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Effects of delay time on transient Ni-like x-ray lasers
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In transient collisional excitation scheme, a lofltanosecondprepulse is used to perform and ionize
plasmas. After a delay time, a shésub- or picosecondntense laser pulse is used to rapidly heat the plasma.
This results in transient x-ray lasers with high gain. Effects of delay time on transient collisional excitation
nickel-like x-ray lasers are investigated analytically using a simple model. The calculations show that the
longer delay time can greatly relax the density gradient. This is very critical for the propagation of x-ray lasers.
However, a too long delay will reduce the electron temperature of the plasma before the arrival of the short
pulse. Increasing the intensity of the long pulse or extending the pulse duration can keep the temperature
required to maintain a high percentage of Ni-like ions while the delay time is longer. Similarly, increasing the
intensity of the short pulse or extending the duration can also raise the electron temperature, resulting in higher
gain coefficient. Our results indicate that extending the pulse duration is more efficient than that of increasing
the intensity.
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[. INTRODUCTION heats the plasma rapidly to reach required conditions with
high electron temperature while keeping the ion temperature

Since high gain transient collisional excitatiqif CE) low. This is beneficial for forming a high gain transient
scheme was first demonstrated in 1997 with only a few Joul@opulation inversion. For the TCE scheme, a longer delay
pump energy{1], great attention was attract¢@—5]. The can make a longer scale length. But a too long delay will also
result of neonlike titanium TCE x-ray laser was reproducededuce the temperature in the plasihd]. Thus, if we would
by Dunn in 1998 and extended to nickel-like palladium, andlike to use the delay to relax the plasma density gradient, the
nickel-like molybdenum with a gain coefficient of up to delay and the pulse duration between the long pulse and the
35 cm ! [2,6—8. Kalachnikov in 1998 also demonstrated short pulse should be optimized.
the saturation output of neonlike titanium TCE x-ray laser In this paper, we investigate the effects of the delay time
with only 5-J pump energf@]. Nilsen modeled the neonlike on hydrodynamics of transient Ni-like Pd x-ray lasers using
titanium transient x-ray laséfi0] and calculated the hydro- the formulas of Ref[14]. In order to understand the optimi-
dynamic evolution of the plasma under the experimentakation conditions of plasmas, we calculate the electron tem-
conditions using ASNEX and XRASER code[4]. In calcula-  perature, scale length, electron density for different delay
tions, effects of the delay time between the long pulse andime. The results show that extending the pulse duration is
the following short pulse was investigated theoretically formore efficient than that of increasing the intensity to generate
the first time. transient x-ray lasers with high gain.

A suitable delay time between the long pulse and the short
pulse is beneficial for relaxing the plasma density gradient, Il. ANALYTIC FORMULAS FOR TCE NI-LIKE X-RAY
and thus is very critical for the propagation of x-ray lasers LASERS
[11].

One of the main objectives to enhance the efficiency o
x-ray lasers is to develop a “table-top” x-ray laser for appli-
cations [12,13,9. In the “traditional” quasi-steady state
scheme, the prepulse is only to create a preplasma. The del
is used to make a longer scale length. The main pulse is the
not only required to heat plasma to reach the electron tem-
perature required by population inversion, but also needed to
ionize the plasma to a correct ionization state of Ni-l{ke

¢ According to the formula of Refl14], useful scaling laws

for plasma variables are used to describe the hydrodynamic
process of TCE Ni-like x-ray lasers. The convenient units
listed in Table | are employed, which scale the variable with
derline in the whole derivation, to simplify the calculation.

TABLE |. Normalized values for scaled variables.

- . ' Physical variable Symbol Normalized value
Ne-like). By comparison, the prepluses and main pulses
serve different functions in the TCE scheme. The lgpg)  Time t 1ns
pulse is not only required to create a preplasma, but alsbaser intensity | 10" W em 2
needed to prepare an optimized preplasma with a rich Ni-like.aser wavelength A 1.053um
(or Ne-like) ionization stage. Then the shanain) pulse  Ablation mass m 10 “gem 2
lon charge 4 65
Atomic mass A 240
*Correspondence should be addressed to J. Zhang; Email addregssulomb logarithm A 5

jzhang@aphy.iphy.ac.cn.
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The processes of laser pulses interacting with plasmas awhere T, is

divided into four distinct periods. They atest,, , t; <t
tn=t<t, , and t, <t, respectively, wheret;
=At,, is the long pulse duratior\t,, is the delay timef,,
= Aty +At,, is the time when the short pulse arrived,,
is the short pulse duratiomy =t,,+ Aty is the turning off
time of the short pulse.

<t,

A. During the time of t<t;_
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the electron temperature at,, T,
=23.12 keVi,m Az 1. L, is the scale length at,, L,
=5.16<10" 2 cmlI3?m~/2 n,, is the electron density at
tm, Np=3.16x107° cm 31, Y°m32A~1Z.

D. During the time of t, <t

After the timet,, , the short laser pulse is turned off and
the plasma continues to expand adiabatically. The analytical
solutions can be obtained for this period using the condition

The long pulse creates an optimized preplasma. The angeforet,, :

lytic solutions after the influence of the initial conditions are

T=3.90 keVI®°A2/972/9)\2/3¢2/9 (13
L=2.87x10? (1b)

No= 20.82% 1020 Cm—3 | 11/54A4/27)\ —5/9A - 2/54t_ 14/27
(1o

mi 10/27A— 2/27)\ 4/9A4/27t31/27,

wherel is the laser intensity is the laser wavelengthy is
the Coulomb logarithmA is the atomic masdI is the elec-
tron temperaturel. is the scale lengthn is the maximum
value of the electron density.

B. During the time of t;, <t=<t,,

After the timet,, , the long laser pulse is turned off and

T=23.12 keVi,m *AZ 3% 2/

T t2/3t2 5/3)

X
T2

1— t5/3t2L5/3

(4a)

L2 1/2
L=L t5/6t2/3< 1— t5/3t2 5/3 L t2/3t2 5/3) , (4b)
2

2,—5/3\ —1/2
2loL

. (40
r]2':2/3

m=m

No=n,t;5/%t~ 2/3(1 {53,513

III. RESULTS AND DISCUSSION

the plasma continues to expand adiabatically. The exact ana- In order to understand the effects of the delay time on
lytical solutions can be obtained for this period using thehydrodynamics of the transient collisional x-ray laser under

condition beforet; ,

T= TlLt2/3t 2/3, (23)
L — LlLtIL5/9t5/9' (Zb)
Ng=ny t1% 79, (20)

different conditions, we calculate the hydrodynamics of the
transient collisional Ni-like Pd x-ray laser for different inten-
sity and duration for the long pulse and the short pulse, re-
spectively. First, we discuss why the transient x-ray laser is
sensitiveto the delay time. Second, we investigate the effects
of the delay time by changing the intensity and the duration
for long pulse. Finally, we discuss how to effectively en-
hance the electron temperature in the preplasma before the

whereT,, Ly, andny, are the electron temperature, scaleshort pulse comes.

length, and electron density #y; .

C. During the time of t,<t=<t,_

At time t,,, when the short pulse has switched on, the

A. The effects of sensitivity of x-ray laser gain
to the delay time

Experimental results and numerical simulations have

solutions can be obtained by considering the initial condi-shown that the x-ray laser output is quite sensitive to the

tions beforet,,

2/3
T=23.12 keVI,m Az~ 1t( 123 5B %tf”:‘) ,
2
(3a)

—1/2t3/2

L=5.16x10"2 cml3/’m

2 1/2
m .-5/3
)

5/3; -5/
x(l—tm 153+

Np=3.16x 107° cm 31, Y/?m32A~ 1zt~ 372

1/6

2 —-1/2
nst

(1 t- ~5/3;-5/3; _2'M 2'm Zm - 5/3) ’ (30)
n

delay time between the long- and the short-pulse drive lasers
[15,4]. In order to understand the dependence of the x-ray
laser on the delay time, we calculate hydrodynamics of the
transient collisional Ni-like Pd x-ray laser with three differ-
ent values of delay time of 1.1, 1.9, and 2.6 ns. The condi-
tions in the calculations are as almost the same as in[REf.
except the intensity of the long pulse of;=3.0

X 10" Wicn?.

The calculations show that the densities are 5.76%,
4.41x 107 and 3.6& 10?° cm™ 3 for the three different de-
lay times, respectively, as shown in Figall The difference
among the three densities will not much affect the gain of the
x-ray lasers. In the calculations, 152ufm is the longest
scale length for the 2.6 ns delay time, as shown in Fp).1
For this delay time, the electron temperature is 160.9 eV, as
shown in Fig. 1c). This results in an average ionization of
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temperature versus deldg) temperature historygd) ionization ver- _ ) )
sus delay. The conditions atg=0.7x 10> W/cn?, t;, =0.8 ns, FIG. 2. (a) Delay time versus long-pulse intensitfh) scale
A=1.053um, |,=5.2x 10" W/cn?, t, =1.1 ps, the delay time length vs delay time(c) temperature historygd) electron density vs
is from 1.1 to 2.6 ns. x with deferent delay for the same long-pulse duration and Ni-like

ionization. The conditions arel,; from 0.7x10? to 4

o o X 10 W/en?, A=1.053um, t;, =0.8 ns, |,=5.2x 10" W/cn?,
only 17.16, as shown in Fig.(d). This is lower than the  _1 1 ps the delay time is from O to 2.6 ns.

requirement for rich Ni-like Pd ionization population. For the
1.9 ns of the delay time, the scale length is 13418, which B. The efficiency of the long pulse heat under the delay time

?s middle among the thrge scale Ie'ngt.hs..But the temperature From the calculations above, we know that a delay time
is 187.6 eV, corresponding to an ionization of about 18.06yii| gecrease the Ni-likelor Ne-like) ionization population
This is almost the Nl-l|ke Pd ionization populanon. Fpr the while it relaxes the density gradient. Thus we have to in-
1.1 ns of the delay time, the scale length is 11618, which  crease the temperature so that the average ionization is kept
is the shortest one. The temperature is 237.1 eV, correspongh the Ni-like (or Ne-like) ionization state before the arrival
ing to an ionization of about 19.5. This is obviously over- of the short pulse. There are two ways to increase the tem-
ionized. In nanosecond process, the ionization is sensitivelgerature. The first one is to enhance the intensity of the long
dependent on the temperature. The temperature depends s@aise. The another one is to extend the duration of the longer
sitively on the delay time, as seen in the Figc)L Thus the  pulse. Here what we want to know is which one is more
different delay time cause ionization difference sensitively.efficient.
From the comparison between the sensitivity of the ioniza- We calculate the change of the intensity, scale length, den-
tion to delay time and the x-ray laser output to delay time, itsity, and temperature while extending the delay time from O
is clear that the sensitivity of the x-ray laser output to theto 2.6 ns and keeping the duration to be a constant of 0.8 ns.
delay time is finally due to the different ionization popula- The results show that the intensity has to be increased from
tion. The scale length also depends sensitively on the dela.7x 10" to 4.0x 10" W/cn? so that the most Pd ions are
time. However, This will not sensitively affect the gain of the kept in Ni-like ionization stage, as shown in Figa2 The
x-ray lasers. scale lengths are prolonged from 40 to 162® with the

We know that the main function of the long pulse is to extension of the delay, as shown in FigbR And the elec-
prepare a preplasma with a rich Ni-liker Ne-like) ioniza-  tron density range is from 3.9010°°to 8.44x 10°° cm™ 3, as
tion population and a low ion temperature before the arrivashown in Fig. 2d). However, the highest temperature during
of the short pulse. And the main function of the delay time isthe short pulse laser is dropped from 1.84 keV to 800 eV
to relax the density gradient, that is critical for the x-ray laserwith the extension of the delay, as shown in Fi¢c)2
propagation/14]. Of course, a longer delay time can make As a comparison with the case of changing the pulse in-
the scale length longer. However, a rich Ni-liker Ne-like)  tensity, we calculate the same parameters’ change by extend-
ionization population is the most important condition. Thusing the delay time from 0 to 1.0 ns and keep the intensity as
in the design of the x-ray laser experiment, we not only need constant of 0.% 10" W/cn?. The results show that the
to optimize the scale length, but also need to optimize thelurations are increased from 0.8 to 2.4 ns with the extension
ionization, which is more important than the scale length. of the delay time while keeping the Pd ions as Ni-like ions,
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FIG. 3. (a) Delay time versus full width at half maximufiong-
pulse duratiop (b) scale length versus delay timg) temperature
history, (d) electron density v for deferent delay for the same
intensity and Ni-like ionization. The conditions ark=0.7
X 10* W/cn?, the long-pulse duratioty, are from 0.8 to 2.4 ns,
A=1.053um, |,=5.2x 10" W/cn?, t, =1.1 ps, the delay time
is from 0 to 1.0 ns.

as shown in Fig. @). The scale lengths are prolonged from

40 to 170.8um with the extension of the delay, as shown in
Fig. 3(b). And the highest temperature is only dropped from
1.84 to 1.1 keV during the short pulse with the extension o

the delay time, as shown in Fig(c3. The electron density
range is from 3.64 10%° to 8.44x 10°° cm™ 3, which is al-
most the same as the case above, as shown in Fy. 3

From the comparison, we know that the prolonged ran eLD : ; ;
b b 9 g ’_;'8ns show that the short-pulse intensity needs to increase

of the scale lengths and density ranges are almost the sa

for both cases. However, the intensity is increased from O.

X 10' to 4.0x 10" W/cm? when the duration is a constant

of 0.8 ns, and the duration is only increased from 0.8 to 2.4

ns when the intensity is a constant of 8.70'? W/cn?.
While keeping the Pd ionization stage in Ni-like, the effi-

ciency of the heating pulse for prolonging the long-pulse
duration while keeping the constant intensity is greater tha
that for increasing the intensity while keeping the constan
duration. It is significant because prolonging the pulse dura-.
tion is much easier than increasing the pulse intensity in th

x-ray laser experiment.

C. The influence of the delay time on the
short-pulse conditions

f
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FIG. 4. (@) The short-pulse intensity versus delay time for a
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X 10 W/en?, A=1.053um, t; =0.8 ns, |, are from 5.x 10"
to 1.6x 10" W/cn? or t, are from 1.1 to 3.4 ps, the delay time
is from 0 to 2.6 ns(b) The short-pulse duration versus delay for a
constant long-pulse intensity, the ionization is Ni-like and the elec-
tron temperature is optimized temperature of 1.84 keV during the
short-pulse. The conditions arel;=0.7X 10 W/cn?, X\
=1.053um, t;, are from 0.8 ns to 2.4 n$, are from 5.%X 10" to
1.2x 10" W/cn? or t,_are from 1.1 ps to 2.3 ps, the delay time
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calculate only the temperature changed with different delay
time, which is very important for the gain, and find out the
optimized intensity or duration of the short pulse while keep-
ing the electron temperature as 1.84 keV and the Pd ions as
Ni-like.

The temperature during the short pulse goes down with
the extension of the delay time from Fig.cLand Fig. Zc).
It is not beneficial for the output of the x-ray laser because
the gain coefficient is proportional to the electron tempera-
ture and inversely proportional to the square root of the ion
emperature. The ways to enhance the temperature are also to
increase the intensity or the duration of the short pulse.

We first calculate the case of changing short-pulse inten-
sity while keeping the pulses duration the same for different
ng-pulse intensity or duration and delay time. The calcula-

om 5.2x 10 to 1.6x 10'° W/cn? with the delay extension
rom O to 2.6 ns for a constant long-pulderation, as shown

s the solid line in Fig. @). And the intensity only needs to
increase from 5.2 10" to 1.2x 10'® W/cn? with the delay
extension from 0 to 1.0 ns for a constant long-pulse intensity,
as shown as the dashed line in Figa)4 The efficiency for

?(eeping the long-pulse intensity constant is greater than that

or keeping the long-pulse duration constant.

Then we calculate the case of changing short-pulse dura-
ion while keeping the pulses intensity the same for different
ong-pulse intensity or duration and delay. The calculations
show that the short-pulse durations need to increase from 1.1
to 3.4 ps with the delay extension from 0 to 2.6 ns for a
constant long-pulse duration, as shown as the solid line in
Fig. 4b). And the duration only need to increase from 1.1 to

For the TCE scheme, the change of the ionization stat@.3 ps with the delay extension from 0 to 1.0 ns for a con-

and ablation mass can be neglected during the short pulstant long-pulse intensity, as shown as the dashed line in Fig.
[14]. To help understand the influence of the delay time, wed(b). The efficiency for keeping the long-pulse intensity con-
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stant is also greater than that for keeping the long-pulse duncreasing the long-pulse intensity or extending the pulse
ration constant. duration can keep the temperature required, and therefore
From the calculations above, the conclusion we get here ikigh percentage of Ni-like Pd ions. Extending the long-pulse
that increasing the duration of the short laser pulse will beduration is more efficient than that of increasing the intensity.
more beneficial to enhance the temperature than that of irSimilarly, increasing the short-pulse intensity or extending
creasing the intensity. However, it should be noted that théhe duration can also raise the temperature that is important
duration for the short pulse could also not be too long befor enhancing gain coefficient because it is proportional to

cause of the requirements of TEC limit. the electron temperature and inversely proportional to the
square root of the ion temperature. As a result, extending the
IV. CONCLUSIONS short-pulse duration is also more efficient than that of in-

. . . ] creasing the intensity.
We investigate analytically the effects of delay time on
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