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Abstract

The properties of plasmas produced by high power laser
were investigated. The laser beam was irradiated on the
various targets of beryllium Be, carbon C and polyethylene
(CHZ)n of high z number. The influence of the charge number
z to the heating of the plasma was discussed.

The electron temperatures of plasmas form different
targets were estimated by the measurement of soft x-ray.

The time variations of the reflected laser light from
plasma were also investigated.

From the time of flight measurements with a Faraday cage
and an electrostatic energy analyser, the different charged
ions could be seperated and ion temperatures and drift velo-
cities were obtained from their wvelocity profiles.

No influence of laser pulse duration to the temperature
was observed in the cases of durations 2 ns, 4 ns and 10 ns.

The experimental results for fast rising laser pulse were

discussed and compared with those for slow rising one.



1. 1Introduction

As high power glass lasers have an ability to deliver
a large amount of energy very rapidly to matter, one can
produce plasmas of high density and high temperature.

Many researchers have étudied the mechanism of ioniza-
tion, heating and hydrodynamic expansion of plasma by focus-
ing laser beam on the solid surface in vacuum theoretically
and experimentally. The kinetic energy of ions was deter-
mined either by thé time of flight measurement or with the
electrostatic energy analyzer%’2'3) Observation on the
plasma radiation in time and space with high speed photo-
graphic technique and interferometric method have yielded
the informations about the expansion rate and the éensity?’5)
As the expansion of the plasma takes place after the heating
relaxation, the supplied energy leaks to the surroundings.

In order to produce high temperature and high density plasma
the effective heating must be performed before the expansion
starts. Therefore, rapidly rising laser pulse is essential
for these experiments.

We used a nano-second laser beam to the seyeral species

of targets; beryllium Be, carbon C and polyethylene (Cﬂz)n.

The properties of high z plasma have been clarified.

2. Experimental Arrangement

The glass laser system to produce plasma, which has
been developed by the authors, consisted of an oscillator,
a pulse-forming system and a five stage of amplifiers. Fast

rising laser pulses (rise time 1 ns) with variable pulse



width (1 n 30 ns) were generated from a Q-switched laser
using external pulse transmission mode (PTM) method which
was composed of a laser triggered spark gap (L.T.S.G.),

6)

a KDP Pockels cell and Gran prisms. Pulse-formed output
of the oscillator was amplified up to 7 Joules”™ by the
amplifier. The beam divergence of laser light was less
than 1 mrad. The laser beam was focused onto the target
in a vacuum chamber by lens of focal length 150 mm.

The various kinds of diagnostics were prepared to
study the properties of laser-produced plasma. Electron

7)

temperature was obtained from the x-ray measurement. Ion
energy, number density and temperature were measured by the
time of flight with a Faraday cage and an electrostatic
energy analyzer. Incident and reflected laser lights from
the target were also measured.

The experimental arrangement is shown schematically

in Fig.l.

3. Experimental Procedures and Results

(1) Electron temperature measurement by the x—rayg)
Electron temperatures were estimated by measuring the

intensity ratio of soft x-ray which transmitted through

beryllium absorbers of different thickness (25 p, 50 yu,

100 u). The plastic scintillator with the neutral density

filters and the photomultiplier (HTV-R292)'were usded as

shown in Fig.2. Assuming Maxwellian distribution of elec-

* At present laser output reaches up to more than 40 J

for 2 ns pulse width.



trons, the total intensity I of bremsstrahlung is
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where n,, n, are electron and ion density, respectively

and z, Te are charge number and electron temperature, res-
pectively and Ieg is Gaunt factor.

The intensity I_ of x-ray transmitted through a metal
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foil of absorption coefficient K(E) and thickness D is

given by
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The relations between the absorption coefficient K(E) and
the energy of x-ray for Be foils of different thickness are
shown in Fig.3. The relations between the intensity ratio
of x-ray and electron temperature are shown in Fig.4, calcu-
lated by the authors. Electron temperatures were directly
obtained from these data. A typical detected signal of
x-ray is shown in Fig.5. The electron temperatures of
several targects of (CHZ)n’ Be and C depended upon the laser
powers are shown in Fig.6(a), (b) and (c) respectively. The
electron temperature had a dependence on laser power p as
pz/3 for (CHz)n, pq/9 for Be and pz/9 for C, respectively.
No influence of laser pulse duration to the electron
temperature was observed in the cases of durations 2.0 ns,
4 ns and 10 ns, but the intensity of x-ray increased for
the longer pulse durations. The pulse duration of effective
heating of plasma was less than 2 ns. The longer pnart of
pulse energy was transferred to plasma propulsion and not
to heating.

Electron temperatures with the laser input power of
200 MW were about 70 eV for (CHz)n, 100 eV for Be and 120
eV for C. The last one had the highest temperature at lower
laser power but the increasing rate of electron temperatures
was slow with increasing the laser power.

The intensity of x-ray from the Be plasma transmitted
through the Be foil is shown in Fig.7. The solid lines
are experimental values and dashed lines are theoretical
ones, which were calculated from Eg.4, putting n, and n; =

1

-3 s
102! cm (cut-off density), z = const. and using the elec-



tron temperature in Fig.6(b). The experimental values

showed the incresing rate of x-ray for increasing laser

power larger than the calculated ones. This is caused by the
fact that the plasma volume or the particle number was increa-
sed as the laser power increased. The estimated particle num-
ber normalized by the value of the laser power of 1 GW is
shown in Fig.8. The pafticle number increased remarkably

for the increase of laser power.

(2) Measurements‘of incident and reflected laser beam.

Some amount of the input laser energy was reflected
at the target. The pulse form of the incident and reflected
laser light were measured by a same biplaner photodiode
(HTV-R317) as shown inFig.9. The time variations of reflec-
tivity of laser power from the targets of Be and C with
the incident power density 6 x 10''W/cm? are shown in Fig.
10(a) and (b), respectively. Larger reflection was observed
within the first 2 ns of incident laser pulse and thereafter,
the reflection went down rapidly. This seems to be due to
the increasing of the absorbing thickness of plasma with
time. The reflectivity was 2 % for Be and 0.14 & for C.
For the case of polyethylene target at the input power
density about 6 x 10'! W/cm?, the oscillation of the re-
flected laser light was observed at the electron temperature
about 200 eV in Fig.ll. The frequency was about 1.4 X 10° Hz.
This may be caused by the beat of ion acoustic wave8’9)

induced by laser beam.



(3) The time of flight measurement of ions.

As ions occupy the greater part of energy in laser-
produced plasma, it is very important to know ion tempera-
ture, density (ion number) and kinetic energy for investi-
gation of heating of plasma. Especially, ion temperature
in laser-produced plasma has not been reported in detail
in spite of the many results on the electron temperatures.
Ion temperatures of laser-produced plasma were estimated
from ion velocity profile in the time fo flight measurements
assuming the Maxwellian velocity distribution%o'll) The
ion collected by a charge collector through a very small
entrance slit has one-dimensional Maxwellian velocity dis-

tribution. The velocity distribution function is given by

mi(v - v
f(y) « exp{- ST
1

)2
d_

where V4 is the drift velocity of ions and M. is ion mass.

Therefore the ion temperature is given by

w
H
I
N

mi(Av)2 ,

where Av is a velocity spread corresponding to 1/e of the
peak value of Maxwellian velocity distribution as shown in
Fig.12. The ion velocity profile was measured by a Faraday
cage with the ion-selecting grid and an electrostatic enerqgy
analyzer as shown in Fig.13 and Fig.l4 respectively. In
Fig.13, Gy is an electron repelling grid, G, is a grounded
grid, G, is an ion selecting grid and Gy is a suppresser

grid for secondary electron from the collector by ion

-7 -



bombardment. hen a positive voltage V is applied to grid

Gy ion whose velocity is larger than v, =l2;év can be
collected, where ms is the ion mass and z is éharge number.
The drift velocity of ion was known by the time of flight.
When a certain voltage V, is applied, only Be ion are colle-

4eV ZeVI
cted in the time-of-flight range of 2/ — L < t, < &/ - '
i 1 .

1

. + 2+ . . 6€V1
two species of Be and Be ions are collected in &/ -
Ti

4eV _ 8eV
< t, < L/ m.l . Be+, Be2+ and Be3+ ions in &/ m.l
J i l i

6eV 8eV
< %/ = L and Be+, Be2+, Be3+ and Be4+ ions in t, < L/ — 1
‘ i .

<t

3

i
respectively, where & is the distance from target to collector.

As the voltage increased, the time-of-flight ranges and
collected ion signals were varied and thus species of ions
were discriminated. The current signal of collected ions
were shown in Fig.15(a), (b) and (c) for the different vol-
tages of the grid; 0, 200, 250 V, respectively. A relation
betwéen the species of collected ions and time of flight is
shown in Fig.1l5(d).

Using the electrostatic energy analyzer as shwon in
Fig.1l4, ion of the velocity v corresponding to the relation
mv?/r = zeV/d can be collected where m, z are ion mass and
charge number, respectively and d, r are space between the
electrodes and the radius of curvature of the analyzer and

V is an applied voltage. Putting £ = vt, the time of flight

is t =j§;' JE? LI A L. 1 . This is inversely proportional
V2. /Y

to the square root of the charge number z and the voltage V

for the ion of same value of m/e. The velocity profile of

ion was obtained by scanning of the voltage V. The typical



signals of ions were shown in Fig.16. The ion velocity
distributions of Be plasma were shown in Fig.l17 in the laser
power range of 470 v 625 MW. They were approximately Max-
wellian. The ion temperature and drift velocity obtained
from these velocity distribution were shown in Table 1%2)
Electron temperatures obtained from the soft x-ray measure-
ment were about 130 eV for the same laser power range. The
numbers of higher multicharged ion were larger than that of
lower charged ones and the former ions had higher temperature
and the higher charged ions had larger drift velocity than
lower charge one as shwon in Fig.17 and Table I. Using a
slow rising laser beam, whose rise time was 10 ns, the above
mentioned characteristics became in the reverse sense%l’lB)

From our experimental results the effective heating
time of plasma was less than 2 ns and the plasma expanded
semi-spherically with the average velocity of 2 x 10’7 cm/sec.

From the experiment of the shadowgraph the radius of
the plasma was about 0.2 mm at the end of heating. The
plasma density estimated from collected ion current was
about 6 x 10'® cm °. The number of plasma particles in a
sphere was about 10'°%. Thus the total energy of plasma was
estimated about 0.2 J.

If this energy is initially absorbed by electrons, the
mean energy of an electron is up to about 2.5 keV. There-
fore, Be4+, the ionization energy of which is 218 eV, can
be easily produced. From the reflection measurement of
input laser beam the laser energy seems to be fully absorbed

in plasma. While the above estimated energy was about one-

fourth of the incident laser energy. This might be due to the



ambiguity of the collected ion density of plasma.

4. Discussions

Experimental results showed that the effective heating
was done in 2 ns at the beginning of incident laser pulse.
After this period, the expansion of plasma was introduced.
The electron heating in the range of the laser power 10!2
W/cm? are caused by the classical inverse bremsstrahlung.
The energy relaxation time Tai by the collision of ion and

electron and the expansion characteristic time T, are given

by
3/2
,  m(kT) / 3 x 10°A T;/Z

T . = v}
et 821 m l/L*el*zzn AnA n_z24nh

e e e
o= o0y (SkTe)"l/2 = *, 72
s Vs o 3my 1.3 x 105Te1/‘°‘v

where m;, m, are ion and electron mass, z is charge number,

ng is electron density, A is atomic mass number and X VS
. . -2

are a plasma dimension, the order of 10 cm and sound

velocity, respectively.

When an inequality 7_, < T_ holds, the effective heating

ei S
of ions by energy relaxation fromelectrons is performed%4)
The electron temperature T; at Tei = Tg gives a measure of

relaxation by the laser pulse width of effecting heating.
T; and T, are given by

5 x lO_Bz(nexo,QnA)é/2

*-—
Te = Al/u vl keV

T. v 0.7 ns
s
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at n_ 102} cm_a, x, = 100 p and A = 9 (Be). Therefore it

is theoretically possible to heat a plasma up to 1 keV for
the Be target by a high power nanosecond laser pulse. As
shown in Fig.6(b), the electron temperature of Be plasma

was 100 to 200 eV. T, was about 1.6 ns in this temperature
range, which was consistent with the used laser pulse 2 ns.
The dependency of electron temperature on the incident laser
power varied remarkably for different species of target as
shown in Fig.6(a), (b) and (c). The electron temperature

of polyethylene (CHZ)n plasma accorded very well with the
theoretical estimation considering hydrodynamic expansion of
plasma with classical heating (Te v Pz/a)}5) But those of

Be and C plasma differed from this characteristic and showed

the considerably lower increasing rate of electron tempera-

6)

4+

ture} The energy relaxation time Tei of (CHz)n, Be and

C6+ were 3.8, 3.0 and 1.9 X 107" sec respectively where
average charge number and atomic mass number were used in
(CH2)n ions. The electron temperature in carbon plasma was
lowered most rapidly than any other plasma by energy rela-
xation of electron and ion. The ionization potentials of

4+ and C6+ are 172, 218 and 490 eV respectively

(CH2)n ions, Be
where the average ionization potential was used in (CH2)n iop.
The carbon target needs higher energy to be ionized. As
C and Be are good thermal conductor compared with (CHZ)n,
much more neutral particles can be evaporated in C and Be than

17)

in (CH Indeed different type of crater was created

2)n'
around the focal spot in Be and C compared with (CH2)n.
Thus the characteristics of electron temperatures in Be and

C seems to be caused by'the different dissipations of laser

- 11 -



power from (CHz)n.

As shown in Fig.1l0(a) and (b), larger reflection occurred
in about 2 ns at the beginning of incident laser pulse. This
seems to be caused by the fact that in the focal spot region
a sharp boundary layer whose density was close to cut-off
density was formed at the early period of laser irradiation
and then by the expansion of plasma the density decreased to
absorb the laser power.

When the fast rising pulse whose rise time was about 1
ns and power was 1 GW was used, fully ionized plasmas was
produced in the focal spot. 1In this case Be4+ ion was pro-
duced at the front of the pulse and the loWer ionized ions
of Be seemed to be yielded after the peak of the pulse.

As shown in Fig.1l7, Be+ ions which had especially low
temperature and small number were produced by the tail of
the laser pulse possibly because of ionization potential
being low (v 9.4 eV). For the plasma expanding with velo-
city of the order of 10’ cm/sec electron temperature of more

8) and the

than 100 eV, the recombination was not importantl
velocity profile of the time of flight measurement represented
the velocity distribution of the relaxed plasma between ele-
ctron and ions. The number of higher charged ions was larger
than that of lower charged ones and the former has higher
temperature and larger drift velcity. As energy relaxation
time by collision of electron and ion is inversely propor-
tional to z?, higher charged ion was heated more effectively
than lower charger ions.

The electrons are inclined to escape out of the plasma

sphere, building up an electrostatic field. This field

- 12 -



accelerates the remaining ions proportional to their charge
z. This collective process may induce the resulting kinetic
energy of ions much higher than that of low z ions. For

the slow rising laser pulse whose rise time was 10 ns, few
higher ionized ions were produced and most of ions were lower
ionized ones. The temperature of the latter was higher than

that of the former.l3’15)

Thus above mentioned characteristics,
which were varied by the rise times, depend on whether the
incident laser energy was absorbed effectively or not before

the expansion of plasma.

5. Conclusions

We have performed the preliminary experiments on high
z materials to clarify the heating mechanism of plasma by
laser. 1In this paper the laser power was restricted up to
1 GW, the power density 10'? W/cm?, so the classical heating
was mainly operative.

The several points clarified by the experiments are the
followings:
(1) The effective heating of plasma occurred in about 2 ns
of the beginning of incident laser pulse. Thereafter, inci-
dent laser energy was transferred to kinetic energy and to
the increase of the number of particles.
(2) Laser power dependency of electron temperature varied
remarkably for the species of targets. That of polyethylene
(CH2)n was consistent with results estimated by a simple
hydrodynamic expansion treatment with the classical heating
Te N Pz/s. But those of beryllium and carbon were not con-

sistent with this law. This difference of dependency was

- 13 -



explained qualitatively by the difference of energy dissi-

pation in producing plasma.

(3) The plasma produced by fast rising laser pulse and by

slow rising one had quite different characteristics: (a)

In the former the number of ions with higher z numbers was

much larger than that with lower z numbers because the fairly

amount of incident laser energy was fed into plasma before

the expansion. On the other hand, in the latter, highly

ionized ions were scarcely produced and ions with lower z

numbers were dominant as the plasma expanded during the laser

pulse. (b) 1In the former, highly ionized ions had higher

temperature than those with lower z numbers, while this is

opposite in the latter case.

(4) The reflection of laser light from plasma depends on formation

of plasma laver. The reflectivity was larger in about 2 ns

at the beginning of incident laser pulse than the later period.
Increasing the laser power, we are planning to investigate

the anomalous heating effects in high =z plasmas.
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Figure Captions

Fig.1

Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

Fig.8

Fig.9

Fig.10

Fig.1l1

Experimental arrangement of laser plasma research.

“R: rotating Q-switched glass laser (2 ns, 9 mJ),

GP: Gran prism, PC: Pockels cell, LTSG: laser
triggered spark gap, DC: Saturable dye cell,

Amp.IvW: Amplifier stage, US: uniguide slit,

P: polarizer, FR: Faraday rotator, BS: beam splitter,
A: attenuator, M: mirror, XD: x-ray detector, FC:
Faraday cage, Spec.: spectrometer, He-Ne: He-Ne laser
X-ray detector.

Absorption coefficeint of Be foils of different
thickness vs. energy of x-ray.

Intensity ratio of x-ray transmitted through Be

foil vs. electron temperature.

Typical x-ray signal.

(a) Electron temperature of (CH2)n plasma with
incident laser power. (b) Electron temperature of Be
plasma with incident laser power. (c) Electron
temperature of C plasma with incident laser power.
Intensity of x-ray transmitted through Be foil with
incident laser power. Solid line: experimental value.
Dashed line: theoretical value.

Number of particles with incident laser power.
Experimental arrangement for measurement of incident
and reflected laser beam.

Incident and reflected laser power, reflectivity

vs. time. (a) Be target, (b) C target.

Incident and reflected laser light.
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Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

12

13

14

15

16

17

Temperature“determination from Maxwell velocity
distribution.

Faraday cage with ion selecting grid.
Electrostatic energy analyzer.

Typical signals of collected ions of Faraday cage.
Typical signals of collected ions of electrostatic
energy analyzer (upper trace). Monitor signal
(lower trace).

Ion velocity distribution of Be plasma. Laser

pulse width: 4 ns.

Table Caption

Table TI.

Ion temperature and drift velocity.
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Table I

Ion Laser Ion Temp. Drift Velocity &
Power , Drift Energy.
Species (MW) (eV) (x107cm/sec) (keV)
Be' few 0.90 0.38
Be2t 27 1.25 0.73
- 215 + 25
Be 75 1.64 1.30
Bedt 100 2.15 2.20
Bet few 1.10 0.57
Be?t 32 1.60 1.20
34 550 + 70
Be 120 2.15 2.20
Bedt 120 2.55 3.00
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