate. There appears to
be no dependence of the velocity on the magnetic field. The values of
velocity measured using this technique agree favorably with the velocity
measurements using time-of-flight charge collectors.

In Fig. 5, the peak intensity of the CVI 3434 A line is plotted as a
function of the incident laser energv. The background gas is hydrogen a* a
pressure of 15 mTorr. It 1s noted that the peak line intensity increases
linearly with laser energy. However, if the CVI 3434 A peak line intensity is
plotted against pressure of hydrogen for a constant laser energy of 1.5 J as
seen in Fig. 6, the line intensity was observed to have a strong minimum in
the neighborhood of 5 aTorr pressure. This is may be associated with charge-
exchange effects, but needs further work to explain it in detail. There is

insufficient data at 15 mTorr to calculate temperatures and densities in the

e




photoionized and debris regions of the plasma.

VI. Data Taken at Pressures above 1 Torr (907 N, + 10% H,)

A. 1,5=-Torr Case.

A time comparison of nitrogen molecular bands with nitrogen atomic and
ionic lines at an ambient density of 4.9 x lO16 molecules/cm3 (9.8 x 1016
atoms/cm3) is shown in Fig. 7. As before, for all the runs described here the
plane of observation was perpendicular to the laser axis arnd 1 cm from the
target and t=0 corresponds toc the time of the peak of the laser pulse. The
laser energy was ~ 25 J in a 4.3~ns FWHEM pulse. The target is an aluminum
foil about 2 mm wide and 4.6 um thick. The Yo 3371 & band and the ¥,”
3914 A band have a very similar temporal behavior, i.e., both bands peak at
about the same time during the laser pulse with no significant rise at the
time the debris passes the point of observation. The NI 4256 A line, on the
other hand, shows a distinct peak during the time of the laser pulse and then
a second even larger peak when the debris comes by. The NII 3995 A only shows
a swall peak during the laser pulse and a much larger peak when the debris
collides with the background plasma, and the NIII $379 A shows no intensitv

until the debris appears. Clearly, under these conditions photoionization

alone cannot completely dissociate and ionize the atomic ioms.
B. 5.0-Torr Case.
A similar time comparison of nitrogen molecular bands and atomic and

ionic lines for an ambient gas pressure of 5 Torr is shown in Fig. 8. Other

conditions are the same as those described in Fig. 7. Although the molecular




bands N, 3371 A and N2+ 3914 A have a similar sharp rise to that of the 1.5-
Torr case, both have a second peak at the time the debris arrives at the point
of observation. This second peak was found to be due to the continuum which
has a strong peak at that time. The NI 4265 A line has a very small peak at
the time of the laser pulse but a very distinect peak at the time the debris
front passes the observed region. Coupled with the distinct peak for the NII
3995 A line at the time the debris front fasses, it would appear that we have
a sharp density step as expected from a "snow-plowing'" blast wave. (The dark-
field shadowgrams have also indicated a. similar density step.) The NIII
4379 A line alsoc has a rairly sharp rise but it peaks about 15 nsec aite -he
peaks of the NI and NII signals.

Also, in this sequence a continuum signal at 4834 A& was recorded. ris
signal has wvirtually no intensity during the laser pulse but h an,
appreciable amplitude when the debris front passes and then decays
monotonically. The continuum intensity must be subtracted from the other
intensities to get the true intensity of the spectral lines. But a useful
benefit of the strong continuum is that we were able to use the absoliute
continuunm intensity to determine the electron density.

In Fig. 9, we show several examples of an intensity step that occurred on
the atom, ion and continuum signals just prior to the peak signal, which
occurred at the time the blast-wave front passed. This '"pre-step" did not
occur on every shot, but for the 5 Torr case, it occurred on the majority of
the shots. It is interesting to speculate on possible causes for this step.
For example, the step could be due to an increase in plasma light emissivity
caused bv the ultravioclet radiation or fast electrons and ions that are
emitted by the expanding shell; it could be caused by a step in density ahead

of the debris (seen by J. Stamper in dark-field shadowgrams); or it could be




caused by the proturberances often seen in the blast wavefront under these

conditions appearing in the field of view. This phenomena certainly bYears

further studv.

V1I. Analysis of Data

In this section we will discuss the methods we used to calculate the
temperatures and densities from the absolute, time~resolved intensity
measurements. The equations will be scived by an iterative technique, sirce
we do not have an independent measurement of either the electrcn density or
the electron temperature.

The analysis of the plasma parameters in the photoionized regiosn is based
3 p P 2

O

on the intensity from two nitrogen bYand heads. These are tte (0,7) transition
from the first negative band svstem of N2+ at 3914 & and the (0,0) transiticn
from the second positive band system of N, at 3371 1. rom the absolute and
the relative intensities of these two bands one obtains the electron density
and the electron temperature. The theoretical basis for this analvsis and the
details of calculations will be published.l

The analysis of the data in the debris-background plasma interaction
region involved an estimate of the electron temperature, made frono
observations of the intensities of the 1lines from the wvarious stages of
ionization, and the electron density, made from the absolute measurement of
the continuum intensity. The temperature is estimated from the appearance of
the highest stage of ionization. Although we saw weak NIV 3479-3483 i lines
in our photographic spectra, Fig. 2, which was taken at a much lower

background gas density and a much higher laser energy, we do not expect these

lines to have appreciable intensity at 1,5-5 Torr and 25 J laser energy. We




assume that the NIII lines represent the highest stage of ionization present
here, This technique of temperature measurement has a large error bracket, so
we hope In our next measurements to use other techniques tc obtain an electron
temperature with a smaller error.

To obtain the elactron densitv from the measurements of the absolute

2

&

continuum intensities, we have used an equation obtained £rom Griem,“ and have

made the assumption that the electron density N,, is approximately equal to
z ; ; .

the ion density, Na. since the plasma is predominantly single-ionized. This

equation, wnich 1includes both recombination radiation and bremsstrahlung

contributions, is
_z,a r 1 .
I =c 1 M [ergs sec cm “sr ] (L

where ¢2°? s the emission coefficient in units of energy per unit volume,
time, solid angle and angular frequency interval. Since the emission
coefficient is a rather long, ianvolved equation (Egq. 5-36, p. 116 of Griem) it
is best to get the description of the symbols from Griem.:

This equation for the continuum intensity is only weakly dependent on the
temperature, so that the large error bracket for the temperature will not
change the values for the electron density appreciably.

Two sets of data have been analyzed; one set at an ambient gas pressure
of 1.5 Torr and one set at 5 Torr. The data was taken using an aluminum foil
target, a background gas mixture of 907 Np and 10% Hp and a laser energy of 5
J in a 5-nsec pulse. The plane of observation is 1 cm from the target and
perpendicular to the laser beam. The optical pathlength, &, is calculated to

be 1.5 cm for the photoionized region and is measured on shadowgrams to be

approximately 0.5 cm at the blast-wave front. The results for the 1.5 Torr




measurements are given 1in Table 1, and the results for the 5.0 Terr

measurenments are given in Table 2.

Table 1. Table of the measured :-emperatura and densities in the photoionized
region and the debris frgnt at .. ampient pressure of 1.5 Torr

(4.9 x 10'° molecules/ca).
Photoionized Pre-Step Blast-Wave
Region (Ahead of Blast %wave) Front
Te 2.5 eV - < 14 eV
Ne 3x10 % en 3 5x1017 ™3 9x1017 cm™3
Deg. of Ion 0.3% ~ 100% ~ 1C0%
Density step - - 10

Assvaing Ne = N

Table 2. Table of the measured temperature and densities in the photoionized
region and_the debris frgnt at an ambient pressure of 5 Torr
(1.6 x 10*" molecules/cm™).

Photolonized Pre-Step Blast-wave
Region (Ahead of Blast Wave) Front
Te 1.85 eV - < 14 eV
Ne 6x101%em3 2x1018cn3 5x1018ep™3
Deg. of Ion 0.2% ~ 100% ~ 100%
Density Step - - 15

Assuming Ne % yt

In addition to the spectroscopic measurement of the electron density at
the debris front at 5 Torr ambient pressure, an estimate of the minimum jump

in N, can be obtained from analysis of the dark field shadowgrams. Such an

estimate gave N, > 1 x 1317 a3, Although this 1s over an order-of-magnitude

10




lower than the spectroscopic measurement of Ne, ir is a minimum value. The

spectroscopic measurement of N, is felt to be the more accurate measurement of
electron density.

Since the density of the ions in the blast-wave front for the 5 Torr case
is about 5 x 1018 cm°3, which is about 15 times the ambient density of the
nitrogen atoms, it is necessary to have a snow plowing of ions into a shell of
similar ion density. This is consistent with the dark field shadowgrams which
show a definite shell structure, and also with the analysis of the velocity of
the shell as that due to a blast wave. For the 1.5 Torr case, the density of
the ions 1is about 9 x 1017cm'3 in the blast-wave front, which is about 10
times the background atom density. (This latter density step is about the

2
same as that calculated using a blast-wave model.3’4

VIII. Summary

The spectroscopic data presented in this report is our first attempt to
measure absolute intensities of spectral lines and continuum in this
experiment and then carry out the analysis of the data. In the process, we
have established approximate wvalues for the plasma temperature and
densities. More accurate values will be obtained during our next experimental

series.

The time~resolved spectral data allows the separation of the
photoionized region from the region excited and ionized by the debris. 1In the
1.5-5 Torr pressure range, a density step was seen ahead of the main peak in

the signal. The interpretation of this density step has not been established

at this time and warrrants further study.
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Nitrogen ambient gas(165 mTorr)

SHOT 12455
S nsec pulse
.5 micron) target
SPECTROGRAPH VIEWS 1-cm FROM TARGET SURFACE

120 J, 4.
Al(4

Typical photographic

are given next to the lines.

NIII 4103.4

— NIII 4097.3
Hg 4077.8

— Hg 4046.7

— NII 3995.0
3968.3

=7 A1 3964.5
— 3944.0
= 3935.7
—~ N 391404
—~ N} 3884.1
NII 3838.4

Hg  3663.3

= Hg 3654.8
Hg 3650.2

— ALITI3612.3, 3611.9

- 3603.2
— ALII 3588.9, 3587.4

=

Ny  3576.9

NIV 3483.0
=#/ NIV 3478.7

-— NII 3437.1

— N 3371.3
Hg  3341.5

Figure 2

spectrum for conditions shown on figure. The
mercury (Hg) lines are superimposed on the spectrum prior to the shot
to give a wavelength calibration. The spectral line identifications

14




CONDITIONS:

Lt 1 1 1 1

15 m Torr N,
] 1.6 mg/cm? C TARGET
& i 8 J/3.5 nsec
> [ Ar=3A
=N N 1 cm FROM TARGET
> [ N; 3914
g
c i
: N S I T | ‘
gg =
ar NIl 3995
b
=
7
2
W
==
=

3 CVI 3434
=
1 L1 1
0 20 40 60
t (nsec)
Figure 3
A temporal comparison of the spectral 1line intensities <for the ‘
background gas pressure of 15 mTorr. (Other conditions are given on
the figure.) The t=0 time is the time of the peak of the laser
pulse. The ordinate scale s in arbitrary units and the zero intensitw

level is the value before t=) time.
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CVI 3434 A PEAK AMPLITUDE

P =1 mTorrH,
A= 3A
600 -
500
400 +
300 = -
X _-="
=" X
200 = X’z’
X X ="
-7 X
100 - ’/”
_x=-"
) 1 1 1 1 1 | | ]
0 2 4 6 8 10 12 14 16
ENERGY (J)
Figure 5

Peak CVI 3434 & line intensity versus laser erergy at constant pressure
(15 mTorr Hz)-
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P (m Torr) OF H,

Figure 6

Peak CVI 3434 A line intensity versus background gas pressure at
constant laser energy (1.5 Joules).
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INTENSITY (ARBITRARY UNITS)

N, 3371
N: 3914
- NI 4256
I i { i 1 ) S |
-
- | NIl 3995
- NHI 4379

LJI 1 1 1 ) N |

0 100 200 300
t (nsec)

Figure 7

spectral
background gas pressure of 1.5 Torr.
the figure.)
pulse.

temporal comparison of the

The t=0 time is

the
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CONDITIONS:

1.5 Torr (90% N,+10% Hz)
4.6 um Al FOIL

25 J/5 nsec

AX= 3 A

1 cm FROM TARGET

lir2 iatensities for the

(Other conditions are given on
time of the peak of the laser
The line intensity is zero before t=0 time.




CONDITIONS:
5 Torr (90% N, + 10% H,)
4.6 um Al FOIL
25 J/5 nsec,
AN=3 A
1 cm FROM TARGET

NI 3995 A

INTENSITY (ARBITRARY UNITS)

:_—J/\\\"\~NNHI&WQA

L1 1 1. 1 1 |

i CONTINUUM
i 4834 A

0 100 200 300
t (nsec)

on figure.

A temporal comparison of the spectral line and continuum intensities
for a background gas pressure of 5.0 Torr.
The t=0 time is the time of the laser peak.

Figure 8

Other conditions are given
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