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Experiments are conducted to study the effects of x-ray
radiation and suprathermal electrons produced by laser-produced
plasma on the energy transport.‘ Plasmas were produced by
irradiating aluminum coated silicon targets (layered targets)

14 W/cm2 power density. The

with 1.06 um Nd:glass laser of 10
nanosecond time resolved x-ray spectra (1.5~ 2.2 keV) were
measured with the scintillator-photomultiplier array. The layer
from which He-like ions are originated is limited to have a
depth of 0.1 um into the target, and the Si Ka line emitting
region has a depth of about 1 uym. The duration of K, line
signal is longer than that of Al XI 1line (152p1P - 152 lS)

signal. The Ko emission can be explained by x-ray absorption in

the target material.
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§1. Introduction

Energy transport phenomena in laser-produced plasmas are
one of the importént problems in the pellet fusion research.
Smooth heating of the target in the lateral direction by thermair
conduction is required to obfain a stable and uniform compres-
~siqn. Preheating of the interior of laser-irradiated targets
by either suprathermal electrons or x-rays would make difficult
to compress a fuel core. Electrons or x-rays of sufficient
energy travelling into cold un-ionized material can eject K-

electrons.l)

A K-shell vacancy decays by emitting either a Ka
photon with a probability called fluorescence yield or an Auger
electron which cannot escape from the target. The fraction into
the Auger cascades is mostly converted into heat. Therefore,
the Ka radiation could be used as a measure of absorbed energy
in the interior of the target. A few experiments have been

done from this aspect.z)’s) Especially in a layered target
experiments) the role of x-ray radiations has been ignored.

The Ka line emission from laser-produced plasmas has usually
been thoﬁght to be closelyiconnected with suprathermal electrons.
However, a large amount of x-ray flux from a laser-produced
plasma is expedte£;4) so that the absorption in a solid density
region should be téken into account.s) It is necessary for the
interpretation of energy tfansport process in a laser plasma to
clarify the origigiia x-ray generation. When materials with
various atomic number (Z) are used as targets from the require-

ment of pellet design, highly stripped ions are generated and

emit the characteristic x-ray line radiation. This attracts a



6)

wide interest in atomic physics and astrophysics.7)

The purpose of this eXperiment is to determine the origin
of Ku radiations and to survey the structure of a plasma in
over dense region of a target where the laser light cannot reach.
To find the plasma spatial distribution in the direction normal
to the target surface by means of x-ray spectroscopy, we use
siiicon plates coated with aluminum of various thickness as
targets. Spectra from each layer provide a spatial resdlution,
which give data on the depth of Ka—emitting region. The multi-
channel photoelectric detection of x-ray lines is perfdrmed for
time resolved measurement, which enables us to separate the
contributions of plasma i—rays to the Ku emission from that of

fast electrons. This provides also wide dynamic range and

sufficient sensitivity compared with x-ray film recording.

§2. Eiperimental Arrangement

The laser system used in this experiment is composed of a
YAG mode-locked oscillator and six stage Nd:glass amplifiers.
It delivers a pulse of 3+#1 J in 150 ps at 1.06 um. The main
pulse has a small prepulse less than 30 mJ in energy, 2 or 3
ns ahead. The~oﬁfpﬁt beam was focused via a 10 cm focal length,
£/1.33 asphericgiehs\ onto a plane target. Targets used were
finely polished single-crystal silicon plates whose'surface
roughness was less than 0.01 um (100 R), which was measured by
a micro—interferometer, and also those coated with aluminum.
The aluminum layer thickness was varied over the range 0.002 to

10 ym. Aluminum thickness 1less than O.Ipm was monitored by a



vacuum deposition controller. Thickness of aluminum layer
thicker than 0,1uym was measured by the micro-interferometer after
deposition. In the present eXperiment, the laser power density

at the target surface was kept at around 3 x 104 2

W/cm”™ with a
focal spot diameter of 80 pm.

The x-rays from the laser-produced plasma through a 25 ym
thick Be window were analyzed by a Hamos typeg) PET crystal
(2d = 8.742 R, d is the atomic layer spacing) which was a cylin-
drically curved crystal (R = 101.6 mm, R is the radius of
curyature). The schematic arrangement of this experiment is
illustrated in Fig.l. The plasma which was regarded as a point
X-ray source was produced at the center of crystal curvature so
that the x-ray was incident at a Bragg angle in the range 38°
to 66.5° on the crystal. The exit apértures for measurement were
set along the cylindrical axis of the curved PET crystal. 1In
this way th¢ reflected x-ray converges orthogonal to the dis-
persion and the enhancement in x-ray spectrum intensity is
performed. The wavelength range 5.5 to 8 R was covered by this
spectrometer; The spectral resolution is-0.005 R 1imited by an
x-ray source dimension and by the roughness of crystal surface.
The dispersion is_U.OlS R/mm. X-ray films were used to identify
the x-ray spectréﬂ(ﬁig.Z). The time-resolved intensity measure-
ment of the x-ray lines was made with the scintillator-photo-
multiplier array (Fig.l). Each plastic scintillator (NE 110)
was formed in a small chip and was coupled with a photomultiplier

(HTV R-654) through an optical fibre. The channel width is about

0.02 A determined by the exit slit width. This width sufficiently



covers individaul x-ray lines, so that each channel corresponds
to each x-ray line. The temporal resolution of this system is
about 3 ns. This detection system has a dynamic range of 103
and is more sensitive . than k—ray films or p-i-n diodes.

The four silicon p-i-n diodes behind Be foils of different
thicknesses were set to view a plasma so that the target normal
1iné—of—sight angle was about 8°. They always monitor the
integrated x-ray intensify and the electron temperature.‘ The
foil thicknesses used were 200 nm, 400 ym, 800 ym and 3200 um.
The cut off energy of each foil defined as photon energy which
gives zero transmittance in an extrapqrated filter transmission
curve versus photon energy is 1.8 keV, 2.4 keV, 3.5 keV or 4.9

keV, respectively.

§3. Experimental Results

Thé laser energy is deposited into a plasma at the critical
density region (where ng ~ 1021 cm_s). Plasma heating occurs
through the interaction of laser and plasmas,g) and suprathermal

electrons simultaneously pfoduced.lo)

The electron temperature,
which was monitored during each shot, is determined by the
absorption'technidﬁe using four channel p-i-n diodes. The
measured intensiéy‘ratios were fitted to the x-ray intensity
ratio for the two temperature plasma.“It has been found that
the lower temperature component is 300 + 30 eV, the higher one .is
4~6 keV and the fraction.pf the higher temperature
component is ( 83 ) x 1077,

It can be thought from the recent spectroscopic



measurementsll) that highly stripped ions are produced during
the period of the laser energy deposition, then expand to the
lower density region and decay into the lower stage of ioniza-
tion through the recombination. The plasma dimension was
measured from an x-ray microécope image transmitted through a
25 ﬁm thick Be foil, using a toroidal mirror x-ray microscope.lz)
The imaged x-ray is in the wavelength range 7 to 10 K where the\
helium-like resonance line is dominant. The region where
helium-1like ions emit X—rays is a disk like shape in front of the
target surface, which is 50 pym thick and 250 um in diameter.
Typical densitometer trace of spectrophotograph for the aluminum
coated silicon target is shown in Fig.Z. One can see resonance
lines, intercombination lines and satellite lines of Al and Si
ions, and also Si Ku line. The observed Si K, line (7.12x0.012
R) is identified as the Ka line from the K-shell ionized
silicon'whose stage of ionization is from I to VI, at most.ls)
Each line starts to .rise almost simultaneously for every thick-
ness of aluminum used. It takes about 3 nsec to reach the
maxima of Al XII resonance line signals and the maximum of Si
Ku line signal appears about 2 nsec later. Typical pulse wave-
forms of Al XII-(lsZplP - 152 18) transition line and Si K, line
for 0.1 uym aluminum coated target are shown in Fig.3a. The Al
XII resonance line might rise faster than 3 ns, but its signal
waveform is restriced by the time response of the detection
system. The important point toﬁbe stressed 1s not the absolute

value of the signal rise time, but the difference in the peak

time position between the Al XII line and Si Ku line which is



always found to exist even when each photomultiplier is exhanged.
This temporal relation does not vary with the aluminum thickness
used in this particular ekperiment. This is indicated in Fig.3b.
The Si K, and Al XII first resonance (ZlP) line intensities
normalized to the input laser energy are plotted in Fig.4 as a
function of the aluminum layer thickness. Al XII (ZlP) line
intensity increases as the aluminum thickness is increased from
0.002 uym to 0.1 ym and tends to saturate at 0.1 um and above.
The Si Ka line intensity remains constant for the aluminum layer
thickness of less than 0.05 um at the intensity level for the
pure silicon target case, which is denoted by an arrow in Fig.4.
Beyond 0.05 um thickness of aluminum, Si Ka line intensity
decreases monotbnically. It is to be noted that the Si Ka
signal may be smeared with the continuum x-ray mixing into the
Si Ka channel. The continuum intensity involved in the K,
channel was estimated at one tenth or less of the maximum K,
intensity from the signlas of Si Ka channel and neighbouring
line-free channel for a silicon target. It is presumed that the
continuum intensity remains almost constant for the layered
target used. Besides, when the aluminum layer thickness
increases, the Si-Ka x-ray which comes out from a silicon
substrate through the aluminum layer suffers from an attenuation
by aluminum. Therefore, the correction has to be made about the
continuum background and the attenuation by aluminum. The dashed
curve in Fig.4 indicates thus corrected Si K, line intensity as
a function of the aluminum thickness. For aluminum thickness

more than 3 ﬂm the Si Ka line attenuation by aluminum is very



large, so that one can regard the Si Ku channel signal neafly
the continuum signal. It is difficult to reduce the corrected
Ka line intensityifrom the data obtained for more than 3 um
aluminum layered targets.

The normalized pulse waveforms of Si XIII (21P), Al XII
(31P) lines and continuﬁm x-ray about 2 keV are shown in Fig.5.
They are the most effective x-rays in the vicinity of spectrum
range of for - K-shell ionization of silicon which is in the
energy range from 1.8 to 2.4 keV. Typical intensities of these
lines and continuum are summarized in Table I, which were meas-

ured for a silicon target.

§4. Discussion
4-1. Interpretation of the results

It has been considered that the so-called '"suprathermal
electrons'" are produced through the laser light absorption in a

10) The equipartition timel4) between suprathermal

plasma.
component (Teh ~ 6 keV) and thermal one (Tyq ~ 300 eV) is
estimated to be és short as 10ps at the crytical density (ne ~
1021 cm—s). Therefore, the life time of suprathermal electrons
is of the order of-the input laser pulse duration, 0.15 ns in
this experiment.’;Bésides, the 1life time of a silicon K-shell

14 5.15) If

vacancy is sufficiently short, which is about 10
the K, transition is excited mairly by the suprathermal elec-
trons, the duration of Si Ka line radiation is considered to be

as 0.15 ns. The signal of Si K; line must appear so that its

peak rise time is limited by the time response of the detecting



device, that is about 3 ns. However, the measured Si K, signal
peak appears more than 3 ns later, which is clearly shown in
Fig.3. Therefore, the assumption that the K, x-ray is induced
mainly by the suprathermal electron is not valid. On the other
hand, the composed pulse waveform of the x-ray lines and
continuum which are able to ionize the silicon K electron
resembles that of Si Ka line, as is seen in Fig.5.

It is found from the Si Ka intensity curve that a layer
where the K-shell ionization takes place has about 1 um depth.
The depth of Ka emitting region is defined as the aluminum
thickness for which the Si Ka line intensity decreases to one
tenth of its maximum intensity. The constant Si K, intensity
for the thinner aluminum layer (< 0.05 um) leads to an inter-
pretation that a very thin layer just behind the target surface
does not radiate the Ku x-ray. This can be seen in another
experimént,vtoo.B) The decrease of Si K, line intensity with
vthe aluminum thickness can be explained by the attenuation of
electrons or x-rays by the aluminum layer prior to their arrival
at a silicon substrate. Hence, the depth of the Si K, emitting
region, which is found to be about 1 um in this experiment (seeb
Fig.4), should be'féiated to the electfon range or the x-ray
absorption length”iﬁ aluminum. The ranges for 300 eV electrons
and 6 keV electrons are 0.006 um and 0.4 pm, respéctively.lG)
These are too short to explain the K, line intensity data. The
thickness of aluminum by which a 2 keV x-ray intensity attenuated
to one tenth of its initial inténsity is about 2 uym. The trans-

mission curve of a 2 keV x-ray in aluminum is qualitatively



similar to the experimental result shown in Fig.4. The results
mentioned above indicate that the x-ray absorption by the target
material is the most plausible candidate as the origin of Ku
x-ray.

The dependence of helium-like resonance line intensity on
the aluminum thickness shown in Fig.4 indicates that highly
ionized ions originate from a region within 0.1 pm inside the
target. This depth is thought to be connected with/£he penetra-
tion depth of laser-produced hot plasma.17) The phenomena
relevant to this depfh are the thermal conduction in high
density plasma and the production of highly stripped ions.
Especially the ionization mechanism in a short period like a
laser pulse width has not been clarified. The depth where highly
stripped ions are generated is nearly the same as the range of
suprathermal electrons in aluminum, so that this depth seems to

have some relation with suprathermal electrons.

4-2. Mechanism of Si Ku line generation

The K-shell ionization mechanism in a solid target may be
considered as the following: electrons and x-rays emitted from
the hot plasma which always contacts with a solid surface of the
target penetraterinfo cold un-ionized material and cause to
ionize the K-electron of silicon atom. For simplicity, the case
of the silicon target will be treated.

At first, the K-shell ionization efficiency, i.e. the number
of K-shell ionization per one eiectron or photon, is to be

estimated when an electron or an x-ray photon enters into the



target material. The analysis is nearly the same as that in an

18)

x-ray tube. The K-shell ionization efficiency for an x-ray

photon, Ny is written as

ny . = (rk - 1)/rk, (1)

where Ty is the K absorption-edge jump ratio. The K-edge jump

19)

ratio for silicon is 11.9, so it follows that n = 0.92,

kx
The K-shell jionization efficiency for an electron whose initial

energy 1is E, (Eo > Ek) is written as

E

o n_o,(E)
nke(Eo) - J 2.k

———— dE, (2)
(-dE/dx)

Ey

where ng is the target atom number density, Ok(E) is the K-shell
ionization cross section by an electron impact, (- dE/dx) is the

electroﬁ energy loss and By is the K-edge energy. Using the

20)

Drawin's semi-empirical formula for Gk(E) and the Thomson-

21) we obtain

Whiddington electron energy loss relation,

24 no ano
—[ (U - -0.22)enU_ -0.78(U_-1)], (3)
o o) 2 o) 0

nke(Uo) = 1 x 10

where p is the déﬁsity of the target material and U, = Eo/Ek'

In the case that electrons have the Maxwellian distribution, omne

can get an averaged K-shell ionization efficiency, Ny kT 2
e

averaging over the Maxwellian distribution. After a simple

numerical integration, the averaged efficiencies for the main

plasma electrons and for the suprathermal ones are evaluated as

- 11 -



7 ~ 2. % 10‘1(kTe

~ 3 x 10 (kT_ = 300 eV) and <n

“Pke” KT ke KT,
= 6 keV), respectively. The efficiency for x-rays is much higher
than those for electrons.

In order to know the total Ka photon number, each efficiencyr
has to be multiplied by the total incident x-ray photon number or
electron number and the K-shell fluorescence yield. The number
of x-ray photons in the energy range 1.8 to 2.4 keV which are
‘effective for the silicon K-shell ionization is estimated to be

12

of the order of 10 from the integrated x-ray intensity meas-

ured with the filtered p-i-n diodes. One obtains the total

plasma electron number to be 1017

at most, assuming that the
volume in the target material (whose diameter and length are 200
um and 1 pm, respectively) is fully ionized to the ionic chafge
of 14; The plasma column diameter is taken from the x-ray micro-
scope photograph, and the length is to be equal to the depth of
‘Ku 1ine'emitting region. This estimation gives an upper limit
of the electron number. The suprathermal electron fraction is
deduced from the p-i-n diode signals to be 10—6 of the bulk
electrons, i.e. the thermal ones. Thus, we can get the ratio
among the Ka line intensities induced by x-rays, by thermal
electrons and by suprathermal electrons to be 100 : 3 : 2 . It
is clear that thewKa photon induced by x-rays is dominant.

In analyzing the Ka intensity for the layered target, one
must take into account the transmission of the source electrons
or x-ray photons. It is to be noted that the property of elec-

tron transmission in a material is different from that of x-ray

transmission. Electrons transmitted through a layer of material

- 12 -



alter in the energy distribution from its initial one, while
transmitted x-ray photons are not changed in energy. The ex-
pression of Kd photon number inducéd by electrons becomes more
complicated.

The most effective X—raf are composed of the continuum in
the energy range around 2 keV and the line radiations, that are
Si XIII (2'P), (2°P) lines, Si XII satellites and AL XII (3'P)
line. The intensities of these lines and continuum are tabu-
lated in Table I. GEspecially, the helium-like resonance line
and the continuum take more than three-quarters of the total
x-ray which is able to produce the K-shell vacancies in silicon.
Although the Si He-like line intensities decrease for the thicker
aluminum coated target, the Al XII resonance lines grow and
compensate the decrease of the Si lines. As a result, it can be
thought that the overall intensity of source x-ray for Si Ku
x-ray production remains nearly constant for every layered
target used in this experiment. The total K, photon number

induced by X—rays is

ng o= ey SN, (4)

where W1 is the fluorescence yield and Nph is the number of
absorbed x-ray photons whose energy is higher than Ep- Then,
the ratio of the measured Ku line intensity to the relevant x-
ray intensity should be limited;to wk(rk - 1)/2rk. It is calcu-
lated to be a value from 0.019 to 0.027, using the most reliable

22)

experimental and theoretical values of Wy - The ratio obtained

- 13 -



the silicon target is about 0.02. It agrees well with the

theoretical 1limit of Ku emission.

§5. Conclusion

X-ray spectroscopy with multichannel scintillator-photo-
multiplier array was performed in a layered target experiment.
The Ku Xx-ray emitting region is determined to be in the range
from 0.05 um to 1 um inside the target surface by x-ray spectrum
intensity measurement. It is found from the time resolved
measurement of x-ray spectra that the K, x-ray from target
material has a little longer duration than the helium-like
resonance lines. From qualitative consideration to the above
experimental results and simple quantitative estimates, it is
concluded that the Ku X—ray observed in this particular 1a$er
plasma experiment is induced mainly by the absorption of x-rays
in a target material. Because the K, photon number is pro-
portional to the absorbed x-ray photon number (Eq.(4)), one can
know directly the amount of transported x-ray energy by measur-

ing the Ka photon number.
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Fig.1l

Fig.2

Fig.3

Fig.4

Fig.5

Figure Captions

Schematics of arrangement of a Hdmos-type x-ray spectro-
meter and multichannel detector array.

Densitometer trace of Al and Si spectra for 0.1 um
aluminum coated silicon target irradiated by a 2.9 J
laser in 150 ps..

(a) Typical signal pulse shapes of Al XII (ZlP) line

and Si Ka line for 0.12 ym aluminum coated target.

Each maximum is normalized to unity.

(b) The start-to-peak time of Al XII (ZlP) and Si Ka
line signals as a function of thickness of aluminum
layer. o: Si Ka e: Al XII 21P

Line intensities of Al XII (ZlP) and Si K, as a function
of the thickness of aluminum layer. An arrow at the
left of the ordinate shows the Si K, line intensity for
a plane silicon target. A dashed curve is the Si K,
line intensity corrected for the continuum background
and attenuation by an‘aluminum layer.

Typical normalizeé pulse forms of the dominant x-rays
above silicon K-edge energy, i.e. Si XIII (21P), Al XII

1

(37P) éqd continuum in the energy range about 2 keV.
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