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Various characteristics of x-ray emission from laser plasmas produced by a picosecond YAG laser
C, where YAG represents yttrium aluminum garnet) are investigated in the wide wavelength band

0

ranging from 10 to 2000 A from the point of view that emitted radiation from laser plasmas is ap-
plied to many purposes, such as laser fusion, x-ray lasers, x-ray sources, and solid-state physics. In
this wide wavelength band, extremely different dependences of x-ray energies on input laser energies
are made clear. With a decrease of the wavelength, the slope of the dependences increases. Decay
times of emitted x-rays from laser plasmas are approximately proportional to the wavelengths.
Computational studies are also performed in the framework of a transient collisional radiative
model in order to explain the experimental results.

I. INTRODUCTION

For laser fusion research, x rays from laser-produced
plasmas are important diagnostic tools for the estimation
of electron temperatures and densities. ' ' Many investi-
gations have been performed along this line. Laser plas-
mas are also used as x-ray laser media and many works
concerning x-ray laser studies are also reported. ' ' It
has been confirmed experimentally that x rays are ampli-
fied in cylindrical laser plasmas. ' In addition, laser plas-
mas are important x-ray sources for x-ray lithography, ex-
tended x-ray-absorption fine-structure (EXAFS) studies,
and other uses. For these many purposes, it is im-
portant to know the relationship of output x-ray energies
to input laser energies and the temporal behavior of x-ray
energies as a function of the wavelength of emitted x rays.
Several experimental works have reported dependences of
x-ray energies or intensities from laser plasmas on input
laser energies. However in these works limited x-ray
wavelength bands below 12 A have been investigated us-
ing nanosecond ruby lasers and nanosecond CO2 lasers.
Also, many papers have been presented concerning
temporal behavior of x-ray pulses mainly in the 1.5 to 12
A range using nanosecond and picosecond lasers. These
papers conclude that x-ray pulses follow incident laser
pulses. Experimental studies of wavelength bands be-
tween 3000 and 7000 A were reported by Fischer and
Kuhne using nanosecond lasers. However, Fischer and
Kuhne used duration times of photoemissions that were
comparable to the laser pulsewidth and it is doubtful that
their measurements were correctly performed. In these
works, only limited wavelength regions were investigated
using mainly nanosecond lasers.

This paper clarifies the dependences of laser-plasma
emitted energies on incident laser energies and the tem-
poral behavior of emitted pulses as a function of emission
wavelength using picosecond lasers. In this study, a pi-
cosecond laser was used for the following two reasons: (1)
As a study of basic physics, we seek the mechanism of x-
ray generation from picosecond laser plasmas. To clarify

the mechanism, transient ionization processes must be ac-
counted for. For instance, we previously showed that for
a low-z aluminum target it takes about a few hundred pi-
coseconds for ionization states to reach equilibrium states
for plasmas with 300 eV of electron temperature and
about 10 ' cm electron density. In that paper, ener-
gies of continuum x rays below 5.4 A from picosecond
laser plasmas could be successfully explained as a function
of atomic number of target materials by considering tran-
sient ionization processes. In this paper we compare ex-
perimental results of x-ray energy dependences on laser
energies with computational results. (2) X rays from pi-
cosecond laser plasmas have several uses. We expect that
the x-ray pulse width decreases and that conversion effi-
ciencies from laser energies to x-ray energies increase be-
cause emissions occur mainly before thermal energies are
converted to kinetic energies. One of the many uses of x
rays from laser plasmas is to make x-ray lasers. As lasing
medium and photo-pump sources, x rays from picosecond
laser plasmas are important because gain of x-ray lasers
lasts a shorter time with decreasing wavelength. For in-
stance, in one paper, the laser pulse width was 500 ps for
x-ray amplifications at about 200 A. ' To make x-ray
lasers with a wavelength less than 200 A, we must under-
stand dependences of gain and its duration time on wave-
length and plasma conditions. As a first step, we intend
to clarify decay time of emitted pulses and dependence of
emitted energies on input laser energies in the wide wave-
length band. As stated above, in previous works limited
wavelength bands were investigated using mainly
nanosecond lasers. Systematic studies using picosecond
lasers in the wide wavelength band ranging from less than
10 to 2000 A have not been reported. In addition, correct
measurements of decay times are only possible using pi-
cosecond lasers, because decay times are less than one
nanosecond in the band below about 100 A as can be seen
in our data shown below.

A YAG laser (where YAG represents yttrium alumi-
num garnet) with 30 ps of pulse width and 100 mJ of en-
ergy was focused on various targets and emitted x rays
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from laser plasmas were measured in the following three
selected wavelength ranges: (i) 1200—2000 A, (ii) 90—110
A, and (iii) ( 10 A. By this selection, important informa-
tion is thought to be lost in the other wavelength bands.
But this lack is completely compensated by the benefit of
obtaining a wide range scope. For instance, decay time,
and slope of emitted energy dependences on input laser
energies, show monotonous variations with wavelength
decrease of emitted pulses in three wavelength bands. We
suspect that decay time characteristics and slope in the
other wavelength bands follow the same monotonous vari-
ations. In the band between 15 and 300 A, measurements
can be easily done using the technique in this paper if
desired. Detailed works in this range will be performed.
In addition, in this band we obtained time-integrated spe--
tra and showed a good agreement with computational re-
sults using a transient collisional radiative (CR) model.
This model will include different lifetime and rate coeffi-
cients concerning emissions in various wavelength bands.
It is helpful to predict characteristics in the 15—300-A
band. In the 300—1200-A band, energy measurement will
be done in the near future. It is important to note that, by
this selection, we want to get a rough insight on scaling
laws concerning temporal decay and dependence of emit-
ted energies on input laser energies as a function of wave-
length. From measurements of emitted energies, we ob-
tained the experimental fact that emitted energies show
extremely different dependence on input laser energies in
the above three wavelength bands, and the slope of depen-
dences is inversely proportional to wavelength. From
time-resolved measurements, it is clear that temporal
behavior of emitted pulses can be fitted well with a single
exponential decay curve and decay times are proportional
to wavelength.

To explain temporal behavior of emitted pulses in
wavelength band (iii), a set of rate equations was solved
using a transient collisional radiative (CR) model. In laser
plasmas produced by a picosecond laser, ionization stages
change within the pulse width and differ significantly
from those under the steady-state condition. Because x
rays are generated from ions in transient ionization stages,
it is important to note that a computational analysis must
be done using a transient CR model. Experimental results
concerning dependences of emitted energies on incident
laser energies are compared with computational results for
the transient CR model in wavelength region (iii). We
describe experiments and results in Sec. II, computations
and results in Sec. III, and discussions in Sec. IV, respec-
tively.

II. EXPERIMENTS AND RESULTS

A single pulse was emitted from a YAG mode-locked
oscillator and amplified by four amplifier stages. This
pulse with 30 ps of pulse width and 100 mJ of laser ener-

gy was focused on target using a 150-mm focal length
lens. Target material was mainly aluminum. The wave-
length range was divided into the following three bands:
(i) 1200—2000 A, (ii) 90—110 A, and (iii) (10 A. Ade-
quate spectrometers are available for these bands. In the
band (i) a vacuum ultraviolet spectrometer (MINUTE-
MAN, Model 302-VM) equipped with a MgF2-coated

grating (600 gratings/mm) was used. In band (ii) a
grazing-incidence spectrometer was used. This spectrom-
eter was developed for precise measurement and a flat-
field spectrogram can be easily obtained in the band from
15 to 300 A. A wide spectral band ranging from 15 to
300 A can be covered using 30&(50 mm gratings with
1200 grooves/mm at 87' incidence angle (30—300 a) and
2400 grooves/mm at 89' incidence angle (15—150 A).
This spectrometer has the advantage of a flat-focal posi-
tion, and coupling to two-dimensional detectors such as a
micro-channel plate (MCP), a linear diode array, and a
streak camera is easily performed. Performance of this
spectrometer and applications to plasma spectroscopy are
described in Ref. 40. A grating with 1200 grooves/mm is
suitable for present experiments performed in the band be-
tween 90 and 110 A. In band (iii) x-ray spectra were ob-
tained by a spectrometer equipped with a KAP (potassi-
um acid phthalate) crystal.

Next, various detectors are described for measurement
of emitted energies. A photomultiplier with a MgFz win-
dow (a rise time of 3 ns, HAMAMATSU PHOTONICS)
is used for band (i). A photomultiplier with a plastic scin-
tillator used as a frequency converter from x rays to visi-
ble light acts as a simple detector for bands (ii) and (iii).
Total sensitivities of the measuring system including spec-
trometers, windows, scintillators, and photomultipliers are
varied as a function of wavelength. But, in this study of
three wavelength bands, narrow band spectra were select-
ed. In band (i) the range +5 A was selected for the
vacuum-ultraviolet spectrometer and the center of spectra
was varied from 1200 to 2000 A. In band (ii) the range
+10 A centered at 100 A was selected for the flat-field
spectrometer. In the band (iii) the range +0.5 A centered
at 7.8 A was selected for the crystal spectrometer. A flat
response was assumed in the narrow bands and deconvo-
lution was not necessary to get emitted energies from
detector signals. Therefore, measured signals reflect
genuine information on emitted energies. Energy spectra
are not discussed in this paper. Energy sensitivity of these
detectors was checked by varying both the distance be-
tween laser plasmas and measurement points and the size
of an aperture set on the detectors. For time-resolved
spectroscopy, the above photomultiplier with a MgFz win-
dow has high enough resolution to measure a long decay
of emissions with about several tens of ns in band (i). In
band (ii) a windowless streak camera with a photocathode
of parylene coated with CsI is available. In band (iii), as
is widely done, a streak camera uses a Be window coated
with Au on the rear surface which acts as a photocathode.
Detections of total amount of ions are also carried out by
an ion collector. Next, experimental results are presented.
First, we describe the dependence of x-ray energies on in-
cident laser energies.

A. Dependence of x-ray energies on incident laser energies

1. 1200—2000 A

In band (i) emitted energies from various targets show
similar dependence on input laser energies. As typical ex-
amples, results for C, Al, and Sm at 1200 A are shown in
Fig. 1. In the whole band from 1200 to 2000 A, similar
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FIG. 1. Dependence of measured signals at 1200 A on input
laser energies. The results for C, Al, and Sm targets are shown.
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FIG. 2. Dependence of measured signals at 100+10 A on in-

put laser energies. The results for Al and Pb targets are shown.

dependences to curves in Fig. 1 are obtained. Curves are
plotted in this figure in relative units for ease of viewing,
and relations in strength among the three targets have no
meaning. Because spectra from Sm targets consist of
many x-ray lines and can be regarded as quasicontinuum
spectra, data for this target appear to be important from
the standpoint of many applications as x-ray sources. As
shown in Fig. 1, results for the three targets show similar
dependences, which can be summarized simply as

E02 04
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2. 90—110 3
0

The spectrum range near 100 A attracted keen interest
from the viewpoint of x-ray lasers. For instance, x-ray
amplification was reported at about 200 A, and it is pro-
posed that x-ray lines near 100 A using 2s -2s4p, 4p-3d,
and 4f-3d transitions can be used as the pumping source
and possible x-ray laser sources. ' The spectral range be-
tween 90 and 110 A can be selected from the flat-field
spectral band between 30 and 300 A using a 1200
grooves/mm grating by inserting a slit in front of a detec-
tor. In the other bands between 15 and 300 A, measure-
ments can be easily done in the same way using the two
gratings (1200 and 2400 grooves/mm) described in this
paper if desired. Typical results for Al and Pb targets ob-
tained in band (ii) are shown in Fig. 2. The two graphs
are drawn in relative units to be easily seen. Data fluctua-
tions of the results for Al targets appear to be larger than
those for Pb targets. The origin of fluctuations will be
discussed in Sec. III. From results for various targets
such as Fe, Ni, and Pb, including the above data for Al
and Pb targets, dependences of emitted energies can be
summarized simply as E~Eln . It appears of in-
terest to investigate x-ray energies as a function of atomic
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FIG. 3. Dependence of x-ray measured signals at about 7.8 A

on input laser energies. 1, signals of line x rays; 2, signals of
0

continuum x rays less than 8.2 A through Be filter with thick-
0

ness of 30 pm; 3, signals of continuum x rays less than 3.1 A
through Be filter with thickness of 500 pm; 4, ion collector sig-
nals.
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TABLE I. Dependences of x-ray energies in various x-ray regions on input energies or electron tem-
peratures.

Experiments
E& (mJ) En &E1 E~ &En

Normalized computational
Computations results

T, &500 eV 500 eV& T, T, &500 eV 500 eV& T,

1200 A
100+10 A

8 A
8.2 A
3.1 A

30
60
40
30

EO. 85
in

E6.2
in

E3.7
in

E4.4
in

E0.2 —0.4
in

EO. 66
in

E2.9
in

E 1.4
in
1.8E;„

T9 (E60)
T4 (

E2.7
)

T46 (E3') E,'„7
Z' 6 (E") E'4

E3.8
in
1.8E;„

'Line x rays set behind a crystal spectrometer (from curve 1 in Fig. 3).
Continuum x rays through Be filter with thickness of 30 pm (from curve 2 in Fig. 3).

'Continuum x rays through Be filter with thickness of 500 pm (from curve 3 in Fig. 3).

number in view of applications of laser plasmas as an x-
ray source. These data will be published in another arti-
cle.4'

3. &10 A

Figure 3 shows emitted energies from aluminum plas-
mas in band (iii). Curve 1 presents data obtained using a
plastic scintillator coupled to a photomultiplier as the
detector in a crystal spectrometer. These data are in-
tegrated values over the band 7.8+0.5 A as a function of
wavelength. In this band x-ray spectra are measured by a
crystal spectrometer equipped with a KAP crystal. A
typical spectrum is shown in Fig. 4. From this figure,
line x-ray energy due to the transition 1s2p ' P—1s S in
Al heliumlike ions can be seen to be strongest compared
to other energies of line and continuum x rays. Using the
same type of detector, x-ray energies through Be filters
with thicknesses of 30 and 500 pm were also measured.
These data are presented as curves 2 and 3. These curves
are drawn in relative units and relations in strength
among these curves have no meaning. Among these

curves, the slope of curve 1 is sharpest. From these
curves, dependences of x-ray energies can be obtained.
For instance, dependences of x-ray energies E of curve 1

can be written as E cc E „ in the high-energy side larger
than 55 mJ and F. ~E;„' in the low-energy side less than
that energy. These results are summarized in Table I. In
the experimental series, fast ions could not be observed.
This can be explained by reasons such as low energies of
input lasers and incident beam polarization (s polariza-
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FIG. 4. X-ray spectra measured by a crystal spectrometer

(from Ref. 39).

W (A)
FIG. 5. Measured decay times as functions of wavelengths

are shown as open circles. The other symbols denote theoretical
values for radiative lifetimes for the transition of atomic levels.
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tion). In Fig. 3 time-integrated ion collector signals are
represented by curve 4 in order to estimate x-ray energies
from computational results. Because pulse widths of ion
collector signals do not vary with increasing input laser
energies, time-integrated signals nearly represent peak
values of ion collector signals.

B. Temporal behavior of emitted pulses
in the wavelength band from 10 to 2000 A

In this series of experiments, aluminum targets were
mainly used. Results for various targets in band (ii) are
presented in another paper. Temporal behavior of x-ray
energies in band (i) was measured and it showed slow de-
cay of several tens of nanoseconds. Therefore, in this
band, correct measurements can be easily done using a
photomultiplier with a MgF2 window and a 3-ns rise time.
Rise times of signals are determined by the time response
of the photomultiplier, whereas decay times vary from 20
to 50 ns irregularly as functions of wavelengths ranging
from 1200 to 2000 A. Details will be published elsewhere.
In bands (ii) and (iii) two types of streak cameras are
available to correctly measure decay curves of less than 1

ns.
In band (ii) rise time of x-ray signals between 90 and

110 A follows the laser pulse waveform, whereas signals
show slightly long decay time of about 800 ps compared
to a laser pulsewidth of about 30 ps. This decay time is
obtained by fitting the energy decay curve with a single
exponential decay. In band (iii) rise time is also deter-
mined by the laser and decay time of about 70 ps is slight-
ly longer than laser pulse width. This decay time is of the
same order as laser pulse width and deconvolution is
necessary. Experimental results concerning decay times
described above are plotted in Fig. 5 as open circles and
appear to be fitted well by a solid line. The other symbols
(, 'E, and )& ) denote theoretically obtained optical tran-
sition times. Difference between measured decay times
and optical transition times increases with decrease of x-
ray wavelength. It appears of interest to note that decay
times of x-ray pulses are approximately proportional to
wavelength of x rays.

III. COMPUTATIONS AND RESULTS

In computations, x-ray lines in band (iii) are treated, be-
cause in this region energies of x-ray lines depend most

sharply on input laser energies. In addition, in experimen-
tally obtained spectra x-ray lines are clearly assigned and
comparison between experimental and computational re-
sults can be performed correctly. Many computer simula-
tions concerning x-ray emission from laser plasmas were
reported. For instance, in Refs. 50 and 52, radiation
transport in laser-heated foil targets was treated and x-ray
spectra at the front side and the rear side of the foil were
obtained. Owing to these works, x-ray emission from
laser plasmas were completely modelized. However, in
these works, nanosecond lasers were mainly considered for
applications to laser fusion. In our previous paper, we
estimated the time for ionization states to come into
equilibrium for plasmas with constant electron tempera-
tures. For instance, for aluminum at 300 eV of electron
temperature and about 10 ' cm of electron density, the
time is about a few hundred picoseconds. Therefore, in
picosecond-laser plasmas we must take into account the
effect of ionization processes in calculations of x-ray ener-
gies. In that paper we reported that experimental results
of continuum x rays as a function of atomic number could
be explained well by computational results based on this
model. In our other articles, ' ' it is made clear that
careful attention must be paid when intensity ratios of x-
ray lines are used as the diagnostic method for estimates
of electron temperatures and densities. The framework of
the model in this paper is the same as the previously re-
ported one. That is, in our model, we adopted transient
plasmas in an ionizing phase produced and sustained by a
picosecond laser. In our computations, the following as-
sumptions were made for simplicity: (1) Electron tem-
peratures, T„keep constant values supplied from laser
light during ionization processes. A laser pulse width of
30 ps is vastly longer than the electron-electron collision
time of about 3X10 ' sec (n, —10 ' cm, Z —10,
T, —500 eV). Therefore, electron temperatures are deter-
mined by the balance between absorption and loss. In this
assumption, input laser energy is considered to vary so as
to make up for the loss. Although this assumption is
thought to be far from the situation in the experiment, we
accept this assumption for convenience to compare tran-
sient solutions with steady-state ones. (2) Total ion densi-
ties, including neutral particles, are kept at constant
values because plasma does not expand during the laser
pulse-width interval. Ion population densities in a ground
state n o and an excited state n ] distributed in each
charge state (0&a &Z) can be calculated by solving the
following equations:

dn oldt = —n on, [C; ( )0 +R„~(0) +n, D; ~(0)]

+n +~ on, [R„(0)+n,D; (0)]+n ~ on, C; ~(0) .

dn ~/dt=n~, g —In, [D, (m, l)+C, (1,m)]+Rz (I,m)I n, C; (1) —A; (1)—
+ g In, [D, (I,m)+C, (m, l)]+Rz (m, i)In

+n, [n,D; (I)+E, (l)+R„(l)]n +& 0

=0,



354724

— (a)
N
'c

10

L0
102—

C

10

-1
102

1015
— (b)

N

10

0
10"-

L
4

C
QJ

~ 10"'-

I

D HIRO TO KURODANAKANO ANNOBOR&

103 10~

T, (ev)

s3 (1 m)rate,radiative dec 7
(deexcjt

(I m) &s .
l excitation

53
( f)

where d, ~
a collisiona

'
rate,nizatjon

[D, (m, l)]
&8 (l) js an auto

djatjve reco~-an electro
45 47 d C,. (l) ~, ~

43 respecttvelY.

is
te, '4» an

'

tion) rate,
II.

bination ra
recombina i

'
d in Table

three-bo y
s are liste

'onization
ca].culatlons

h other x-ray
Levels include

'll be performe
for excited

re, analysis w . uasjequjljbrju»
De-

tails we
k the value of f~

. Z The value o
djtjons, we

O (2 &J '
2~ —3 at 30

( = no~
~

h ondition t a ' 't' s and sing Y

ys determined y, ote neutr

~

b t e con
l densitiesenops, where no

respectively
X-ray e

ensjt&es,
e resente

of

c
m utationa r

r tempora in

arged ion
l results are p

l
'

tegration o
Next, co p

obtained after
R model dur»gtive-dependen

' h. For compa
'

6(b) ln these
ce

the laser p
d l are shown

to resonanc
CR. mo e

jes
steady-state

2 present energ
2 -1s, respec-

urves 1 an
and A] XIII p-

an

fjgures,
Qf Al XII

x ra s due o
l s2p-1s an

t free-free an
5,

transitions o
jes 0 con

ed by curv
tjnuum x ray

es 4 and
tively- Fnerg .

are indicate
of continuum

f,ransjtjons a
tal amount o

free-boun
3 shows to

~~ergies
Curve

m x-ray en
6

respective y.
hese contynuu

Curve
er ies. T ese

waveleng
at

x-ray ene g
rated along

x-ray energy
iso integra

f cont»™
e ener-

values
l amount o

'th x-ray
presents tthe tota a

for compaarjson w'about 8 A calculate

arison ofa
'

re-awn after compa
'

facts are drawn a
h in Fig. 6(b).

l
su s

e

electron em
curve 2 are n

db
from the

pthan those
f a transie

l-statel

l
tations are pm increase when

CR lia transienformed in a
CR model.

1011
IV. DISCUSSION

t laser energiesies on inpus of x-ray energieA. Dependences o x-r

103 104
T. (ev)

calculated in thee ergies c
nd a steady-stateof a transient

ce line 1s2p-1s
minum

1 resonan
l' 2

enote continuu
df b d(

y
ycontinuum x

' 6 continuum x raa s (ff) ; , ctinuum x ray

ental results1. Experi men

of emitted ener-x all obta ned dep endences o e
r ies in three wavegies on inpu

s 0
s increases mdepen den ces

wavelengt h.

0
on at about 8 A'onal results a

its
Computation

ental resu'son with expenmeand companson ws

t tional resuultscompu a2(a) i ed'fference o
transien t ones arel

'
de ad -state so u

'

transient so uIt is also s odescribed.



35 ENERGIES AND TIME-RESOLVED SPECTROSCOPY OF. . . 4725

TABLE II. Levels included in our calculations.

Aluminum ions Levels

Hydrogenlike ion
Heliumlike ion

Lithiumlike ion

1s,2p, 3p,4p, 5p
1s 'S;1s2p 'P, P;1s3p 'P, P;1s4p 'P, P;1s5p 'P,
P;1s2s'S, S;2s2p'P, P;2p P, 'D, 'S
1s 2s S;]s 2p P;1s(2s2p P) P, ls(2s2p 'P) P;
1 s2p2 2P 2D

consistent with experimentally obtained x-ray spectra. In
Sec. IV A 2 (b) temperature-dependent computed results
are converted to energy-dependent ones to compare com-
putational results with experimental ones.

(a) As was described in Sec. II concerning computa-
tional results for x-ray line energies near 8 A, different
points between steady-state solutions and transient ones
can be summarized as follows: (i) energy of a resonance
line from heliumlike ions takes larger values than that
from hydrogenlike ions for any electron temperatures in a
transient CR model; (ii) electron temperatures, at which
x-ray line energies take a maximum value, increase when
computations are performed in a transient CR model in-
stead of a conventional steady-state CR model. These re-
sults are brought about by an ionization state which
differs vastly from that in the steady state and by the
number of hydrogenlike ions which are much fewer than
heliumlike ions within the 30 ps of the laser pulse width.

Next, the following experimental result is explained by
the computation. That is, compared to energies of a reso-
nance line from heliumlike ions (IH, ), those from hydro-
genlike ions (IH) are too weak to be observed. Account-
ing for the dynamic range of sensitivities of x-ray films,
intensity ratio R =IH/IH, is estimated as less than 10
In the series of experiments, maximum electron tempera-
tures were measured at about 700 eV. Based on computa-
tional results for 700 eV of electron temperature, intensity
ratio R is obtained as 0 (1) for the steady-state solutions
and less than 0 (10 ) for the transient solutions. There-
fore, experimentally obtained spectra are consistent with
transient solutions.

(b) Temperature dependences in the computational re-
sults are changed to input laser energy dependences by us-
ing the following relations described below. From plasma
front velocities (U) measured by ion collectors and the re-
lationship U ~ T,', electron temperatures T, are deter-
mined to be proportional to E;„.This result agrees well
with previously reported relations. Using this relation-
ship, x-ray energies can be written as functions of input
laser energies from Figs. 6(a) and 6(b). These results are
shown in the parentheses of computational results in
Table I.

Next, note that in computations total ion numbers (N, )

including neutral number is assumed to be constant. But,
in experiments, numbers X, increase with increase of in-
put laser energies. Therefore, the normalized value, the
product of computationally obtained energies, and N, is
compared to experimental results. For this purpose, we
consider the signal of ion collectors. Signal S can be writ-
ten as S ~ g,. Z;N; = (Z)N„where (Z) and N, denote

an average charge state and a total ion number, respective-
ly. In this equation, dependences of signal of ion collec-
tors on input laser energies are determined by those of
both (Z) and N, . We intend to draw dependences of N,
on energies from ion collector signals using computational
results. Experimentally, electron temperatures T, can be
obtained from continuum x-ray spectra measured using
Be thin-foil filters of various thicknesses (100, 200, 330,
and 430 pm) as shown in our previous paper and those
values are determined as about 500 eV for input energies
E;„of30 mJ. For those values of T„(Z) takes about 10
in the computational results. Because aluminum has
atomic number 13, (Z) depends weakly on E;„ for ener-
gies above 30 mJ. Therefore, dependences of ion collec-
tors signals on E;„shown by curve 4 in Fig. 3 are deter-
mined mainly by those of N, for energies above 30 mJ.
We believe that the bend of the ion signals at 30 mJ is
brought about by the extreme change of (Z) with de-
crease of E;„,and N, depends on E;„similarly at both the
high-energy region above 30 mJ and the low-energy re-
gion. Using N, obtained above, dependences of normal-
ized x-ray energies on input laser energies are shown in
Table I. These computational results should be compared
with the experimental ones and, as shown in the table,
both results agree well. It is important to note that exper-
imental results concerning dependences of x-ray energies
on input energies can be explained by computational ones
for the transient CR model.

3. Comparison of our results
with previously reported ones

Several experimental works have been reported concern-
ing dependences of x-ray energies or intensities from laser
plasmas on input energies. These works investigated
x-ray band (iii) at about 10 A using nanosecond ruby
lasers and nanosecond CO2 lasers. Results of these works
are shown in Table III. These results can be summarized
as Ez pzy ~E;n ' except data No. 2. This dependence
can be compared with our result at 8.2 A of Table I. The
power 2.5+0.5 is between 3.7 at the low-energy side and
1.4 at the high-energy side of Table I. It is interesting to
note that energy dependence of a picosecond laser ap-
proaches that of a nanosecond laser with increasing input
laser energy at about 10 A.

B. Dependences of decay times on wavelength
of emitted x-rays

As was described in Sec. II, decay times show irregular
changes ranging from 20 to 50 ns as a function of wave-
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TABLE III. Dependences of x-ray energies on laser energies ( E;„)previously reported.

1. P. E. Dyer

2. M.C. Richardson
3. H. Pepin

4. D. J. Nagel
5. R. D. Bleach
6. T. W. Johnston

Ref.

23

24
25

26
27
28

Laser

CO2, 60 ns, 1.2)&10" W/cm

CO2, 1.5 ns, 10—50 J
CO2, 1.8 ns, 4 J

ruby, 18 ns, 10 J
ruby, 21 ns, 9 J
CO2, 1.2—1.5 ns, 10 J

Target

A1~C~(CH2 )~ ~

Pb, Ag, Cu
Al
C,Fe,Sn,
Pb, A1

Mg
Al
(CH2),
Al

Wavelength (A)

8.8'

8.8'
8.8'

12
8.2b

8.8'
8.2b

Dependence

E25 28
in

1.3E;„
E2 ~ 3

in

E2.4
ln

E2.5
in
2. 1

E2.5
in

'Through Be windows with 25 pm thickness.
Through Be windows with 30 pm thickness.

0

lengths of emissions between 1200 and 2000 A. Com-
pared to spectra, it is made qualitatively clear that in the
band with long decay times a number of x-ray lines gather
and in the other band with short decay times continuum
x-ray energies are dominant. Irregular changes of decay
times are shown on the upper right side of Fig. 5.

Next, we describe decay times in the bands at about 100
A and at 10 A. From the spectrograph in the band
around 100 A, line x rays are dominant in this wavelength
region and measured decay times are about 800 ps,
which is long compared to laser pulse width. Long decay
time is determined by temporal behavior of x-ray lines.
To measure temporal change of continuum x rays, decay
curves for the Sn target were also measured. In spectra,
energies of continuum x rays for Sn are stronger than
those for Al. The measured decay curve can be fitted well
with two exponentials. Slow decay time was about 110 ps
and fast decay was about laser pulse width. Because fast
decay vanishes in the other x-ray band, where x-ray line
energies are dominant, it can be concluded that observed
fast decay is brought about by continuum x rays. In the
band at about 10 A, a Be filter 30 pm thick is used as a
window. Both line x rays and continuum ones can go

through this window. However, in x-ray spectra obtained
by a crystal spectrometer equipped with the same window,
line x rays appear to be dominant in comparison with con-
tinuum x rays also in this spectral band as shown in Fig.
4. In the band below 10 A, decay time of continuum x
rays seems to be about laser pulse width as in the band
from 90 to 110 A, because continuum x rays with short
wavelength emit from hotter plasma regions than those
with short wavelength do. This idea is supported by ex-
periments by Key et al. ,

' who showed that continuum x
rays at about 6 A had the same duration time as laser
pulse width (100 ps). Therefore, although energies of con-
tinuum and line x rays were not measured, in this band,
decay time of about 70 ps seems to be determined also by
temporal behavior of line x rays.

Measured decay times ranging from 10 to 2000 A are
plotted on Fig. 5 as open circles. From these plots, it is
shown that decay times are simply proportional to wave-
lengths. This dependence differs extremely from depen-
dence of a radiative lifetime ~z, for transition of atomic
levels as a function of wavelength X which can be simply
written as ~z ~A. . Difference increases with decrease of
wavelength. This difference exists because x-ray emis-

TABLE IV. Decay times or pulse width of x rays previously reported.

1. G. I. Brukhnevitch
2. H. G. Ahlstrom
3. J. D. Kilkenny

4. B. Yaakobi
5. M. H. Key

6. G. L. Stradling
7. R. L. Kauffman
8. H. G. Ahlstrom

9. E. M. Campbell

Ref.

29
30
31

32
33

34
35
36

37

Laser

Nd:Glass, 10 ps, 1—2 J
Nd:Glass, 70 ps, 28 J
Nd:Glass, 0.6 ns,
2', 0.35 ns, 5&& 10' W/cm
Nd:Glass, 40—80 ps, 16 GW
Nd:Glass, 100 ps, 15—45 J

Nd:Glass, 700 ps, 3)&10' W/cm
Nd:Glass, 900 ps, —10' W/cm
Nd:Glass, 135 ps, 42.4 J,
52 ps, 15.5 J
Nd:Glass, 1 ns, —1 & 10' W/cm

Target

T1
Glass shell
Pt on plastic

Glass shell
Al on glass or
glass shell
Au disk
Si,A1 disk
Glass shell

Au

Wavelength (A)

57'
3.1—4. 8

-6.2
1.5—2. 5
3.1—12
7.8

10'
18,62

-7.8
4.8

0.18—0.41

Decay time
or pulse width

-60 ps
—120 ps

3 ns
—2 ns

—150 ps
-300 ps
-200 ps

—1 ns
-900 ps
—120 ps

70 ps
(1 ns

'Through Be window with 100 pm thickness.
AlxII 1s -1s27 'P, P.

'Nex Lf3.
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sions occur during plasma expansions through recombina-
tion processes, and decay times are determined by de-
crease of electron temperatures, densities, and total mag-
nitude of recombination processes concerning emitted line
x rays. Other systematic measurements support this ex-
planation. Details will be published elsewhere. Taking
into account time scales of measured decay times, these
measurements are made possible only by using picosecond
lasers. Although it was pointed out experimentally and
theoretically that photoemissions from laser plasmas
occur during plasma expansions through recombination
processes, "' ' ' dependence of decay times on wave-
lengths has been measured for the first time.

Next, our results are compared with previously reported
ones. Many works are presented concerning temporal
behavior of x-ray energies in band from 1.5 to 12 A.
Results of these works are listed in Table IV. Key et al.
observed long decay of line x rays compared with laser
pulse. Laser pulse width of 30 ps used in our work is be-
tween 10 and 70 ps listed at no. 1 and no. 2 of Table IV
and our measured decay time for aluminum targets, 70 ps,
is also similar to results of no. 1 and no. 2, in which dif-
ferent targets were used. Although it is concluded in
most other papers listed in this table that x-ray pulses fol-
lowed laser pulse waveform, this observation comes from
long laser pulse width relative to x-ray pulses. In the
band from 3000 to 7000 A, experiments using a
nanosecond laser are presented. In that paper, decay
times of photoemission pulses with several tens of
nanoseconds similar to our data are measured and in-
crease proportionally with increasing laser pulse width.
These decay times are comparable with laser pulse width
and it is doubtful that decay times were measured correct-
ly.

V. CONCLUSION

Various characteristics of x-ray emissions from laser
plasmas were investigated in wide wavelength bands from

0

10 to 2000 A. This wide wavelength band was divided
into the following three regions: (i) 1200—2000 A,
(ii) 90—110 A, and (iii) ( 10 A. Laser plasmas were pro-
duced by focusing a YAG laser with 30-ps pulse width
and 100 mJ on various targets. Dependences of emitted
energies from laser plasmas on input laser energies and
dependences of decay times on wavelengths of emitted en-
ergies were measured for the first time. In the band (i),
(ii), and (iii), a vacuum-ultraviolet spectrometer
(MINUTEMAN, Model 302-VM), a newly developed
grazing incidence spectrometer, and a spectrometer
equipped with a KAP crystal were used, respectively.
Computational studies were also performed to explain ex-
perirnental results at around 8 A. Results can be summa-
rized as follows.

(1) In bands (i), (ii), and (iii), extremely different depen-
dences of x-ray energies on input laser energies were made
clear. With decrease of wavelength, slope of dependences
increases.

(2) Computational results were compared with experi-
mental ones concerning dependences of x-ray energies on
input laser energies in band (iii). Experimentally obtained
dependences can be explained well by results in a transient
CR model. Results in a conventional steady-state CR
model were far from the experimental ones. Intensity ra-
tio IH/IH, between resonance line intensity of a hydro-
genlike ion (IH) and that of a heliumlike ion (IH, ) can
also be explained by results in a transient CR model.

(3) Decay times of emitted x rays from laser plasmas
are approximately proportional to wavelengths in wide
bands ranging from 10 to 2000 A. This experimental fact
was obtained for the first time using a picosecond YAG
laser.

Results are important from the viewpoint that emitted
radiations from laser plasmas are used for many purposes
such as laser fusion, x-ray lasers, and x-ray sources in
solid-state physics.
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