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Experimental investigations of quenching of ionization states in a freely expanding, recombining
laser-produced plasma
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The experimental measurements of the average ionization states of the plasma produced from slab targets of
carbon, aluminum, titanium, nickel, molybdenum, and tantalum, using a 5 ns—Nd:YAG laser, at a laser
intensity in the vicinity of 5 101° W/cn?, are reported. The experimental results have been compared with
those of the theoretically calculated ones using the steady state collisional rad@Rv®mnization model. It
is observed that a significant difference between the two sets exists which leads to the conclusion of quenching
of the ionization states through recombination. From physical considerations one is inclined to consider the
possibility of recombination processes quenching the ionization states faster before detection as one goes
towards higher and higher values of the atomic number of the target element. The limitations of the ionization
model with reference to the plasmas of hydrogenlike ions, the plasma opacity and the consideration of the
transient states of ionization and recombination coefficients are discussed. The difference between the experi-
mentally estimated values of ionization states by means of time of flight spectra and theoretical values of these
states at the center of the plasma, may provide an interesting experimental tool to investigate the three-body,
radiative, and dielectronic recombination processes inside the plasma core.

PACS numbgs): 52.50-b, 79.20.Ds, 52.20.Hv

[. INTRODUCTION tion rate on the one hand and the radiative, three-body and
dielectronic recombination rates on the other as a function of
For more than a decade laser produced plasma has drawime plasma temperature and density. As experimental data on
the attention of researchers mainly in three intensity-regimethe average ionization states of various materials with vary-
of laser-matter interaction. First, between the laser intensitie§ld atomic number under conditions of various plasma tem-
of 10'® to 10" Wi/cn?, the interests were directed towards Peratures and densities are scarcely to be found in the litera-
investigations of laser-fusion, x-ray lasers, shock-relatedu’®, one is not sure how near or how far the theoretically

phenomena and generation and studies of super-hot electroff§iermined average ionization states are from the experimen-
and their distribution functions. In the second regime be-ally estimated ones. One is also curious to know how the
tween 162 to 10'°W/cn?, sometimes, leading even to the three recombination processes, the radiative, the three-body
intensity of 16° Wicr, the investigations were directed and the_d|el_ectron|c, influence the ionization state under dif-
towards the studies of laser-plasma and wave-wave interacf;—arent situations of the plasma density and the plasma tem-

tion along with the studies of transf perature.
lon aiong wi € studies of energy-ranster processes and |, 4o present work we have experimentally measured the
energy transport. The third regime is a regime of compara

: . ” ; 960 102 2 average ionization states of the plasma produced from slab
tively low laser intensities ranging from 160 10 W/enr. targets of carbon, aluminum, titanium, nickel, molybdenum

This regime has not drawn as much attention as the first tWwgnq tantalum usima 5 nsNd:YAG laser at the laser intensity
but it is very useful for the material scientists in the fields of;, the vicinity of 5x 10 W/cnm? We have compared these
material preparation such as fabrication of thin films of high-results with those of theoretically calculated ones using the
T. superconductors, oxides, semiconductors, and diamongteady state collisional radiati'€R) ionization model and
like carbon[1-17]. observed a significant difference between the two sets. From
In the hurried quest for laser-fusion and related high-physical considerations we consider the possibility of
profile physics problems we have not given sufficient andrecombination-processes quenching the ionization states
due attention to the experimental investigations of basidaster before detection as one goes towards higher and higher
plasma properties such as thermodynamic equilibrium, equivalues of the atomic number of the target element. We have
partition of energy between electrons and ions and the iondiscussed the limitations of the ionization model with refer-
ization state of the ions, which depend very significantly onence to the plasmas of hydrogenlike ions, the plasma opacity
the electron temperature and the electron density. In mangnd the consideration of the transient states of ionization and
investigations on laser-produced plasmas and, especially, aecombination coefficients.
the studies of x-ray lasers one has to know exactly what the
ionization states of the plasma under various conditions of
plasma temperature and plasma density are. In the investiga-
tions related to x-ray lasers many workdks8—22 have Using the steady-state collisional radiative ionization
theoretically obtained the average ionization states of thenodel, the ion densities in the two consecutive charge states
plasma taking into account the balance between the ioniza,,, andn, are related ap21,23

Il. THEORETICAL CONSIDERATION
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where S,=the collisional ionization coefficient correspond-
ing to the ionic charge state «,, ;=the radiative recombi-
nation coefficient corresponding to the ionic charge srate
+1, D¢, 1=the dielectronic recombination coefficient cor-
responding to the ionic charge state 1, B,, ;=the three-
body recombination coefficient corresponding to the same
charge states as above,= density of the plasma electrons.
Though there are many expressions for ionization coeffi-
cientS,, Gupta and Sinhg21], in their recent work on x-ray

Retarding potential
analyzer

laser gain calculations, found that the expressio8,afue to FIG. 1. The scheme of the experimental setup.
McWhirter [24] is the most suitable one. Therefore, we have
used the expression &, due to McWhirter as Kramers formuld 35] on radiative recombination rate. The
original formula of Kramers was found to be reliable for
S,=2.43x10 %¢,T, %2 principal quantum numbera>10. He reported a slightly

improved version for the radiative recombination rate ex-
X[ exp(— xz/ Teo) (X:Tew) ") c®s™, (2 tending its applicability to lowen. Using this formulaEq.
(3.2 of Ref.[33]] we found that the radiative recombination
rates calculated from this varies within 10 to 20% of the rates
calculated from Eq(3) of this paper.
Hahn[34] has further reported improved rate formulas for
crfst (3) dielectronic recombinatiofDR) by fitting all of the existing
' DR data for ions with core chargé. less than 50 and the
number of electrond in the target ions less than 13. Be-
Bri1=2.97X10 77¢,/{Te,(x2)?[4.88+ (Tl x,) ]} cnPs L, cause of the gaps in the available data the formulas are re-
(4)  ported to be reliable only foN<13 andZ.<50. He further
stressed the need for additional bench mark data for ions
where y, and T, are the ionization potential for ions of with 5<N<9 andN>12. Moreover, the applicability of the
chargez and electron temperature, respectively, expressed irates given is somewhat limited in view of the potentially
electron volts. The terng, represents the number of elec- large effects of plasma densities and fields for C, O, Mg, Ar,
trons in the outer most layer corresponding to the ionicFe, Se, and Mo ions and the relevant values fall approxi-
charge state. The values of the ionization potential for dif- mately within the range of 10" to 10 *?cm’/sec. Even
ferent ionization states are taken from the works of Mooresome variations in the values of these coefficients will not
[25] and Fragaet al.[26]. Though there is a slight difference have much effect on the estimation of the average ionization
in the values fory, according to the two works, this differ- as discussed in the following Sec. IV.
ence has been ignored as they do not cause any noticeable
difference in the end results of the calculations. The expres-
sions fora,,; and B, ; used by the earlier workef20,21]
are due to Kolb and McWhirtdi27]. A schematic representation of the experimental arrange-
The reliable values of the dielectronic recombination co-ment is given in Fig. 1. The plasma is created by a Nd:YAG
efficient for a given ionization state of an element of a givenQ-switch pulse ¢=5nsA=1.06um) in the TEM,y mode
atomic number under conditions of various plasma temperaef variable energy incident at a fixed angle-e#5° onto flat,
tures and densities are difficult to obtain. Kuf28] and  rotating targets inside a vacuum chamber. The investigated
Kunz and Mulsef29], based on the works of Burgeg30], materials are C NI=12,A=6), Al (M=27,A=13),
have given an expression for the estimation of the said coeffi (M=48,A=22), Ni (M=59,A=28), Mo (M=96,A
ficient, which involves either a knowledge or estimation of =42), and Ta M =181,A=73). The laser energy ranges
oscillator strengths for all the transitions from the ground tofrom about 20 to 180 mJ and is focussed to intensities from
the upper levels of an ion of a given ionization state, whichabout 18° to 10*W/cn?. The freely expanding ions of the
are difficult to obtain. Based on the works of Apruzesal. plasma are measured in an angular range between @bout
[31], Whittenet al. [19], and Hagelsteirt al.[18] we have =—17.5% to 60° relative to the target normal by moving the
concluded that the dielectronic recombination coefficientdetector upon the plane of incidence at a distance of 37.5 cm
De(z+1) Can be safely assumed to vary betweenlD™ 2to  from the target. Analysis of the ion velocity distribution and
1x10 *em’s L. Therefore, in our calculations, we have charge is performed by means of a time of flight retarding
considered three values for the dielectronic recombinatiopotential detector whose transmission function has been con-
coefficient as Dg,+1y=1x10"", 5x10 ' and 1 trolled carefully. Some additional effort has been necessary
x10 Pem’s L to increase the reliability of the results and to be able to
Recently Grahanet al. [32] and Hahn[33,34 have re- obtain obsolute values of the ion flux. This includes the
ported extensively on recombination of atomic ions. Hahnx 1 product(residual gas density plasma flight distange
[33], in his review work, has reported improved version of which is at least an order of magnitude below a typical criti-

@y 1=5.2}10 ¥ x, /T, )Y3A(z+1) x| 0.429

E 112
+ 5 IN(x,/Te,) +0.469 T,/ x2)

IIl. EXPERIMENT
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FIG. 2. Average ionizatioZ as a function of emission angle for

FIG. 3. Average ionizatio& as a function of emission angle for
carbon at incident laser energy of 180 mJ.

aluminum at incident laser energy of 180 mJ.

cal value of 5 10130m72, deduced from cross section data In F|g 8 we have d|Sp|ayed the values of maximum av-
of Schwarzet al. [36] surface contaminations of the target erage ionization as a function of laser energy for the ele-
which are removed by defocussed prepulses, and changes @knts carbon, aluminum, titanium, nickel, molybdenum, and
the ion emission distribution due to cratering which are mini-tantalum. The maximum ionization has been plotted for all
mized by rotating the target after a certain number of shotshe elements as a standard reference. Here we find a trend
empirically determined to be below 10. o which has an element of consistency. For lawalues such

The signal of the detector is stored at a digitizing rate ofas carbon £=6) and aluminum A= 13) the average ion-
100 MHz, and, by multiscaling, an effective resolution of jzation increases with energy. For elements such a# Ti(
about 10 bits is obtained. The total uncertalnty of the abso— 22) and N|(A\:28) the average jonization increases up to
lute flux of the evaluated differential ion spectra is estimatedy incident laser energy of 40 mJ and then decreases as the
to range from 5% for the low energetic part to about 30% forenergy increases from 40 to 180 mJ. Eor elements such as
the highest charges and kinetic energies of the ions. The |aSﬁ{0|ybdenum A=42) and tantalum A=73) the average
energy is determined by a calorimeter in absolute Ut{#§se  jonjzation is maximum at an incident laser energy of 20 mJ
RJP 700, Laser Precision Corporafioft is monitored con-  anq sjowly decreases as the energy increases up to 180 mJ.
tinuously and has a shot-to-shot variation within 3%. The Moreover, one more trend is clearly discernable. As the

laser pulse is essentially TEJM (spatially controlled by a yajue ofA, the atomic number increases, the experimentally
CCD camera The beam has a divergence of about 0.3 mrad

with a FWHM of 5 nsec. Complete details of the experimen-
tal arrangement and the measurement procedure have been ~ 2.0 T T Y ¥
described in the works of Mann and Rdi.

IV. RESULTS AND DISCUSSION 1810 oo * i

The experimental results of the average ionizatign
which is given by the expressidhé,N*" /SN, whereN?"
represents ions with chargetr, are displayed for carbon,
aluminum, titanium, nickel, molybdenum, and tantalum in
Figs. 2—7, respectively. The results were obtained at arfgles
varying from —17.5° to 60° with reference to the target nor-
mal and the ions were collected at a distance of 37.5 cm by
the ion-collector system referred to in the preceding section.
An incident laser energy of 180 mJ corresponded to a laser
intensity of about 5 10*°W/cn?. We observe that the aver-
age ionizationZ is not isotropic with reference to the angle 1.0 \ , \ \
of observation but it is anisotropic. It has about the maxi- 220 0 20 40 60 80
mum value at the detection angle of 0° and in a narrow cone
about it and, then, decreaseségoes far from 0° and away
towards 60°. This trend is observed starting from carbon FIG. 4. Average ionizatioZ as a function of emission angle for
(A=6) to TaA=73). titanium at incident laser energy of 180 mJ.
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~ FIG. 5. Average ionizatiod as a function of emission angle for  F|G. 7. Average ionizatio as a function of emission angle for
nickel at incident laser energy of 180 mJ. tantalum at incident laser energy of 180 mJ.

determined values of maximum average ionization, or, in a
sense, the values of average ionization decrease for a giv
incident laser energy. We will discuss these observations i
the next paragraphs after examining the theoretical values
average ionization obtained on the basis of steady state ¢
lisional radiative ionization model as used by the previous
workers[18-27. 2.6

Based on the equationd)—(4) we have displayed the
theoretically estimated average ionization for carbon, alumi-
num and nickel in Figs. 9, 10, and 11, respectively, as a
function of electron density and at an electron temperature of 2.4
30 eV for three values of dielectronic recombination coeffi- 1
cient as discussed in the preceding section.

For the discussion of the present experimental results,
based on the works of Sintet al. [37] and those of Sakabe
et al.[38] at a laser intensity in the vicinity of 1dw/cn?,

ge time- and space-integrated temperature of about 30 eV
as been estimated and density off®00*°particles/cm

s been assumed. We could not get the required data on
JPnization energy for tantalum from the works of Modasb|

N
N
T

AVERAGE IONIZATION Z (NUMBERS)

2-0 T ) ’ LJ 1

= 2.0

«

o

s 1.8r 7

2

z

- 1.8

N L. .
1.6 .

4

o ®ecte® o

P o

N 1L4f . "6

z Mo

9 ® - Y

L

O 1.2 ™ b ¢

; 1.4}

x PY ® Ta

> ) )

< i 1 1 1 1 | 1 ]
1.0 . . L . 20 40 60 80 100 120 140 160 180
-20 0 20 40 60 80 LASER ENERGY (mJ)

ANGLE (deg) . Co .
FIG. 8. Maximum value of average ionization in the vicinity of

FIG. 6. Average ionizatioZ as a function of emission angle for emission angled=0° as a function of incident laser energy for
molybdenum at incident laser energy of 180 mJ. carbon, aluminum, titanium, nickel, molybdenum, and tantalum.
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FIG. 9. Theoretically estimated average ionization for carbon as FIG. 11. Theoretically estimated average ionization for nickel as
a function of electron density and at an electron temperature of 3@ function of electron density. The other conditions and symbols are
eV. The symbol#\, B, andC represent three values of dielectronic the same as in Figs. 10 and 11.
recombination coefficients which are given By=1x10"1% 5
x10"* and 1x10 *cm’s™. tion coefficient are difficult to obtain.
The most significant results of the present investigation,
and Fragat al.[26], hence, similar results, as in Figs. 9—11, hitherto unknown and hitherto unreported, are contained in

could not be obtained for tantalum as it required too many19s:- 8 and 9-11. Figure 8 itself is derived from Figs. 2—7.
extrapolations. However, based on linear extrapolation of JVe keenly observe that as the laser energy increases from 20
few initial values of the ionization energy, the average ion-t0 80 mJ, the average ionization of carbok=(6) and alu-
ization for tantalum was calculated to be in the vicinity of 12 Minum (A=13) increases from 1.72 and 2.35 to 2.3 and 2.6,
at the values of temperature and density under consideratiofSpectively. This seems to be in order as with the increase in
which is much more than the experimental values obtainedfSer energy, the plasma temperature increases and, hence,

spectra of the ions. nium (A=22) and nickel A=28) average ionization in-

From Figs. 9-11 it is observed that as the density in-creases slightly from values of 1.88 for Ta and 1.94 for Ni up

creases, the average ionization slowly falls and the fall ig0 @n incident laser energy of 40 mJ and then slowly de-
sharper between a density of2@0 5x 10?°cm™ 3. Between Creases as the laser energy increases up to 180 mJ. In the
densities of 18/ to 10°cm 3 the fall is very slow. That is to  third set of the elements molybdenurm<41) and tantalum

say, the effect of the three recombination precesses is préA=73) the picture is completely different. Here as the laser
found at a density higher than 20cm™3. The effect of di- €nergy is increased from 20 to 180 mJ, the average ioniza-
electronic recombination coefficient does not seem to varyion (1.48 for Ta and 1.72 for Mo at 20 m3lowly decreases
much with the density. In the density range of'i6o 5  Instead of increasing. .
x10%° cm3, as we vary the dielectronic recombination co- Moreover, from Figs. 9-11 one notes that theoretically
efficient from 10 2 to 1012 cm®s L, the variation in aver- calculated average ionizations are in the vicinity of 4.0, 5.2,
age ionization state is of the order of 10% or less for all the2d 8.6 for carbon, aluminum, and nickel. For tantalum it has

three elements. This point should be noted because, as mehgen separately calculated to be in the vicinity of 12.
tioned earlier, the exact values for dielectronic recombina- From the physical considerations it seems that the recom-
bination effects are fast and profound as one goes to ele-

ments with higher atomic number. At the initial stage of
plasma production it is possible that the plasma is produced
with a higher value of ionization state, which gets quenched
to lower values due to possibly faster recombination pro-
cesses. One also notes that the values of ionization energy of
different ionization stages gets smaller and smaller as one
goes towards higher values &f As a result, for a given laser
energy, for ions of higheA values, ionization states are
higher and, hence, the electron densities which enhance the
recombination rate before the detection system is in a posi-
tion to detect them. Additionally, one has to examine the
limitations of the plasma model used to derive and obtain
b , , . . Egs. (1)—(4). These relations are based on the steady-state
0’ 10 L. 0P ©?  collisional-radiative ionization model which has the follow-

ELECTRON DENSITY ng (em ™) . . . . . . .

ing chief limitations. This model has been mainly used for

FIG. 10. Theoretically estimated average ionization for alumi-hydrogenlike ions and no data are available for other groups
num as a function of electron density. The other conditions andf ions[23]. Secondly, the formulations are strictly valid for
symbols are the same as in Fig. 10. optically thin plasmas. An optically thick plasma, partly or

T T T T T T rrr1

3,
3
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wholly, absorbs the radiation produced in the plasma andombination processes in the plasma is necessary to predict
modifies the population densities of the energy levels andsignals from ion diagnostics.

hence, the values of various ionization and recombination As the theoretical estimates of the ionization state at the
coefficients. The third limitation is that the time dependenceplasma core give the relevant figures before the outset of the
of the ionization and recombination processes has been igécombination processes, and the experimental ones give the
nored. Thus, our experimental results provide a sufficienXpression after the recombination processes cease to play a
impetus to look for a suitable plasma model which takes intd©le, the experimental results provide an interesting tool for
account the nonhydrogenlike character of the plasma ions, il@e investigations of these processes and their differential

opacity with reference to the radiation emitted in the interior’MPortance on the quenching of the ionization states. One
of the plasma and the completely transient state of the ionmay solve the ionization and recombination rate equations

ization and recombination processes and, hence, the transie ‘: arrl\;ethat apgro}z(matel values for the_ quenghed |on|za:|r(])n
state of the ionization and recombination coefficients. states at the end ol the plasma expansion and compare them

In this connection it is relevant and useful to draw theW'th the experimental ones.
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