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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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I. INTRODUCTION

Plasma, which contains negative ions, has been studie
fields such as astrophysics, negative ion source developm
and divertor plasma physics for nuclear fusion research.
a better understanding of production mechanisms of nega
ions, the laser photodetachment method assisted by a L
muir probe is a most useful diagnostic tool for negative io
in plasma. We can obtain information on negative ion d
sity and temperature and optimize the plasma characteri
using these data.

A laser of photon energy higher than the electron affin
causes the laser photodetachment such asA21hn→A
1e2. This reaction leads to a sudden increase of the elec
density,dne , on the laser path in plasmas containing ne
tive ions. When all the negative ions are destroyed,dne /ne
corresponds to the ratio of the negative ion density to
electron density,n2 /ne . Using this relation, negative ion
densities of hydrogen in plasma were first measured by
use of laser photodetachment assisted with a positively
ased Langmuir probe in 1979@1,2#. The time evolution of
electron current after photodetachment showed a slow re
ery on the time scale of positive or negative ion transit tim
A typical feature of the photodetachment signal is the pr
ence of an overshoot after the initial pulse of the elect
current and before this current recovers its initial value@3,4#.

Two methods have been proposed for the determina
of the negative ion temperature. Devyncket al. @3# measured
the negative ion temperature from the recovery time of
electron density. Sternet al. @4# proposed and used the tw
laser photodetachment method for determining the nega
ion temperature. The consistency of these two methods
verified experimentally. Devyncket al. @3# and Sternet al.
@4# have reported that the velocity of outgoing electrons
roughly equal to the thermal velocity of negative ions.
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order to explain this phenomenon, the kinetic equat
coupled with the Poisson’s equation has been utilized,
glecting the electric field dependent terms@4#. Sternet al. @4#
have developed the theory of transport dynamics in wh
local neutrality is preserved in the laser irradiated region d
to ‘‘monopolar drift’’ ~particles with the same charge a
counterflowing, this is in contrast with the well-known am
bipolar drift that involves oppositely charged species flowi
in the same direction!. The analytical solution of the flow o
negative ions toward the laser axis is given byn2(r 50,t)
5n20 exp@2(R/vth

2t)2#, wherer is the distance from the cen
ter of the laser beam,R is the laser radius,v th

2 is the thermal
velocity of negative ions, andn20 is the background nega
tive ion density. From this result the recovery time of exce
electron currentt r is inversely proportional to the therma
velocity of negative ions:t r}R/v th

2 . This ballistic model is
valid only for the early stage of the negative ion recove
and for small potential perturbation. The overshoot in t
time evolution of excess electron current after photodeta
ment could not be explained within this theory.

The ballistic model was extended to include the effects
the self-consistent electric field@5#. Friedland, Ciubotariu,
and Bacal@5# have proposed the theory of the hybrid flui
kinetic model in which the motion of electrons and positi
ions obey the fluid equation and that of negative ions
governed by the kinetic equation. The general formulatio
for negative ion densityn2(r ,t) and photodetached electro
density dne(r ,t) are given in Ref.@5#. For actual applica-
tions, n2(r 50,t) and dne(r ,t) are demonstrated using th
smoothing functions for both slab and cylindrical geome
instead of a delta function. The time variation of photod
tached electron current including an overshoot atr 50 is
calculated in Ref.@5#. It is found that the ratio of the ampli
tude of the overshoot current to the photodetached elec
©2001 The American Physical Society08-1
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depends on the ratio of electron temperature to positive
temperature,Te /T1 . Friedland, Ciubotariu, and Bacal con
cluded that the depletion of positive ions, arising from t
difference in the thermal velocities of electrons and io
causes the overshoot current. Nishiura, Sasao, and Baca@6#
applied the hybrid fluid-kinetic model to the analysis of t
dependence onTe of the measured photodetachment-curr
to overshoot-current ratios versus time assuming a rea
ableT1 @6#. These authors have also shown that the am
tude of photodetachment currents is independent of la
photon energies used for photodetachment. These re
show that the theoretical model and the relation ofn2 /ne
5dne /ne are valid.

Ivanov et al. @7# pointed out the importance for the neg
tive ion recovery of the self-consistent electric field in t
case of negative ion to positive ion density ratio higher th
0.1. As another approach, they have also studied the dyn
ics of perturbed electrons in a planar geometry under
conditions thatT1;Te using the linearized Vlasov equatio
@8#. The solution for perturbed electrons coincided with t
one obtained by the hybrid fluid-kinetic model in the lim
T1→0.

These models are compared with the experimental res
that are measured inside the laser beam. As the density
turbation should propagate into the plasma region outside
laser beam, the complete analysis of the perturbed den
profile including the regionr .R can be a good confirmatio
of the validity of theoretical models. Thus the change
electron density in both time and space due to photodet
ment in a cylindrical geometry is analyzed in this paper. W
begin with introducing the hybrid fluid-kinetic model an
extend it to analyze the plasma response using the gen
solutions ofdne(r ,t) anddn2(r ,t) until the plasma recover
to the original condition. The results are compared with
experimental data of the corresponding condition in orde
confirm the hybrid fluid-kinetic model.

II. BASIC EQUATION AND MODEL

Hydrogen plasmas in negative ion sources usually con
various species: positive ions (H1, H2

1 , H3
1), negative ions

(H2), and electrons. The plasma considered here is assu
to consist of only three species of charged particles: posi
ions (H3

1), electrons (e2), and negative ions (H2!. The
magnetic field can be ignored and the plasma is homo
neous in our case. When the plasma is irradiated with a l
beam, which destroys all the negative ions in its path,r?R,
the electron density increases suddenly due to the phot
tachment reaction in the laser irradiated region. Forr .R, all
the species are not perturbed by photodetachment att50.
The excess electrons in the laser irradiated region,r?R, do
not feel anything initially, but the density gradient influenc
the electrons near the edge (r;R). The negative ions fill the
depleted region across the discontinuous edge. At the s
time, excess electrons and positive ions move outward
order to compensate the total charge balance. Finally
perturbed plasma recovers to the initial condition on the ti
scale ofR/v th

2 .
The negative ion production during the plasma respons
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negligible compared to the negative ion flux entering into
laser illuminated region due to monopolar drift. The follow
ing rate equation for the total negative ion densityN2 in the
cylindrical volume illuminated by the laser around the pro
of length L can be used to compare these two negative
fluxes, although the collisional part of it is not justified sin
the mean free path of electrons is longer than the laser
dius:

dN2

dt
52pRLFR

2
@ne1Dne#n~H2,v955 – 10!sv~DA!

1n20v th
2G . ~1!

We use a typical rate coefficient for dissociative attac
ment calculated by Berlemont, Skinner, and Bacal@9# in hy-
drogen multicusp discharges. With the initial backgrou
electron densityne051010cm23, the background negative
hydrogen ion densityn205109 cm23, the density of vibra-
tionally excited molecules in statesv9 equal 5–10,
n(H2,v955 – 10)5531010cm23, and the rate coefficient@9#
for dissociative electron attachment to these molecu
sv~DA!5431029 cm23/s, we find that the flux due to the
monopolar drift is a factor of 104 larger than the flux due to
electron-molecule collisions. This means that we can us
collisionless scheme for plasma particles on the time sc
less than a few times of that of recovery.

The experimental arrangements are shown in Fig. 1.
cylindrical geometry is employed for its analytical adva
tages. Thez direction coincides with the laser axis. The r
dial direction of the laser is chosen asr. The rotational di-
rection is u. The cylindrical probe is moved in the radia
direction.

With the foregoing in mind, the analytical model of Fried
land, Ciubotariu, and Bacal@5# is extended to describe th
plasma response caused by photodetachment both inside
outside the laser beam. In the case of cold plasmas, the
tinuity and momentum equations for positive ions becom

]~dn1!

]t
1n0

1
]dv1

]r
50, ~2!

M 1

]~dv1!

]t
52e

]~df!

]r
2

g ikBT1

n0
1

]~dn1!

]r
, ~3!

FIG. 1. Illustration of the laser beam and probe position fo
model calculation.
8-2
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where M 1 indicates the mass of the positive ion,kB the
Boltzmann constant,v the velocity of the particle,df the
perturbed potential,g i the adiabatic index for ions (g i53),
d the perturbed quantity, the subscriptse, 2, and1 the spe-
cies of charged particles, and the subscript 0 the backgro
density, respectively.

When the bulk and detached electrons are described
Maxwellian distribution function, the field dependent ele
tron densitydne is linearized by the Boltzmann relation,

dne5ne0

e~df!

kBTe
, ~4!

where ne0 is the background electron density andTe the
electron temperature, respectively. The quasi-neutrality
comes a good approximation in first order,

dn15n22n201ne . ~5!

The motion of negative ions is described by the kinetic eq
tion:

] f 2

]t
1v•

] f 2

]r
1

e

M 2
S E1

v3B

c D • ] f 2

]v
50, ~6!

where f 2 indicates the distribution function for negativ
ions. Since the nonlinear term would be negligible during
early time period andB50 in an unmagnetized plasma, E
~6! can be reduced to the simplified form

] f 2

]t
1v•

] f 2

]r
50. ~7!

The variation of the negative ion density is given by

Dn2[n22n205E ~ f 22 f 0
2!d3v, ~8!

with the initial distribution for negative ions,f 0
2 .

Here we introduce a Laplace transform in time and a F
rier transform in space with respect to the set of equati
~2!–~5!, ~7!, and ~8! in order to obtaindf(k,v). The solu-
tion for the potential,df(r ,t), is obtained by inverting the
Laplace transform and the Fourier transform. The details
the calculations are similar to those in Ref.@5#. Assuming the
ion acoustic velocity,Cs , as comparable to the thermal v
locity of negative ions, wherev th

25(8kBT2 /pM 2)1/2, as
was done by Friedland, the final results fordne anddn2 are
as follows. For electrons:

dne~r ,t !

n20

52E
0

1` @va
22~v th

1!2#C~r ,vat !2@v22~v th
1!2#C~r ,vt !

~p1/2v th
2!@va

22v2#

3e2~v/v th
2

!2
dv. ~9!

For negative ions:
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dn2~r ,t !

n20
52

2

~p1/2v th
2!

E
0

1`

C~r ,vt !e2~v/v th
2

!2
dv.

~10!

The mentioned assumption is reasonable because the
acoustic velocity for H3

1 is very close tov th
2 from the ex-

perimental results@6#.
The function C(r ,vt) in Eqs. ~9! and ~10!, which in-

cludes the integration of the Bessel function, takes the
lowing form,

C~r ,vt !5E
0

`

r 8dr8E
0

`

kdkFD~r 8!

n20
G

3cos~kvt !•J0~kr !J0~kr8!, ~11!

where

D~r 8!

n20
5H 1 if ur 8u<R

0 if ur 8u.R.
~12!

The step functionD(r 8) is used to represent the initial dis
tribution of excess electrons. This form generally depends
the profile of the laser beam, but it is reasonable to use
~12! for our conditions because we cut the tail of a Gauss
beam to make the boundary of the laser beam sharp. In o
to proceed to the integration, Eq.~11! is transformed into

C~r ,vt !5E
0

`

R cos~kvt !J0~kr !J1~kR!dk, ~13!

with J0 andJ1 being the Bessel function of the first kind o
the order 0 and the order 1. Friedland Ciubotariu, and Ba
@5# provided the functionC(r 50,vt) with the help of a
smoothing function corresponding to the step function,
stead of Eq.~13!. Substituting the functionC(r ,vt) of Eq.
~13! into Eq. ~10!, the integration overv can be carried out
@10#, and then,

dn2~r ,t !

n20
52

2

~p1/2v th
2!

E
0

1`

J0~kr !J1~kR!e2~ktv th
2/2!2

d~kR!.

~14!

Equation~14! at r 50 corresponds to Eq.~12! in Ref. @4#.
For the sake of convenience and simplicity we introdu

dimensionless quantities:

x5v/v th
2 ; t5v th

2t/R; a5Ag iT1 /Te; h5r /R; j5kR.
~15!

The quantitiesx andt may be thought of as the velocity o
charged particles in a plasma and the time after the photo
tachment occurred, respectively.a denotes the ratio of posi
tive ion temperature to electron temperature.h is the normal-
ized distance from the axis of the laser beam in the ra
direction in cylindrical coordinates.

Using these quantities, Eq.~9! for the perturbation of the
electron density becomes
8-3
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dne~h,t!

n20
5

2

Ap
E

0

1` C~h,A11a2t!2~x22a2!C~h,xt!

11a22x2

3e2x2
dx, ~16!

where

C~h,xt!5E
0

`

cos~xtj!J0~hj!J1~j!dj. ~17!

Equation~10! for the negative ion density becomes

d2~h,t!

n20
5E

0

1`

J0~hj!J1~j!e2~tj/2!2
dj. ~18!

The integrals in Eqs.~16! and ~18! are calculated numeri
cally.

III. EXPERIMENTAL CONFIGURATION

A magnetic multicusp discharge is produced in
stainless-steel vessel 270 mm in length and 210 mm in
ameter. Ten rows of ferrite magnets are attached on the
lindrical wall for the plasma confinement. Each end flange
the vessel has also four magnets. The vessel is connect
the ground and serves as an anode. The hydrogen plasm
produced by electrons emitted from two tungsten filame
and accelerated by the discharge voltage.

The L-shaped Langmuir probe is installed in the plasm
The probe tip is made of a tungsten wire 10 mm in len
and 0.35 mm in diameter. The probe is positioned by a
crometric screw and can be moved 10 mm along the ra
direction. The micrometric screw gives us the positioni
precision of 0.25 mm in the radial direction.

A pulsed Nd-yttrium-aluminum-garnet laser was used
photodetachment. The laser beam diameter is limited t
mm using an aperture. The laser power is kept constan
the saturation region to detect the excess electron curren
to photodetachment. The change of probe current due to
todetachment is detected by a storage scope. The sche
diagrams of the experimental setup and measurement sy
are shown in Ref.@6#.

We verified that the produced dc plasma was uniform a
unmagnetized in the central region of the vessel. Plasma
rameters of ne51010– 1011cm23, Te50.5– 3 eV, and
n2 /ne;0.05 are obtained from the probeI –V characteris-
tics and photodetachment measurement. The relation@1#
n2 /ne5DI /I dc is used to determine then2 /ne ratio because
the laser power is high enough to detach all the electr
from H2 ions. The differences between the probe sign
measured inside and outside the laser beam are studied i
subsequent sections.

IV. RESULTS AND DISCUSSION

A. The perturbed potential at hÄ0

Figure 2 shows the time evolution of typical probe sign
and calculated signals after photodetachment ath50 in the
cases of~a! Te50.86 eV and~b! Te50.55 eV. The hydrogen
03640
i-
y-
f
to

a is
ts

.
h
i-
al

r
4
in
ue
o-

atic
em

d
a-

s
ls
the

s

gas pressurePg is adjusted to change the electron tempe
ture keeping the discharge current constant. The ordin
indicates the perturbed electron density normalized
the maximum. The abscissa is the time normalized to
recovery time, which is defined as the time when the ne
tive ion density reaches again the initial value. Two expe
mental traces ofdne are shown in Figs. 2~a! and 2~b!. They
are in good agreement with those calculated witha50.59
in Fig. 2~a! and a50.75 in Fig. 2~b!. As a decreases, the
amplitude of the overshoot becomes larger due to the dif
ence of mobility between electrons and positive ions. F
longer time t, the observed photodetachment current a
proaches zero with a slow oscillation similar to the calc
lateddne .

The observeddne has a slow rise time after photodetac
ment. This time lag is about 20 ns, which is much larger th
the plasma oscillation time~,1 ns! and the pulse duration o
the laser~55.5 ns!. The time scale is considered to be th
propagation time of the perturbed electrons through
probe sheath with an ion acoustic velocity

lD /Cs5lD /~R/t r !

50.131023/~231023/40031029!

520 ns.

FIG. 2. The observed signal and the calculated traces ath50
~laser beam axis!. The photodetachment signal is measured un
the conditions:Pg52.2 mTorr, Vd5100 V, and I d51 A in the
cases~a! Te50.86 eV and~b! Te50.55 eV.
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This information is important and useful for the analysis
sheath formation. However, additional explanations ab
the rise time are required because the time lag tends t
inversely proportional to the ion acoustic velocity, but ind
pendent of the Debye length.

The measured overshoot-current to photodetachm
current ratiosI ov /DI versus electron temperature for vario
discharge currents are plotted in Fig. 3. The photodeta
ment current with the ratios ofa50.75, 0.59, 0.5, and 0.4 i
calculated withT1 as a parameter. The hydrogen gas pr
sure is adjusted to change the electron temperature. Whe
discharge current is kept constant, the measuredI ov /DI co-
incides with the corresponding calculated line. The posit
ion temperature can be determined using these results. E
if Te is varied over the range of 0.5–2.5 eV,T1 with a
constant discharge current does not change. This resu
reasonable because the positive ions are produced by c
sions between high-energy electrons and hydrogen m
ecules and the electron temperature does not affect the
ergy of the positive ions formed.

B. Propagation of perturbed potential

Devyncket al. @3# and Nishiura Sasao, and Bacal@6# have
already reported the outward propagation velocity of the p
turbed potential observed experimentally and compare
with the ion acoustic velocity. We confirmed that the peak
perturbed potential moves outward with the ion acoustic
locity and it is not attenuated as a ballistic locus correspo
ing to 1/r . For the determination of the effective laser radiu
the time evolutions of the perturbed electron dens
dne(h,t) are shown in Fig. 4. The Langmuir probe is l
cated at~a! r 54 mm, ~b! r 55 mm, and~c! r 56 mm, re-
spectively. The ordinate indicates the perturbed electron d
sity normalized to that atr 50. Although the actual lase
beam radius should be 2.0 mm,r is normalized toR
52.5 mm because of the density gradient at the laser bou
ary. The calculated potentials ath51.6, 2, and 2.4 are als
plotted in Fig. 4. The calculated peaks of perturbed elect

FIG. 3. Dependence of the overshoot signal on the electron t
perature for various discharge currents of 1, 2, 4, and 6 A.
symbols indicate the measured data. The four lines indicate
calculated values of the overshoot signal and are fit to coincide
the measured data using the parameterT1 . The electron tempera
tures were changed by the adjustment of the hydrogen gas pres
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density coincide with the observed peaks in each case. H
ever, at a larger time than that of the peak, there is a disc
ancy in electron density. The profile of the laser beam m
cause the difference in signal width between the obser
data and the calculation. The precision of the Langm
probe would be poor in space to an extent of several De
lengths.

The perturbed negative ion density is shown in Fig.
using Eq.~18! from t50 to 3.0. The time scale of the the
mal velocity of negative ions governs the recovery time. T

-
e
e

th

ure.

FIG. 4. Comparison between the observed signals and the
culated traces~thick line! under the conditions thata50.59 and
R52.5 mm. ~a! r /R51.6, ~b! 2.0, and~c! 2.4. Experimental data
are obtained under the conditions wheren2 /ne50.01, ne57
31010 cm23, andTe50.86 eV in a hydrogen plasma. The peak p
sition of the observed signal agrees with the calculations at e
probe position.
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region depleted in negative ions inside the laser channe
filled with the negative ions gradually from the boundary
the laser path. The recovery of the negative ion density d
not depend ona in this approximation. The effect ona
should be treated if the positive ion temperature is relativ
high.

C. Determination of negative ion density from a signal
measured athÅ0

A peak of the perturbed electron density propagates
wardly with the ion acoustic velocity, while its maximum
dne max/dne(0,0) drops inversely proportional to the distan
from the center of the laser beam. The maximum of
electron current at each distance is compared with the ca
lated curves ofa50, 0.59, and 0.75 in Fig. 6. Experiment
data of dne max/dne(0,0) agree well with the results of th
calculations witha50.59. Whena increases, the theoretica
values ofdne max/dne(0,0) show a decrease, but not a dras
change. Since the propagation ofdne max/dne(0,0) depends
on the ratio ofTe /T1 , a calculation is required to determin
n20 from the measured data ath.0. Even ifTe /T1 cannot
be obtained from the analysis of the signal ath50, it is
found thatdne(0,0) can be estimated roughly usingdne max
measured at any distance and using a reasonable valu
Te /T1 . This enables us to determine the negative ion d
sity at h50 from the measurement of a perturbed elect
density ath.0.

In terms of physical aspects, the plasma dynamics a
photodetachment is considered as follows. In the case of
a, due to the increase ofTe , the positive ion density de
creases inside the laser irradiated region and causes the
shoot because of the self-consistent electric field induced
electrons. Then, the electrons are pushed outwardly mor
a decreases. In the case of higha, however, the positive ions
remain inside the laser-irradiated region, which leads to
decrease of the overshoot.

FIG. 5. Calculations of spatial-temporal transition of perturb
densities for negative ions after laser photodetachment.
et,
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V. CONCLUSIONS

The time evolution of the electron current induced by t
laser photodetachment was measured to verify the hy
fluid kinetic model inside as well as outside the laser bea
Then we treated the plasma perturbation under the low ne
tive density conditions, wheren2 /ne is less than a few per
cent, in uniform, collisionless, and unmagnetized hydrog
plasmas. The information about the plasmas inside the l
beam gives us the critical information not only on the neg
tive ion density and temperature, but also on the positive
temperature. From the measured data outside the laser b
the negative ion density is estimated numerically using t
model. In both cases, the consistency between data in
and outside the laser beam indicates that the electros
probe does not influence the plasmas under the condition
our experiment. It is also clear that the good agreement w
measured data shows the validity of this model.

The analysis outside the laser beam would be an effec
method under the severe conditions where an electros
probe suffers from the laser irradiation. Another method
determining the plasma parameters could make use of
dynamics of the perturbed potential. In future work we w
construct a new model with relatively highn2 /ne and mag-
netic field.
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FIG. 6. Change of maximum perturbed electron density ver
probe position. The symbols indicate the observed peak value o
probe signal. The data are obtained by moving the probe pos
with increasingh ~open circles! and with decreasingh ~closed
circles!. The thick line is the calculated variation of perturbed ele
tron densities in the case ofa50, 0.59, and 0.75 andR52.5 mm.
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