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ABSTRACT

The density and temperature of an expanding laser
produéed carbon plasma were measured over a large range of
distances by several different methods. The density of
an expanding element was found to have a time dependence
g & €79, The electron temperature of the same element
was found to decay with a dependence 'I'etxt‘1 rather‘than
the theoretical adiabatic Teczt‘2 . These results confirm
theoretical predictions about the éffect of three body

recombination on the cooling of a laser Produced plasma.
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1. INTRODUCTION

When an intense puise of light frdm a laser is focused
onto a solid material, a hot -plasma is formed. The plasma
expands rapidly away from the target surface as its initial
thermal energy is converted to directed energy. Clearly the
parameters of the expanding plasma vary enormously with both
distance and time. For an understanding of processes such
as recombination and cooling it is necessary to follow an
expanding volume element. This was not possible in any of
the experiments reported previously as these had either good
spatial resolution but operated at a fixed expansion distance
(DAVID, et al., 1966; IZAWA, et al., 1969; BURNETT and SMY,
1970; KOOPMAN, 1971; and EHLER, 1973) or had poor spatial
resolution and averaged over a large volume of plasma
(SUKOV et al, 1967; and PAéK et al, 1969). The results
obtained have often-been conflicting; for example, electron
temperatures measured 1-2 us after the laser pulse vary from
0.01 eV (PACK et al, 1969) to 10 eV (KOOPMAN, 1971) for simi-
lar laser power densities. The nearest approach to follow-
ing an element of plasma is the work of BOLAND et al (1968).
They had no experimental time resolution but they followed
a particular ion species during the expansion. However the
measurements of n and Te were all near the target

(r <5mm) and mostly during the laser pulse.



In order to clarify this situation we have measured,
with good temporal and spatial resolution, the density and
temperature of the expanding plasma out to large distances
using several techniques; photon scattering, microwave
interferometry and ion collecting probes. From these
measurements we can follow a volume element of plasmé and

compare its parameters with theoretical predictions.

2. THEORETICAL EXPANSTION MODEL

We first consider a fully ionized plasma expanding
radially outwards from a target into vacuum with no sources
or sinks for energy, density or states of ionization. We
assume that the plasma was created in a short interval of
time sufficiently long ago that the front boundary expands
freely into vacuum at constant velocity and the whole of
the plasma expands uniformly preserving a normalized density
profile (shape normalized to peak density and expansion
radius), (ZELDOVICH and RAIZER, 1966). This will occur
for either fluid or collisionless flow provided the thermal
energy density is negligible compared with the kinetic

enerqgy density.

In this situation conservation of mass requires that
at a given time the expansion velocity of an element of the
plasma is proportional to its radius (r) and that this

velocity is independent of time (t), i.e. position of the
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element r«t. From this it follows that the volume of
the element Ve«r® «t® and hence the number density

n., = % Z2.n: & ¥r° & g2, swi [1)

A laser produced plasma is initially highly colli-
sional with all collision times much shorter than the laser
pulse, and this situation can persist as will be discussed
below. Conséquently we can treat it as a single tempera-

ture fluid. For adiabatic expansion the temperature

Tc:neY—l and hence from Eq. (1) Tcxr-a(Y‘l) or t‘a(Y_l),
For a highly collisional plasma y=5/3, and the local

Hy=Tpme*® or &7 . sws (2]

Thermal conduction within the collisional plasma will tend
to equalize the temperatures throughout the volume of the
plasma at a given time. Although this will destroy-the
true adiabaticity of an element of plasma, the whole plasma
remains adiabatic and consequently each element within it
will still expand with Tcxt‘a or r~? ., We assume that
there is no conduction to the target, since experimentally
it is found that the expanding plasma forms a shell well

separated from the debris of the target.

It is important to note that with the scaling ne«t=3
3

2

/

and T, « t~2 all particle collision times &T G‘EE%TK)
would remain nearly constant as the expansion proceeds.

A slight increase does in fact occur because Ndebye(= A/9)



changes in time as t-1.5, Thus a laser produced plasma
which expands adiabatically from a highly collisional state

with Te=T; will always remain in this state.

3. RECOMBINATION AS A LOSS OF PARTICLES
We now consider the effects of recombination on the
above adiabatic model. Collisional-radiative recombination
(BATES et al. 1962) can for simplicity be separated into two
processes; radiative recombination (ALLEN, 1955) and three-
body collisional recombination (GUREVICH and PITAEVSKII,
1964: and VESELOVSKII, 1969). These processes have recom-

bination rates given respectively by

/dne

Rg = KT%?)R I - S -ee (3)
and fdne .

Rc=\dt>c=_°‘cneni' ee ()
where _

Gp = 2.7 x lo™® Z° T;%
and | 9

B, = &2:xldegzaT;@{szg+1
with Te in eV and n_ in m”®, From these rates we

deduce that three-body recombination dominates over radia-

tive recombination for

3,102 T2'75 i
n, > = me swu 49)




With the adiabatic scaling n_ « t™® and T, = =

we find that

R, = R e {6

and
Rc = constant ews ()

while the density decay rate due to expansion has a depen-
dence
dn
e

= (—=— T4 v (5
RE ( dt)exp il ’ (8)
Clearly, if the plasma persists for sufficient time, three-

body recombination will eventually dominate.

During the formation stage of plasmas produced
at low laser power densities, as in the present experiment,
the initial plasma densities are high ( ~10?” m~%) and
temperatures are low (20 - 50 eV) . The condition of
Eq. (5) is satisfied so that three-body recombination is
more important than radiative in the initial plasma. The
scaling in Egs. (€) and (7) implies that this situation

will persist throughout the expansion.

The scaling of R in Egs. (7) and (8) shows that the
fall of density due to expansion may be more important than
recombination initially but that eventually three-body re-
combination must become dominant and lead to complete

recombination of the plasma.



4, RECOMBINATION AS A SOURCE OF ENERGY

In three-body recombination the electron is initially
captured into an upper excited atomic level and then it
cascades down to the ground level either by radiative tran-
sitions or by transferring energy to free electrons in
collision of the second kind. Since this cascade process
occurs very rapidly we assume that the excitation energy
is transferred immediately to radiation and to the free
electrons. Three-body recombination becomes important at
a time when the free electron thermal energy has usually
fallen to much less than the ionization energy, e.g.
Xj ~10-100 kT/e. In this situation a very small three-
body recombination rate can lead to sufficient transfer of
energy to the electrons to make a large change in the elec-
tron temperature decay rate without affecting the density
decay rate. This would lead to a slower cooling rate than
in the above adiabatic model. The fraction of the ioniza-
tion energy given to the electrons during recombination
(E*) depends on the optical thickness and plasma parameters

as discussed in section 9.

KUZNETSOV and RAIZER (1965) have treated analytically
the problem of a plasma expanding into vacuum with three-
body recombination and energy transfer to the electrons

occurring. They conclude that two situations can occur

2E*

EEEG,-IS greater

depending on whether the parameter & =

e B -



or less than unity at the time during expansion when the
ionization rate becomes negligibly small. Here ¢ is the
degree of ionization of the recombining species and kT is

the plasma thermal energy.

For low o, E depends mainly on T through the expo-
nential dependence of o on T. As T decreases, £ also
decreases. As an initial plasma with low a would normally
also have £ <1, it would remain in this state. For high
&+ O isralmost independent of T and so, as T decreases
€ increases. As an initial plasma with high o would not

normally also have £ >1, it would remain in this state.

The analytical calculation shows that

(i) For E<1 (low o) the energy of recombination may
slightly reduce the initial cooling from the adiabatic
T « t~° but asymptotically it returns to this depen-
dence. In this case the plasma eventually recombines

completely.

(ii) For E>1 (high a) the energy of recombination
reduces the cooling dramatically from the adiabatic
dependence and asymptotically it acquires the depen-

;66765 _ -1 | 1n this case the plasma

dence T, «
does not fully recombine, i.e. the degree of ioniza-

tion becomes frozen.



MATTIOLI (1971) has carried out numerical calculations

on expanding LiH plasmas taking into account three-body
recombination, radiative recombination and electron impact
ionization. His results are very similar, indicating a
transition in the temperature dependence from Tg « g8

to Te x t~' for a sufficiently highly ionized plasma.

Table 1 shows a comparison of the scaling of the

rates for different scaling of n and T.

TABLE 1

n t_g t_i t“}f
T t t t
R 45 -5.25 —2X+0.75
5 to t—4.5 t—3x—%4.5
(&

=4 il —x-1
Ry t £ t

For T « t=* and x =3 recombination will no longer
dominate as t -« and hence there exists the possibility
of freezing a . However slowly the recombination proceeds
the plasma must eventually disappear.

For the scaling Toet~l and x=3 all collision

: 1.
times increase with time at least as fast as r = t 5.

As the plasma tends towards a collisionless state the ions
will decouple from the electrons first. When this occurs

the ions will no longer receive any of the recombination

energy deposited in the electrons and the ions will cool



adiabatically with Tj « t~2. At this time they will be
collisional and for x=23 will remain so. The electrons

1

on the other hand can maintain Tge«t™ and eventually

become collisionless if the plasma persists that long.

From the above considerations we expect to observe

one of the following situations depending on the initial

conditions
(a) For Rg>R. (i.e. higher T, lower n) net”3
(i) <1l (lower a), E has negligi- Tcm:t:"2 (A)
ble effect :
(ii) €>1 (higher o), although R small, Te«t~ % (B)
sufficient to
affect T.
(b) For Ro>Rp (i.e. lower T, higher n) net ™, x>3
(i) E <l (lower q) E has negligi- Tc:c‘t'2 (C)
ble effect
(ii) E>1 (higher a) E has effect T«t~1l (D)

During the expansion the plasma may change from one to
another of the above but some possibilities can be excluded

by scaling etc.

(i) € cannot change so A, C-%Zi B, D
(ii) C—4= A from Egs. (7) and (8).

(iii) B 4> D from Table I.



5. EXPERIMENT

The expanding plasma plume was formed by focusing a
37 MW 20 ns pulse from a ruby laser down to a power density
of 7 x 10** watts m™® on a carbon plate target in a vacuum
(2 x 10°® torr). The four different techniqgues described
below have yielded measurements of the plasma electron
density over the range of distances from the target r=5mm
to 1.3 m and electron temperature over the range r =20 mm
to 140 mm. The experimental arrangements are shown in

Figs.1l and 2.

Plasma electron densities were measured for r=5mm
to 1l.3m by using negatively biased ion collecting probes
(ASHBY, 1965). The instantaneous current to the probe is
proportional to AZnjv or Angv, where A is the probe
aperture area, Z is the ion charge and v the ion directed
velocity towards the probe. A knowledge of v, obtained
from time-of-flight measurements, enables values of ng to

be obtained for any given r.

For r=30mm to 1l40mm, plasma electron densities and
temperatures were measured using 4 mm microwave probes
(HARTWIG, 1967), in conjunction with an interferometer cir-
cuit. The expanding plasma was allowed to flow through the
gap between two quartz dielectric rod antennae. Two probes

were used with antenna gaps of 1l2mm and 34 mm and antenna



sizes such that they had spatial resolutions of 5x 5mm and
9x 9mm respectively both parallel and perpendicular to the
plasma flow. The larger probe was used only at expansion
distances greater than 90mm. With a 100 ohm detector load
the response time of the system was estimated to be about
lOns . By monitoring the interferometer phase shift, elec-
tron densities between 1 x 10'® and 5 x 10*°® m™2 could be
measured. Simultaneous meaéurements of the phasershift,
the transmitted and the reflected powers enabled the attenu-
ation coefficient and hence the effective electron-ion
collision frequency to be determined at any position. From
these measurements valueé of the local electron temperature
were obtained.

For r=20mm to 50mm densities and temperatures
were measured by the technique of photon scattering qsing,
ruby laser light. The second, probing laser beam (110 MW ,
20 ns) , was focused to 2 mm diametér in the plasma. A
1l mm diameter region was observed at a scattering angle of
135° and the scattered light was spectrally resolved by
rotating a narrow band (0.25 nm) interference filter centred
at 694.3 nm.

rThe expanding plasma was examined at different dis-
tances from the target surface without disturbing the
scattering optics by moving the carbon rod target and

focusing lens together along the direction of the first
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laser beam. The scattering technigue could be used over
a limited range 20mm<r <50mm. For r >50mm the scattered
signal was too small due to the low plasma density, while
for r <20mm the stray light from the hot target surface

was prohibitively large.

An estimate of the electron temperature occurring
very near the target surface during the laser pulse was
made by comparing the intensities of two CV lines at 4.027nm
and 3.498 nm using a grazing incidence spectrograph (GRIEMy
1964). The slit was aligned along the target normal and the
aperture was such that the spectrograph registered time and

space integrated light from the region O<r < 2 mm .

6. ELECTRON DENSITY RESULTS
Using the ion collecting probe, measurements were
made of the variation of the local electron density with
time at many positions along the target normal. This data
was converted into spatial profiles at various times after
the laser pulse. Some of the profiles obtained are shown

in Fig.3.

The expanding plasma can be seen to consist of two
components:
(1) A relatively thin shell of plasma which expands
rapidly away from the target with constant velocity

v ~ 100kms~'; and



(2) An almost stationary dense core which recombines

rapidly without moving beyond r ~ 12 mm.

The microwave probe gave measurements of electron
densities agreeing to within 30% with those of Fig.3 for
the leading edge and just behind the peak density of the
shell. For later times discrepancies of up to a factor of
three arose, probably due to plasma being trapped between

the probe antennae.

In order to determine the true scaling of the density
decay it is necessary to follow in time a single element
of expanding plasma, as discussed earlier. We choose to
follow the peaks of the shell density profiles. This corres-
ponds to following a single plasma element provided that
the normalised profile is maintained throughout the expan-
sion. This is indeed so as discussed below. Fig.4 shows.
the variation in time of the peak shell density over the
whole range of measurements made with the charge collector

probe. The density falls exactly as t~2 over six orders
of magnitude showing' that the density decay rate due to
recombination is negligibly small compared with that due
to expansion.

Close examination of the profiles of Fig.3 shows that
the normalised density profile is indeed preserved through-

out expansion as assumed. In Fig.4 the areas under each
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of the profiles is shown to have a t~° dependence for the
range of measurements. Thus, together with the t~° depen-
dence of the peak density, implies that the shell width
increases linearly with time and that the plasma expansion
velocity at a given time increases linearly from the back
to the front of the shell. The normalised density profile
is therefore preserved. (Such a velocity profile has been
‘predicted previously (FADER, 1968) in a computation of the
expansion of a laser produced plasma.) The basic assumptions
of the expansion model presented in Section 2 are valid in
this experiment, i.e. constant normalised density profile
with velocity of element independent of time but at a given

time velocity proportional to radius and no sources or sinks.

7. ELECTRON TEMPERATURE RESULTS

The microwave probes havé yielded measurements of
the effective collision frequency at various positions in
the leading edge and at the peak density in the expanding
shell. Fig.5 shows the time variation of the collision
frequencies measured at the peak of the shell, i.e. follow-
ing a volume element. The error bars do not reflect shot-
to—shot variation which is small but indicate uncertainties
in the absorption measurement. These errors increase at

later times as the absorption coefficient becomes smaller.
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Over the range of measurements the plasma can be seem
to be highly collisional while the decrease in the collision
frequency with time suggests that there has been some depar-
ture from the adiabatic temperature scaling which should

maintain the collision freguency constant.

For times earlier than 0.6 us the peak shell density
exceeded the cut-off density for 4mm microwaves and colli-
sion frequency measurements were made in the leading edge
of the shell. Typical errors in these cases are similar
to those shown in Fig.5 at times greater than 1.2 ys.

These are not due to uncertainties in the absorption
meéasurement so much as to uncertainties in the density
measurement caused by the large gradient in the front of

the shell.

From the local measurements of collision frequency
and electron density, values of electron temperature were
calculated using the expression (HEALD and WHARTON, 1965)

-12
2.9x 10 Zne{,nj\e

Vej = T% ff
e
where 3
6.2 x 10* T2
_ e
Aagp = Zf

with n, in m™®, T, in eV and f, the frequency of the

microwaves, in GHz.



Fig.6 shows the variatioﬁ of this measured electron
temperature with time and this is very close to a t~*
dependence. Points marked with open circles correspond to
measurements made at the peak of the shell. Triangles
indicate measurements made in the leading edge of the shell
for times when n > n These were all made at a

peak exrit *

fixed density of %ncrit= 2x10*°* m™® ., Squares refer to
measurements made in the leading edge but at a time when

and at a density of ;Enpeak'

npeak<:ncrit

The very close agreement between the peak and leading
edge measurements at 0.6, 0.7 and 0.8 us shows that the
electron temperature throughout the front half of the shell
is the same at any given time. We expect the electron
temperature to be uniform throughout the plasma shell at
any instant during its expansion and cooling so long as

v > v , Where v is the electron thermal velocity
th sep

th

and Vsep is the difference between the expansion veloci-
ties of the front and back of the shell. This is the case

in this experiment which has vg,,~60-70 km s~! so long

as T, ,>0.025eV. This condition is valid for all the
measured temperatures but, assuming Te«t™!, only for

t<6us, i.e. r<0.6m.



8. PHOTON SCATTERING MEASUREMENTS

The measurements of electron temperature presented in
Fig.6 are obtained by a relatively indirect method and could
be subject to uncertainty. We have made an unambiguous
check of these results by the well established technique of
scattering laser light (EVANS and KATZENSTEIN, 1969). This
also yields a third measurement of density. The measure-
ments were carried out at the peak of the shell density for
201&n<r-<50nm. Fig.7 shows a’typical scattered light
spectrum, obtained at r=20mm, t=0.2us. Even for a
SCattéring angle of l35°,_the plasma parameters were such
that the scattering parameter o;==(k)xD)"1 lies between
0.1 and 0.4, and the spectrum departs from a Gaussian. To
analyse such results theoretical spectra were calculated
and the best fit to the experimental one found by trial
and error. This fitting to a and T, allows the calcu-
lation of the density. As a check the densities were also
measured by comparing thé total scattered intensities with
Rayleigh scattering from nitrogen at atmospheric pressure.
Table 2 shows the results obtained, all at the peak density

of the shell.
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TABLE. 2

-3 -3

T, t Ta o4 n,m n,6 m

by curve :

AV

mm | US e Fikdmg from q« by Rayleigh
20|0.2 |0.65+0.1 |0.35+0.1 |1.2+0.5x10%*| 1.2+0.2x 10°*
30 |0.3 |0.4 + 0.05 | 0.3 + 0.15 |5.6+3.0x%x 10%°| 5.0+0.8 x 10%°

between up to 20

) ) . : O R

40 | 0.4 |0.3 * 0.04 | " F ", 5 % 10°° 1.2+£0.2X 10
50 |0.5 |0.3 = 0.03 o) - 9.5+0.8 x 1ot®

As the plasma expands o decreases (for

T, < :

o « t~') and the scattered spectrum approaches a gaussian

form. The calculation of the density by the curve fitting

method gave reasonable accuracy only for a = 0.3.

The density results obtained by scattering (Rayleigh)
are plotted in Fig.4 and agree to within 50% with the

charge collector probe results. The t~2 dependence is

also confirmed. The electron temperature results obtained
by scattering are plotted in Fig.6 and agree to within 25%
The t~*

with the microwave probe results. dependence

is confirmed.

Finally we have the temperature measurement made at

the target surface. From the ratio of the two CV lines

we have estimated (GRIEM, 1964) a temperature of 30 eV

assuming LTE and 40 eV assuming a coronal equilibrium.
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Taking into account the temporal and spatial averaging
involved in the measurements we estimate a temperature of
about 40 eV occurring at a distance of a few 100 um from
the target.
9. DISCUSSION
The temperature measured close to the target surface
He has developed

is supported by the work of PUELL, (1970).

a steady state plasma production model for massive targets

from which the maximum electron temperature can be ¢alcu-
lated. This occurs at a distance from the target roughly
equal to the focal spot radius. Excellent agreement was
found between this theory and experimental measurements
made by Puell with carbon targets. Applying this theory

to the present experiment predicts a maximum electron
temperature of about 50 eV at a distance of about r=_0.2 mm,
which agrees well with the experimental'result. The theory
also predicts that the electron density corresponding to
this situation should be close to‘the critical density for

the ruby laser wavelength, ~2 x 10°7 m~>.

Figures 4 and 6 show that at long times after the
laser pulse the density and temperature within the shell
are falling as +t7%(r~2®) and t-* (r~!) respectively. If
we use these dependences to calculate the plasma para-
meters at r=0.2mm from the measurement at r>20mm,

we find T,=40-50eV and ng=10%°% - 1027 m~2%. This
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temperature value agrees closely with the measured value
and with the above theoretical prediction. This implies
that the t-' scaling of T, has been maintained through-
out the whole expansion. The density obtained by extra-
polating back to r~0.2mm is somewhat lower than that
predicted theoretically implying that more than half of
the plasma has recombined at early times. This is in
accord with the observed recombining component of the
plasma. Direct comparison of these results with those of
BOLAND et al, (1968) for the early stages of expansion is
not possible. They have ng <« t-X with x<3, i.e. not
3-dimensional expansion. However X tends to 3 as r tends

to 5 mm towards the end of the measurements.

We wish to check that the calculated recombination
rates are in fact sufficiently low to be negligible com-
pared with the density decay rate due to expansion at late
times as experimentally observed. In order to do this we
first need to determine the mean ion charge state at the
peak of the expanding shell. This can be oktained from
Puell 's theory which derives an expression relating the ion

expansion energy, the ion charge state, and the initial

electron temperature,

E(ev) = 5(Z+1) Tel(eV).



Applying this to the peak of the shell (v =100km.s~!,

E=625eV) assuming Tg=45eV gives a mean Z of 1.8.

It is interesting to note that the maximum ion energy
observed in the expanding shell (vp., = 130km.s™') was

1.05 keV which from the above expression gives an ion

charge at the shell front of 3.7. This result is consis-
tent with the experimental spectrographic observation of

weak CV lines but no CV1 lines.

Using the mean value of Z = 1.8 the density decay
rates‘dqe to expansion, three-body recombination and
radiative recombination at the shell peak at 0.5 us
(R=50mm) are respectively 5.4 x 102%, 4.8 x 10°* and
1.0x 10?2 m=2 s™*., As expected the two recombination rates
are negligible compared with the rate due to expansién.

At later times these differences become even greater
because for Ibrxt'l the above decay rates scale as t~*%,
™43 ang ¢5-25 respectively. On the other hand at
much earlier times one might expect a situation where the
three-body recombination rate approaches the density decay
rate due to expansion. This is consistent with the observed
loss of some fraction of the plasma at early times as dis-

cussed above.

A guantitative discussion of the recombination rates

occurring at early times is complicated by two factors.

= Zl =



First the three-body recombination coefficient given earlier
is an over-—estimate at temperatures above about 1 or 2eV
since electron capture is now directly into lower levels,

and secondly, electron impact ionization becomes important.

The three-body recombination rate at O.5us quoted
above is sufficient to account for the observed change in
cooling rate from t~® to t7' for a value of E¥ ~ 0.2.
BATES and KINGSTON (1964) have calculated E* for recom-
bining hydrogen plasmas with parameters similar to those of
the present experiment. For plasmas which are optically
thin they find E* ~0.1 to 0.2, while for the optically
thick case E¥ ~0.7 to 0.9, due to the trapping of reson-

ance radiation.

We have calculated that the present carbon plasma is
marginally optically thick to CII and CIII resonance
radiation up to expansion times of a few microseconds. At
later times however the plasma becomes optically thin. In
this calculation we have taken into account the Doppler
broadening of the lines due to the differential expansion

velocities of the various plasma regions.

Thus for the carbon plasma of the present experiment
we might expect to achieve E¥ > 0.2 and hence satisfy the

above heating reguirement.



The observed scaling ng « t=® ‘and T=t~' implies

that all collision times increase as Tecoll & tl‘5

and,
if the plasma persist for long enough, it will eventually
become collisjionless. From the measured parameters we

expect that the ions become decoupled from the electrons

early in the expansion (r ~20mm) and thereafter cool as

Ty = g2, The electrons are still collisional at the
largest distance of observation R~l.3m.

The observations clearly show that the expansion corres-
ponds to case B of Section 4, Thus we achieve the higher
T, higher o case even with low laser power and consequehtly
conclude that most laser produced pPlasmas will expand in
this way. Also it is the lower density case so that longer

wave length lasers with even lower initial densities will

also follow this behaviour.
10. CONCLUSIONS

We have demonstrated experimentally that the density
and temperature of an element of expanding plasma decrease
as t~® and t7! respectively. The temperature scaling
is modified from the expected adiabatic one Tg « =2
because three-body recombination injects energy into the
electrons. This result agrees well with theoretical

predictions.
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