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The dynamical behavior of x-ray emissions ranging from 90 to 110 A generated from laser plas-
mas is studied and x-ray energies are measured for various target materials with the atomic number
from 13 to 82. With the use of a picosecond YAG laser (YAG represents yttrium aluminum gar-
net), characteristic decay times can be obtained accurately and varied from 100 to 800 ps as func-
tions of target materials. It is also found that the decay times are well correlated with x-ray energies
as functions of the atomic number. From this correlation, the atomic-number dependence of decay
times can be explained by considering that line x rays are emitted mainly through the radiative
recombination processes. X-ray decay times can be measured correctly using a picosecond laser.
The dynamical behavior of x-ray energies is explained by the computational result performed for
aluminum as an example in the framework of a transient collisional radiative model.

I. INTRODUCTION II. EXPERIMENTS AND RESULTS

For laser fusion research, the measurement of x-rays
from laser plasmas is widely used as a diagnostic tool for
evaluation of electron temperatures and densities. '

Many works concerning characteristics of x rays are
presented along this line. Recently x-ray lasers have at-
tracted keen interest and an x-ray amplification experi-
ment was reported using laser plasmas. ' Population den-
sities are changed within a picosecond time scale and
dynamic processes related to plasma parameters affect
conditions of population inversions. X-rays from laser
plasmas are useful also for microfabrication and absorp-
tion spectroscopy. ' ' From these viewpoints, it is impor-
tant to investigate the dynamic behavior of x-ray emis-
sions for many purposes. Wavelength bands near 100 A
have attracted keen interest especially for x-ray laser
study. ' ' But few studies have been reported concerning
the dynamic behavior of x-ray emissions near 100 A from
laser plasmas. Most works using high-power lasers have
been mainly concerned with laser fusion projects and
many experiments have been performed by subnanosecond
or nanosecond lasers' and picosecond lasers in
the x-ray band below 10 A.

This paper presents various results and discussions clar-
ifying the dynamic behavior of x-ray emissions near 100
A from laser-produced plasmas using various targets. We
found that x-ray emission decay times vary from 100 to
800 ps depending on the target materials. X-ray energies
are also measured as functions of the atomic number of
target materials. The dependence of x-ray energies on the
atomic number correlates well with x-ray decay. From
this correlation, the atomic-number dependence of decay
times can be explained by considering that line x rays emit
mainly through radiative recombination processes. X-ray
decay times can be measured correctly using a picosecond
laser. We describe experiments in Sec. II and discussions
in Sec. III.
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FIG. 1. An experimental setup. A streak camera is set at the
focal position of a newly developed Aat-field spectrometer.

Figure 1 shows a schematic diagram of our experi-
ments. A single pulse is emitted from a YAG mode-
locked oscillator (where YAG represents yttrium alumi-
num garnet) and amplified by four stage amplifiers to 100
mJ for 30 ps of pulse width. This pulse is focused by a
lens of 150-mm focal length on a target set in a vacuum
chamber. Spectra ranging from 10 to 300 A were ob-
tained by a newly developed flat-field spectrometer. The
spectrometer has the advantage of offering flat spectra on
the focal plane using a grating with rulings of varied
pitches. Therefore, a coupling with two-dimensional flat
detectors, such as a streak camera, a mierochanne1 plate
(MCP), photographic film, and a diode array can be easily
performed. Vacuum chamber, spectrometer, and streak
camera were evacuated to 2)&10 Torr to avoid damage
from a high-voltage breakdown. For this experiment, a
grating with 1200 grooves/mm average pitch was used
with an incidence angle of 87'. Part of the spectral range
centered at 100 A with a bandwidth of about 10 A [full
width at half maximum (FWHM)] was selected and time-
resolved by a streak camera. We are interested in this
spectral band, because it is important for x-ray laser
study. For instance, x-ray amplification was reported at
about 200 A (Ref. 14) and a proposal for short-wavelength
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FIG. 4. Closed circles show decay times as functions of the
atomic number. Open circles indicate the time when the ion col-
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FIG. 2. A typical spectrograph.

lasing was also reported. ' Time-resolved streaked im-
ages, taken by an intensified silicon-intensifier camera,
were stored in the frame memory. The wavelength aver-
age of these images in the band 100+10 A was performed
by a microcomputer.

Typical spectra are shown in Fig. 2. In this spectral
range, line x-ray energies are stronger than continuum x-
ray energies. The temporal behavior of observed x-ray en-
ergies in the band 100+10 A is mainly due to line x-ray
energies. In this paper average values of x-ray decays are
treated in the wavelength band 100+10 A, but, in this
band, x-ray lines with especially shorter or longer decays
than these average values cannot be observed. Figure 3

shows a typical result of a temporal change of the x-ray
energies from laser plasmas from Zr targets. As shown in
this figure, x-ray energies decay slowly compared to the
30-ps laser pulse width. This curve can be fitted well with
a single exponential decay curve expressed as a dotted line
in that figure and a decay time is easily obtained.

Figure 4 summarizes decay times of line x rays for vari-
ous targets as functions of atomic number. Decay times
decrease with increasing atomic number —for instance,
800 ps for aluminum and 100 ps for copper. As discussed
in Sec. III, decays of electron densities and temperatures
affect x-ray decays. To estimate the effect, it should be
made clear that velocities strongly depend on atomic
numbers. In Fig. 4, the time t when the ion collector
picks up signals is also shown as an open circle. This col-
lector is set at 10 cm (l) from the target. Plasma front ve-
locities which are defined as l/t show little change as a
function of atomic number compared with decay times of
x-ray energies.
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FIG. 3. A typical result of temporal change of x-ray energies
emitted from laser plasmas for Zr target. A time resolution of
about 40 ps is determined by a slitwidth and a scan speed used
in these experiments.
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FIG. 5. X-ray energies as functions of the atomic number.
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0
TABLE I. Transitions in the region at about 100 A.

13

22

26
29

30

40

42
50

Target

A1

Fe
CU

Zn

ZI

Mo
Sn

Charge state

4
5

9,11

17,20
7,8

20
8

19
11
13
13
20
20,21

Transition

2p -3d, 2p-4s
3$-2p
3 s -5p, 3$ -4p, 3p -5d,
3p 4d, 3-p 4s, 3-d 4f, -

3d 5f, 3-d-6f
2s-2p
3d 4f-
4f Sg-
3d 4f-
4d Sp, 4d 5f-, 4f Sg--
4s-5p, 4p-5d
3p-3d
4p 5d, 4d Sf,-4p Ss--
4s-5p (40—80 A)
4s-4p ( -200A)

Ref.

26,27

28—30

31—33
34
35,36
34
35,36,37
38
39
38
27
40

0

Next, x-ray energies in the band 100+10 A are mea-
sured using a combination of plastic scintillator and a
photo multiplier. Figure 5 shows results as functions of
atomic number. As shown, x-ray energies vary extremely
starting at about atomic number 30.

III. DISCUSSION
0

Decay times and energies of x rays at about 100 A from
laser plasmas have been measured as functions of atomic
number using a picosecond laser. Here we discuss the ori-
gins of measured emissions and consider several reasons
for the origin of the atomic-number dependence of x-ray
decay times.

A. Origins of measured emissions
0

Possible emission lines in the 100+10-A band appearing
in Refs. 28—42 are listed in Table I. %'avelengths of Sn
lines are slightly outside the 100+10-A band, but these
lines are listed in the table as a reference. In our limited
knowledge, lines of Pb are not well known. In this spec-
tral band, the longest radiative lifetimes of these lines are
about 20 ps. Measured decay times from about 100 to
800 ps are determined by the quenching of the process
that upper states concerning emissions are excited through
the recombination processes. ' ' To confirm this ex-
planation computations using a transient collisional radia-
tive (CR) model were performed for aluminum plasmas
(see the Appendix). Experimental results can be explained
successfully by computational ones with adjusting laser
energies. The effect of a decrease of temperatures, densi-
ties, and populations on x-ray decays through recombina-
tion processes can also be evaluated. From computational
resu1ts, it is clear that radiative recombination plays a
dominant role after 100 ps. X-ray decay times from 100
to 800 ps can be measured correctly using a picosecond
laser. .

B. Atomic-number dependence of decay times of x rays

We present here the equation for x-ray energies and
show quantitatively how dynamic processes which have

picosecond-order characteristic times influence temporal
change of x-ray energies. When radiative recombination
processes play a dominant role in emissions, the energy of
x rays can be written as follows:

90—100 A a, k

90—110 A tx, k

AEkRd k n, kd V

I AEkn, R„(k)n,f +, gdV,

where AEk, Rd (k), R, (k), n„f k, f +, g, and V
denote a transition energy, a radiative lifetime, a radiative
recombination rate, a density of total numbers, a normal-
ized population density of an upper level, a normalized
population density of a ground state, and a volume,
respectively. The subscripts a, k, and g denote ionization
stage, excited state, and ground state, respectively. Sum-
mation is limited within the wavelength range from 90 to
110 A. Equation (1) can be reduced to a simplified form
using spatially averaged values:

I= g EEkR„(k)N,f +& gn, .
a, k

90—110 A

(2)

Temporal change of the energies for one line I k is es-
timated as follows:

~1/Ia, k mfa+1, g/fa+1, g

+3R„(k)/R„(k)+ An, /n, . (3)

We discuss effects of changes of (i) electron temperatures
and densities and (ii) populations on atomic-number
dependence of x-ray decays.

From the expression for the radiative recombination
rate, the second term in Eq. (2) can be reduced to the
temperature change as follows:

R„,.(k) =5.2 X 10—"(Xz/T, )
'"

&(Z[0.43+0.51 Q'n/Tz, ) 0+. 47(T, Y/)z' ],
b, R, (k)/R„(k)—:, (b T, /T, ) . —
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1. Electron temperatures T, and densities n,

At first, we show that the atomic-number dependence
cannot be explained by changes of T, and n, if x-ray
emissions are considered to occur at the center of the laser
focal spot. In this case, we need only the spatial max-
imum values of n, and T, . For simplification, we consid-
er ion temperatures as nearly equal to electron tempera-
tures. Validity of this one-temperature approximation can
be satisfied for low temperatures in the case of 4.2~ 10"
W/cm from computational results in the Appendix. At
4.2&(10' W/cm, computational results also show ion
temperatures slightly differ from electron temperatures.
Using this approximation, temperature T and a front
velocity dX/dt after the end of the laser pulse can be
written from Eqs. (A2) and (A3) in similar fashion which
appear in Ref. 44 for the one-dimensional spherical ex-
pansion case.

T=T„(X„/X)
(dX/dt): (dx/dt)q+ 2(Z + 1)/MN(kTq [1 (X„/X)]

(4)

where M is the total mass and N, is the total particle
number. The subscript q indicates the values at the end
of laser pulse (ri). From Eq. (5) the final front velocity
(dX/dt) is obtained as follows:

(dX/dt) „=(dX/dt)„+2(Z+ 1)/MN, kT . (6)

For picosecond-laser plasmas, since at the end of the laser
pulse plasmas do not fully expand, then the first term in
Eq. (6) can be safely neglected. Therefore,

(dX/dt) =2(Z+. 1)/MN, kT„[1—(X„/X)]

= (dX/dt)'„[1—(X„/X)~] .

But (dX/dt) is proportional to an experimentally ob-
tained front velocity. As shown in Fig. 4, this velocity
has weak dependence on the atomic number. This sounds
reasonable considering the experimental observation that
electron temperatures obtained from the x-ray absorption
method are about 500 eV and show weak dependence on
atomic number. Then, X,dX/dt and Tz show weak
dependence on atomic number. Therefore, we conclude
that temperature decay dT/dt depends weakly on the
atomic number from Eq. (4).

Electron densities vary as n, =n, XS=const or
n, = —', n, X =const for one- or three-dimensional expan-
sions, respectively, where S is a cross section of the focal
spot. For both cases, the relation

~
dn, /dt

~

—
~

dX/dt
~

is obtained. Therefore, the tendency of temporal change
of electron densities is similar to that of electron tempera-
tures, that is, it shows weak dependence on atomic num-
ber

In the above calculations, x rays at about 100 A are as-
sumed to emit from the center of the focal point. At the
center, for instance, aluminum ions ionize to charge states
from 10 to 12 in our previous computational results.
Experimentally, emission lines from helium and lithium-
like ions were observed. During plasma expansions,
charge states are frozen ' and it is difficult to believe

that these highly ionized ions recombine to become ions
with the charge state of 4. We think x-ray emissions at
about 100 A occur in low-temperature regions. If we as-
sume for all targets that maximum temperatures are con-
stant and x rays are emitted at different temperature re-
gions, dependence of velocities and x-ray decays on atom-
ic number might be explained. If this idea is correct, for a
Zn target (Z=30) emissions occur in the highest tempera-
ture regions, but we cannot explain why emission energies
are high for this target.

n, QR„(k)
k

(7)

Through Eqs. (1) and (7), decay times seem correlated
with x-ray energies. This thought can explain the experi-
mental fact that at the same atomic number decay times
take a minimum value and x-ray energies take a max-
imum value, as shown in Figs. 4 and 5.

IV. CONCLUSION

Dynamic behavior of x-ray emissions near 100 A gen-
erated from laser plasmas was investigated for various tar-
get materials experimentally. Characteristic decay times
ranging from several 100 to 800 ps were determined accu-
rately using a picosecond laser as functions of the atomic
numbers for the first time. Experimentally a YAG laser
with a pulse width of 30 ps and 100 mJ of energy was
focused on targets. Spectra of emitted x rays were ob-
tained by a newly developed flat-field spectrometer and
spectral components ranging from 90 to 110 A were
time-resolved by a streak camera. Results can be summa-
rized as follows.

(1) Decay times were observed to vary considerably for
various targets ranging from several 100 to 800 ps. With
increasing atomic number from a low-Z target, Al, to a
high-Z target, Pb, decay times are decreased.

(2) X-ray energies were also measured and functional
dependence on atomic number was found to be strongly
negatively correlated with decay times, that is, at the same
atomic number x-ray energies take a maximum value and
decay times take a minimum value. One possible explana-
tion is that measured line x rays occur mainly through ra-
diative recombination processes and energies are related to
decay times as shown in Eqs. (1) and (7).

APPENDIX

Computer simulations were performed to analyze ex-
perimental results of temporal behavior of x-ray energies.
Many computational models and results concerning x-ray
emission from laser plasmas were reported ' . In
these works, nanosecond lasers were mainly considered for
the purpose of laser fusion. We treat x-ray emission from
plasmas produced by a picosecond laser.

2. Population densities f +& s

An alternative explanation is considered for atomic-
number dependence of x-ray energies. In Eq. (3), quanti-
tatively, the decay time rd of f + & g brought about by ra-
diative recombination processes can be expressed as
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1. Model

The computational model described here is improved from our previous ones' ' to include plasma heating by absorp-
tion of laser pulse energy. Rate equations for ground states (n o) and excited levels (n ~) are as follows:

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

dn +, Idt =n
~ g —In, (D, (m, l)+C, (l, m)]+Rd (I,m) I

n—,C; (I)—3; (I)
rn

+g In, [C, (m, l)+D, (I,m)]+Rd (m, l)In +n, [n,D; (I)+E, (I)+R„(l)]n+, 0 ——0, (A 1)

where Rd (l, m) is a radiative decay rate, C, (l, m)
[D, (m, l)] is a collisional excitation (deexcitation) rate,
A; (I) is an autoionization rate, E, (I) is an electron cap-
ture rate, R„(l)is a radiative recombination rate, and
C; ( I ) [D; (I)] is a collisional ionization (three-body
recombination) rate, respectively.

We intend to explain x-ray decays of 800 ps which are
longer than the laser pulse width and to estimate temporal
changes of the quantities T„n„andf +, s. For this
purpose, we adopted assumptions for simplification.
First, the radiation field is not coupled to population den-
sities. In decays longer than 100 ps, densities are low
enough for this assumption to be satisfied. Second, as ex-
cited states, only two levels associated with the following
transitions are added to those included in our previous
model. ""

( —, )d (N; T; )Idt+(N; T; /X)dX/dt

=(3m, /m;)(N, /r)(T, —T, ),
P, =P;„1—exp( —f k„dx) (A3)

where po is mass density at Z =0, Co is a numerical con-
stant, N is the total number of particles, ~ is spatially-
averaged electron-electron collision time, and P, is ab-
sorbed laser energy. Incident laser pulse shape P;„is as-
sumed as

P,sin(trtlrl), 0& t &g
in

0, others .
(A4)

( , )d (N, T, )—Idt+(N, T, IX)dX/dt

=P, —(3m, /m;)(N, I )r(T, —T;),

Alv, ls 2s 2p 3d-ls 2s 2p (108.5 A, line 1),
AlvI, ls 2s 2p~3s-ls 2s 2p (109.5 A, line 2) .

These lines are strong resonance lines observed in the
spectra of Fig. 2. To demonstrate observed x-ray decay
times are determined by radiative recombination process-
es, we think only two levels are enough. If decay times
are to be estimated correctly, many levels must be includ-
ed and due to coupling among these levels recombination
times become shorter.

The equation of continuity and the hydrodynamic equa-
tions lead to the following simplified form assuming
that (i) temperatures are spatially uniform, (ii) velocity is
written as U = [dX(t) Idt]x/X(t), and (iii) the spatial den-
sity profile is expressed as a Gaussian form

p =poexp[ x IX(t) ], —

po
——Co/X,

d X/dt = (ZT, + T; ) /m;X .

(A2)

From the energy conservation law, the following equation
is obtained:

Laser pulse wave form has no significant influence on
computational results in our case. From measurements of
converted second harmonics (0.53 pm) by KD*P crystal
(potassium dideuterium phosphate) by a streak camera,
the expression of the above equation is confirmed as ap-
proximation by choosing g to about 30 ps.

2. Results

Computational results are shown in Fig. 6, by solving
the set of coupled equations (Al) —(A4). Curves 1 and 2
denote lines 1 and 2, respectively, for 4.2& 10" W/cm of
the laser intensity. These two lines are combined into
curve 3 at 4.2&(10' W/crn . Differences between curves
1 or 2 and curve 3 can be explained as follows. Temporal
maximum values for electron temperatures T, „and
average charge number Z „are27 eV and 3.7, respec-
tively, for 4.2&10" W/cm . At 4.2&10' W/cm, ions
with charge numbers ranging from 4 to 6 related to line
emissions still exist only within 20 ps, and, therefore, after
that time ions in the high charge state of 9 become dom-
inant. Differences between curves 1 and 2 are brought
about by temporal changes of population densities of
ground states with charge numbers of 4 and 5 which feed
excited states through recombination processes. But, for a
low power density of 4.2&(10" W/cm, ions related to
line emissions are abundant even after the laser pulse is di-
minished.
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Next, experimental results are compared with computa-
tional ones. The experimentally obtained relatively long
decay time, 800 ps, can be explained by computational re-
sults for 4.2X 10" W/cm and is found to be entirely dif-
ferent from results simulated for 4.2 & 10' W/cm .
From computational results shown in Fig. 6, terms in the
right side of the above equation are evaluated for time
ranging from 240 to 720 ps as follows:

0.0
400

t( s)

(1) bf +i s/f +) s 0. 10,——

(2)bR„ /R„=—0.43,
(3) bn, /n, =0.94 .

FIG. 6. Computational results obtained by solving the set of
coupled equations (1)—(4). The curves 1 and 2 denote line 1

(Al v, 1s 2s 2p43d-1s 2s 2p', 108.5 A) and line 2 (Al vg,

1s 2s 2p 3s-1s 2s 2p, 109.5 A) for 4.2&(10" W/cm, respec-

tively. These two lines are combined together into the curve 3 in

the case of 4.2& 10"W/cm .

Item (1) has the meaning that charge states only change
slightly —in other words, are frozen within this time.
Items (2) and (3) are brought about by plasma expansion.
Therefore, decays of x-ray energies are determined mostly
by decrease of electron densities and temperatures associ-
ated with plasma expansion in this model.
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