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Plasma perturbation induced by laser photodetachment
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The plasma dynamics arising from laser photodetachment is discussed herein theoretically and experimen-
tally. The hybrid fluid-kinetic model, where the positive ions and electrons are treated by the fluid theory and
the negative ions are treated within the ballistic approximation, is extended and applied to the analysis of
densities perturbed by laser photodetachment. The agreement between the theory and measured data confirms
the validity of the considered plasma dynamics model. This model, including the positive ion perturbation,
shows a good agreement with the time evolution and the spatial distribution of perturbed electron densities
which are measured by a Langmuir probe inside and outside the laser beam. From the overshoot in the time
evolution of perturbed electron current in the center of the laser beam, the positive ion temperature was found
to be in the range 0.1-0.25 eV, while the electron temperature changes from 0.3 to 3.2 eV.
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[. INTRODUCTION order to explain this phenomenon, the kinetic equation
coupled with the Poisson’s equation has been utilized, ne-
Plasma, which contains negative ions, has been studied glecting the electric field dependent terpd$. Sternet al.[4]
fields such as astrophysics, negative ion source developmeriave developed the theory of transport dynamics in which
and divertor plasma physics for nuclear fusion research. Fdocal neutrality is preserved in the laser irradiated region due
a better understanding of production mechanisms of negativi®@ “monopolar drift” (particles with the same charge are
ions, the laser photodetachment method assisted by a Langeunterflowing, this is in contrast with the well-known am-
muir probe is a most useful diagnostic tool for negative ionsbipolar drift that involves oppositely charged species flowing
in plasma. We can obtain information on negative ion denin the same direction The analytical solution of the flow of
sity and temperature and optimize the plasma characteristi(ﬁegative ions toward the laser axis is given my(r =0)
using these data. _ . =n_gexd —(Rvst)?], wherer is the distance from the cen-
A laser of photon energy higher than the e[ectron affinityser of the laser beanR is the laser radius;y, is the thermal
causes the laser photodetachment suchAasthv—A velocity of negative ions, and_g is the background nega-

+e”. This reaction leads to a sudden increase of the electrop : . . .
. . o ive ion density. From this result the recovery time of excess
density, én., on the laser path in plasmas containing nega-

tive ions. When all the negative ions are destroy&u,/n, electr_on curren'i:-_r is_inversely p_roport_ional _to_the thermal
corresponds to the ratio of the negative ion density to th&/€10City of negative ionsr,xR/uvy, . This ballistic model is
electron densityn_/n,. Using this relation, negative ion Valid only for the early stage of the negative ion recovery
densities of hydrogen in plasma were first measured by thand for small potential perturbation. The overshoot in the
use of laser photodetachment assisted with a positively btime evolution of excess electron current after photodetach-
ased Langmuir probe in 1974,2]. The time evolution of ~ment could not be explained within this theory.
electron current after photodetachment showed a slow recov- The ballistic model was extended to include the effects of
ery on the time scale of positive or negative ion transit timethe self-consistent electric fielth]. Friedland, Ciubotariu,
A typical feature of the photodetachment signal is the presand Bacal5] have proposed the theory of the hybrid fluid-
ence of an overshoot after the initial pulse of the electrorkinetic model in which the motion of electrons and positive
current and before this current recovers its initial vdlai@].  ions obey the fluid equation and that of negative ions is
Two methods have been proposed for the determinatiogoverned by the kinetic equation. The general formulations
of the negative ion temperature. Devyretkal.[3] measured for negative ion density_(r,t) and photodetached electron
the negative ion temperature from the recovery time of thelensity sng(r,t) are given in Ref[5]. For actual applica-
electron density. Sterat al. [4] proposed and used the two tions, n_(r=0;) and éng(r,t) are demonstrated using the
laser photodetachment method for determining the negativemoothing functions for both slab and cylindrical geometry
ion temperature. The consistency of these two methods wanrstead of a delta function. The time variation of photode-
verified experimentally. Devynckt al. [3] and Sternet al.  tached electron current including an overshootr a0 is
[4] have reported that the velocity of outgoing electrons iscalculated in Ref{5]. It is found that the ratio of the ampli-
roughly equal to the thermal velocity of negative ions. Intude of the overshoot current to the photodetached electron
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depends on the ratio of electron temperature to positive ion A
temperatureT./T, . Friedland, Ciubotariu, and Bacal con- Plasma Laser beam
cluded that the depletion of positive ions, arising from the

difference in the thermal velocities of electrons and ions,

causes the overshoot current. Nishiura, Sasao, and B#cal L4
applied the hybrid fluid-kinetic model to the analysis of the

dependence of, of the measured photodetachment-current VA

to overshoot-current ratios versus time assuming a reason-

ableT, [6]. These authors have also shown that the ampli-

tude of photodetachment currents is independent of laser

photon energies used for photodetachment. These results rig, 1. jiiustration of the laser beam and probe position for a
show that the theoretical model and the relationnof/n,  model calculation.

= dne/n, are valid.

Ivanov et al. [7] pointed out the importance for the nega- negligible compared to the negative ion flux entering into the
tive ion recovery of the self-consistent electric field in the|aser illuminated region due to monopolar drift. The follow-
case of negative ion to positive ion density ratio higher thanng rate equation for the total negative ion density in the
0.1. As another approach, they have also studied the dynamylindrical volume illuminated by the laser around the probe
ics of perturbed electrons in a planar geometry under thef length L can be used to compare these two negative ion
conditions thafl . ~ T, using the linearized Vlasov equation fluxes, although the collisional part of it is not justified since

[8]. The solution for perturbed electrons coincided with thethe mean free path of electrons is longer than the laser ra-
one obtained by the hybrid fluid-kinetic model in the limit djys:

T,—0.

These models are compared with the experimental results  dN_
that are measured inside the laser beam. As the density per- —g; =27RL
turbation should propagate into the plasma region outside the
laser beam, the complete analysis of the perturbed density _
profile including the regiom>R can be a good confirmation TN_oVtn
of the validity of theoretical models. Thus the change of

electron density in both time and space due to photodetach- we use a typical rate coefficient for dissociative attach-
ment in a cylindrical geometry is analyzed in this paper. Wement calculated by Berlemont, Skinner, and Bd&alin hy-
begin with introducing the hybrid fluid-kinetic model and drogen multicusp discharges. With the initial background
extend it to analyze the plasma response using the genefglectron densityng=10cm 3, the background negative
solutions oféng(r,t) andén_(r,t) until the plasma recovers hydrogen ion densityr_,=10° cm™3, the density of vibra-

to the original condition. The results are compared with thejonally excited molecules in states” equal 5-10,

experimental data of the corresponding condition in order tgy(H, ,_. ,)=5x10"cm 3, and the rate coefficierfto]

R —
E[ne+ Ane]n(szvrrzs_lo)(TU(DA)

: €y

confirm the hybrid fluid-kinetic model. for dissociative electron attachment to these molecules
ov(DA)=4x10 °cm s, we find that the flux due to the
Il. BASIC EQUATION AND MODEL monopolar drift is a factor of ¥0larger than the flux due to

. . .electron-molecule collisions. This means that we can use a
Hydrogen plasmas in negative ion sources usually contai

various species: positive ions (HH," , Hz"), negative ions  |ass than a few times of that of recovery.

(H™), and electrons. The plasma considered here is assumed rpe experimental arrangements are shown in Fig. 1. The
to consist of only three species of charged particles: POSItV@yjindrical geometry is employed for its analytical advan-
ions (k") electrons ¢"), and negative ions (H. The tages. Thez direction coincides with the laser axis. The ra-

magnetic field can be ignored and the plasma is homoggsia| direction of the laser is chosen asThe rotational di-
neous in our case. When the plasma is irradiated with a las@Ection is 4. The cylindrical probe is moved in the radial

beam, which destroys all the negative ions in its pa#R, direction.

the electron density increases suddenly due to the photode- ity the foregoing in mind, the analytical model of Fried-
tachment_ reaction in the laser irradiated region. IFeR, all land, Ciubotariu, and Bacdb] is extended to describe the
the species are not perturbed by photodetachmebt&t  hjasma response caused by photodetachment both inside and
The excess electrons in the laser irradiated regi@R, do  gytside the laser beam. In the case of cold plasmas, the con-

the electrons near the edge~{R). The negative ions fill the

depleted region across the discontinuous edge. At the same aon.) L asv”t
time, excess electrons and positive ions move outward in Ng
. at ar
order to compensate the total charge balance. Finally the
perturbed plasma recovers to the initial condition on the time
scale ofR/vy, . . = ,
The negative ion production during the plasma response is at ar No or

=0, 2

8(5v+):_ec?(5¢)_ yiksT" d(on™) @
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where M, indicates the mass of the positive ioky the sn_(r,t) 2 to o
Boltzmann constanty the velocity of the particle¢ the == (%) jo W(r,ot)e” V" do.
perturbed potentialy; the adiabatic index for ionsy=3), th (10
S the perturbed quantity, the subscripfs—, and+ the spe-

cies of charged particles, and the subscript 0 the backgrounghe mentioned assumption is reasonable because the ion

density, respectively. acoustic velocity for H' is very close tov; from the ex-
When the bulk and detached electrons are described by[?erimental reSl%$6] i y th

r"axvé’e”""‘.? ;"S“T'bll?“on .f”r‘;tg’“t'hth%f'lf'd depe”f‘i.”t elec-" The function W (r,vt) in Egs. (9) and (10), which in-
ron densityone IS inearized by the boltzmann reiation, cludes the integration of the Bessel function, takes the fol-

N_o

lowing form
e(¢) ’
OMNeg=Ngg————, 4
e e0 kBTe ( ) - - A(I’,)
‘If(r,vt)=f r’dr’f kd o
where ngy is the background electron density afg the 0 0 -0
electron temperature, respectively. The quasi-neutrality be- x cogkvt)-Jo(kr)Jo(kr") (11)
comes a good approximation in first order, '
here
Sny=n_—n_g+ng. (5) W
! i ! <
The motion of negative ions is described by the kinetic equa- w = 1ifrf=R (12)
tion: N_o 0 if [r'|>R.
af~ af~ e vXB\ o9f” The step functiom\(r’) is used to represent the initial dis-
AT | v 0, (6)  tribution of excess electrons. This form generally depends on

the profile of the laser beam, but it is reasonable to use Eq.
where f~ indicates the distribution function for negative (12) for our conditions because we cut the tail of a Gaussian
ions. Since the nonlinear term would be negligible during theP€am to make the boundary of the laser beam sharp. In order
early time period an®=0 in an unmagnetized plasma, Eq. {0 proceed to the integration, E(L1) is transformed into
(6) can be reduced to the simplified form

\If(r,vt)=J:RCOS(kvt)Jo(kr)Jl(kR)dk, (13

af~ af~ o .
v o @)
with Jy andJ,; being the Bessel function of the first kind of
The variation of the negative ion density is given by the order 0 and the order 1. Friedland Ciubotariu, and Bacal
[5] provided the function¥(r=0ut) with the help of a
. _ - 43 smoothing function corresponding to the step function, in-
An-=n_—n f(f fo)d%, ® stead of Eq(13). Substituting the functionV(r,vt) of Eq.

(13) into Eqg. (10), the integration ovev can be carried out
with the initial distribution for negative iond,; . [10], and then,

Here we introduce a Laplace transform in time and a Fou-
rier transform in space with respect to the set of equationsn_(r,t) 2 +oo (ko2
(2)—(5), (7), and(8) in order to obtaind¢(k,w). The solu- TR fo Jo(kr)Ji(kR)e™ " = d(kR).
tion for the potential,6¢(r,t), is obtained by inverting the th (14)
Laplace transform and the Fourier transform. The details of
the calculations are similar to those in Rg]. Assuming the Equation(14) atr =0 corresponds to Eq12) in Ref. [4].

ion acoustic velocityCs, as comparable to the thermal ve-  'ror the sake of convenience and simplicity we introduce
locity of negative ions, where,,=(8kgT_/7M )% as  dimensionless quantities:

was done by Friedland, the final results v, andén_ are

N_o

as follows. For electrons: x=vlvg; T=vpt/R; a=\y T ITs 7=rIR; é=kR.
(15
5ne(rut)
n_g The quantitiesx and = may be thought of as the velocity of
5 ‘oo 5 ‘o charged particles in a plasma and the time after the photode-
_ f*” [va— () TV (rval) — [0 (vy) TV (r,vD) tachment occurred, respectively.denotes the ratio of posi-
0 (72 ) [vi—v?] tive ion temperature to electron temperatuyés the normal-
, ized distance from the axis of the laser beam in the radial
x e~ Wvndy. (99  direction in cylindrical coordinates.
Using these quantities, E(Q) for the perturbation of the
For negative ions: electron density becomes
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Observed signal

ong(m,7) 2 J’+°C\I’(77, 1+ a?71)— (X2— a®) W (9,XT)
0

no Jm 1+a?—x? s 1
< :
x e Xdx, (16) b5
=0 2
where = S
Wxn= [ cosxrod(nenede a7 LI Iy _
Equation(10) for the negative ion density becomes 0 ' 1 ' 2 ' 3
5 T(=viH /R)
(n,T * _
e :f Jo(nE)du(He” " de. (19 (e 0862V
N_o 0 : . - .
_— Observed signal
The integrals in Eqs(16) and (18) are calculated numeri- S 1 ke ]
cally. S
z
Ill. EXPERIMENTAL CONFIGURATION ©
o
A magnetic multicusp discharge is produced in a L
stainless-steel vessel 270 mm in length and 210 mm in di- b1
ameter. Ten rows of ferrite magnets are attached on the cy- w
lindrical wall for the plasma confinement. Each end flange of . . . . .

the vessel has also four magnets. The vessel is connected to 0 1 2 3
the ground and serves as an anode. The hydrogen plasma is T(=vi t/R)
produced by electrons emitted from two tungsten filaments (b)Te=0.55¢V

and accelerated by the discharge voltage.

The L-shaped Langmuir probe is installed in the plasma, FIG. 2. The observed signal and the calculated traces=
The probe tip is made of a tungsten wire 10 mm in Iength(laser beg_m axjs The photodetachment signal is measm_Jred under
and 0.35 mm in diameter. The probe is positioned by a mithe conditions:Pg=2.2mTorr, V4=100V, andl4=1A in the
crometric screw and can be moved 10 mm along the radidiases(® Te=0.86eV andb) T.=0.55eV.
direction. The micrometric screw gives us the positioning
precision of 0.25 mm in the radial direction. gas pressur®, is adjusted to change the electron tempera-

A pulsed Nd-yttrium-aluminum-garnet laser was used forture keeping the discharge current constant. The ordinate
photodetachment. The laser beam diameter is limited to thdicates the perturbed electron density normalized by
mm using an aperture. The laser power is kept constant ithe maximum. The abscissa is the time normalized to the
the saturation region to detect the excess electron current dlﬂécovery time, which is defined as the time when the nega-
to photodetachment. The change of probe current due to ph@ye jon density reaches again the initial value. Two experi-
todetachment is detected by a storage scope. The schematit.ntal traces obn, are shown in Figs. @) and 2b). They
diagrams of_ the experimental setup and measurement systelp, in good agreement with those calculated with 0.59
are shown in Refl6]. in Fig. 2@ and «=0.75 in Fig. Zb). As a decreases, the

. . i
We verified that the produced dc plasma was uniform an%mplitude of the overshoot becomes larger due to the differ-

unmagnetized in the central region of the vessel. Plasma p"fla_nce of mobility between electrons and positive ions. For
rameters of n,=10-10"cm™3 T,=05-3eV, and Y P :

n_/n.~0.05 are obtained from the prolbeV characteris- longer time 7, the observed photodetachment current ap-

tics and photodetachment measurement. The reldtidn proaches zero with a slow oscillation similar to the calcu-

n_/n.=Al/l4 is used to determine the_/n, ratio because Iatﬁ_cri]énet.) @n. h | o f hotod h
the laser power is high enough to detach all the electrons e observe@n, has a slow rise time after photodetach-

from H- ions. The differences between the probe Signalgnent. This time lag is about 20 ns, which is much larger than

measured inside and outside the laser beam are studied in t plasma oscillation t'm_e<1 ns an_d the pglse duration of
subsequent sections. the laser(=5.5 ng. The time scale is considered to be the

propagation time of the perturbed electrons through the

probe sheath with an ion acoustic velocity
IV. RESULTS AND DISCUSSION

A. The perturbed potential at =0 Ap/Cs=\p/(RIt))
Figure 2 shows the time evolution of typical probe signals =0.1x 10" %/(2X 10-3/400x 109
and calculated signals after photodetachmenga0 in the '
cases ofa) T,=0.86eV andb) T,=0.55eV. The hydrogen =20ns.
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1 : r T 1 T T T T T
08' : %gzéﬁ‘ﬁ T+=0.1eV ] 6: - Calculation
[ S 0.6 -
0.6] £
= 04f ] £02
A = 0
0.2f ]
[ -0.2F §
0 (') 0 1 2 3
Te [eV] ° (va UR)
(@r/R=1.6
FIG. 3. Dependence of the overshoot signal on the electron tem- P
perature for various discharge currents of 1, 2, 4, and 6 A. The
symbols indicate the measured data. The four lines indicate the =~ 0.8 ] ]
calculated values of the overshoot signal and are fit to coincide with = Cajoularion
the measured data using the param@ter The electron tempera- T
tures were changed by the adjustment of the hydrogen gas pressure. 4
=
This information is important and useful for the analysis of \;5—’
sheath formation. However, additional explanations about w
the rise time are required because the time lag tends to be
inversely proportional to the ion acoustic velocity, but inde-

pendent of the Debye length.

The measured overshoot-current to photodetachment-
current ratiod o, /Al versus electron temperature for various
discharge currents are plotted in Fig. 3. The photodetach- 1 : : : : :

ment current with the ratios af=0.75, 0.59, 0.5, and 0.4 is

calculated withT, as a parameter. The hydrogen gas pres- = 0.8¢ ) ]
. . Calculation

sure is adjusted to change the electron temperature. When the S 0.6} T4 b

discharge current is kept constant, the measuggfAl co- £

incides with the corresponding calculated line. The positive =

ion temperature can be determined using these results. Even =

if T. is varied over the range of 0.5-2.5 eV, with a T

constant discharge current does not change. This result is ©

reasonable because the positive ions are produced by colli-

sions between high-energy electrons and hydrogen mol- : - : s :

ecules and the electron temperature does not affect the en- 0 1T(=v_ UR)Z 3
ergy of the positive ions formed. h
() r/R=2.4
B. Propagation of perturbed potential FIG. 4. Comparison between the observed signals and the cal-

Devyncket al.[3] and Nishiura Sasao, and Ba¢é] have culated tracegthick line) under the conditions that=0.59 and
already reported the outward propagation velocity of the perR=2-5mm. (@ r/R=16, (b) 2.0, and(c) 2.4. Expﬁarlmental_data
turbed potential observed experimentally and compared i"i”iol%btaﬂed l(Jjane_rOtgg ?.nd't'cr’]nz Whemel/ ne*o'%’ ne*l
with the ion acoustic velocity. We confirmed that the peak of <1V ¢M * andl.=0.86 €V in a hydrogen plasma. The peak po-

perturbed potential moves outward with the ion acoustic Ve_snlon of the observed signal agrees with the calculations at each

locity and it is not attenuated as a ballistic locus correspondprObe position.
ing to 1f. For the determination of the effective laser radius,density coincide with the observed peaks in each case. How-
the time evolutions of the perturbed electron densityever, at a larger time than that of the peak, there is a discrep-
dne(n,7) are shown in Fig. 4. The Langmuir probe is lo- ancy in electron density. The profile of the laser beam may
cated at(a) r=4 mm, (b) r=5mm, and(c) r=6 mm, re- cause the difference in signal width between the observed
spectively. The ordinate indicates the perturbed electron dertata and the calculation. The precision of the Langmuir
sity normalized to that at=0. Although the actual laser probe would be poor in space to an extent of several Debye
beam radius should be 2.0 mm, is normalized toR lengths.

=2.5mm because of the density gradient at the laser bound- The perturbed negative ion density is shown in Fig. 5
ary. The calculated potentials gt=1.6, 2, and 2.4 are also using Eg.(18) from =0 to 3.0. The time scale of the ther-
plotted in Fig. 4. The calculated peaks of perturbed electromnal velocity of negative ions governs the recovery time. The
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FIG. 5. Calculations of spatial-temporal transition of perturbed

densities for negative ions after laser photodetachment. FIG. 6. Change of maximum perturbed electron density versus
probe position. The symbols indicate the observed peak value of the

region depleted in negative ions inside the laser channel isrobe signal. The data are obtained by moving the probe position
filled with the negative ions gradually from the boundary of with increasing s (open circley and with decreasing; (closed
the laser path. The recovery of the negative ion density doesrcles. The thick line is the calculated variation of perturbed elec-
not depend onw in this approximation. The effect ow  tron densities in the case af=0, 0.59, and 0.75 anB= 2.5 mm.
should be treated if the positive ion temperature is relatively

high. V. CONCLUSIONS
The time evolution of the electron current induced by the
C. Determination of negative ion density from a signal laser photodetachment was measured to verify the hybrid
measured atp#0 fluid kinetic model inside as well as outside the laser beam.

A peak of the perturbed electron density propagates out].-hen we j[reated Fhe plasma perturpation under the low nega-
wardly with the ion acoustic velocity, while its maximum tive d(_ansny_fcondltlolrI\_s,. WTem—/ng's less thar_l a;exv ger—
ONe max/ Oe(0,0) drops inversely proportional to the distance €€Nt 1N uni orm, COIISIONIESs, an unmagnet!ze_ ydrogen
from the center of the laser beam. The maximum of th Iasmag. The mforma_\t_lon _about th_e plasmas inside the laser
electron current at each distance is compared with the calc(2aM 9ives us the critical information not only on the nega-
lated curves ofr=0, 0.59, and 0.75 in Fig. 6. Experimental tive ion density and temperature, but also on the positive ion
data of sn /on ((') 0) a’gree well with the results of the (emperature. From the measured data outside the laser beam,
calculationesm\i\/xithae=(,).59. Whena increases, the theoretical the negative ion density is estimated numerically using. thjs
values ofdn, ,/(0,0) show a decrease, but not a drasticmodel. In both cases, the consistency between data inside

change. Since the propagation & /0n40,0) depends and outside the laser beam indicates that the electrostatic
on the ratio ofT,/T. , a calculation ?sm?équi?ed to determine probe does not influence the plasmas under the conditions of

n_, from the measured data at>0. Even ifT,/T, cannot our experiment. It is also clear that the good agreement with

be obtained from the analysis of the signal»at 0, it is me_?sgrsgatldastg iﬁ?gjet?ﬁevlgiii:ybg;m i\?\/(;TJ(I)c? %Ié an effective
found thatén,(0,0) can be estimated roughly usid9e max Y

: . mFthod under the severe conditions where an electrostatic
measured at any distance and using a reasonable value 0

T /T. . This enables us to determine the neaative ion denprobe suffers from the laser irradiation. Another method for
sii a+t. —0 from the measurement of a ertgrbed electrondetermming the plasma parameters could make use of the
de);\sityna_tr;> 0 P dynamics of the perturbed potential. In future work we will

In terms of physical aspects, the plasma dynamics afteﬁggit;ilgéa new model with relatively high. /n, and mag-
photodetachment is considered as follows. In the case of low '
a, due to the increase of,, the positive ion density de-

creases inside the laser irradiated region and causes the over-

shoot because of the self-consistent electric field induced by We would like to thank Professor M. Fujiwara at the Na-
electrons. Then, the electrons are pushed outwardly more @®nal Institute for Fusion Science and Professor T. Kuroda
a decreases. In the case of highhowever, the positive ions at Chubu University for their encouragement throughout this
remain inside the laser-irradiated region, which leads to thevork. Finally, the present work has been carried out under
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