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Recovery of a weakly magnetized negative-ion plasma after photodetachment
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The experimental investigation of the negative-ion recovery after photodetachment was effected using the
two-laser-beam technique in the neighborhood of the extraction opening of a negative-ion source, a weakly
magnetized plasma region limited by a positively biased plasma electrode. It was found that the application of
a positive bias to the plasma electrode reduces the recovery time. This quicker recovery was attributed to the
presence in the plasma of a directed negative-ion flow, crossing the laser channel, whose velocity increases as
the positive bias of the plasma electrode is increased. The choice of a self-similar variable allows the negative-
ion flow velocity to be determined from the shift of the experimental recovery curves, and the negative-ion
temperature from the initial phase of the recovery. As expected, increasing the plasma electrode positive bias
does not change the negative-ion temperafi8&063-651X97)06501-X]

PACS numbgs): 52.25.Dg, 29.25.Ni, 52.75.Di

I. INTRODUCTION the velocity of the directed negative-ion flow to the posi-
tively biased plasma electrode. In this experiment this veloc-
The negative-ion current extracted from a plasma is, obity was determined to be 1C} (C; is the ion acoustic veloc-
viously, related to the negative-ion density in this plasmaity) for a bias of the plasma electrode of 2 V. The directed
Some authors assumed that the extracted negative-ion cumegative-ion flow is the physical reason for the enhancement
rent is determined by the thermal flow of negative ionsof the negative-ion fraction in the extracted beam when the
through the extraction openinld,2], while others believed plasma electrode is biased positive, observed by the experi-
that the negative ions flow out of the plasma with the ionmentalists in this field5].
acoustic velocity. In relation to this problem, and also in  The laser photodetachment diagnostic for measuring the
order to evaluate the negative-ion beam emittance, a considlensity and temperature of negative ions, proposed and de-
erable effort has been dedicated to the measurement of thelloped in Refs[3,4,6,7, is of current interest, since it al-
negative-ion temperature in the plasma of the negative-iotows that the plasma may be investigated with little interfer-
source using the two-laser-beam photodetachment techniqesce on the system as a whole.
[3,4]. The results were extremely encouraging, since it was This method implies measurements using a Langmuir
shown that the negative-ion temperature is low, in the rangerobe of the plasma perturbation following the photodetach-
0.2-0.7 eV. ment of electrons from negative ions. The level of this per-
Recently we have applied the two-laser-beam photodeturbation is directly related to the negative-ion density in the
tachment technique to the region next to the extraction opersystem, and the recovery of the negative-ion density in the
ing. It was observed that the application of a positive bias tahannel illuminated by the laser is related to its temperature.
the plasma electrode considerably reduces the negative-iorhe present work is dedicated, in part, to the development of
recovery time after photodetachment. It is the purpose of thia theory that allows this relationship to be analyzed under the
work to present these experiments and the theory, which is eonditions relevant to the region near the extraction opening.
new interpretation of the experimental results. In the case of a small fraction of negative ions, one can
The observed accelerated recovery is attributed to theonsider that the plasma perturbation following photodetach-
presence in the plasma of a negative-ion flow, directed toment is small and the movement of the negative ions in the
ward the plasma electrode, perpendicular to the laser chamaser channel is a ballistic one. This allowed Stetral. [3]
nel. Its velocity increases as positive bias of the plasma elete obtain an evaluation of the negative-ion temperature in the
trode is increased. The theoretical analysis and the choice tfallistic approximation. Further, Friedlard al.[9] used the
a self-similar variable allows the negative-ion flow velocity method of Laplace-Fourier transforms, with the same as-
to be determined from the shift of the experimental recoverysumption of small negative-ion fraction, to investigate the
curves, corresponding to different values of the plasma elednfluence of electric fields on the dynamics of positive ions.
trode bias. The negative-ion temperature can be determinethey described in the first approximation the experimentally
from the initial phase of the recovery. As expected, the in-observed minimum in the electron density time evolution
crease of the plasma electrode positive bias does not changéer photodetachment, designated as “overshoot.”
the negative-ion temperature. Ivanov et al. [10] studied the dynamics of negative-ion
These experiments and their theoretical interpretation inplasma, when the movement of all plasma components oc-
dicate that the negative-ion extracted current is governed bgurred in a self-consistent electric field. In this work the as-
sumption of small negative-ion fraction was not used. In the
present work we apply the approach of Rdf0] to the case
*Permanent address: Russian Research Center, Kurchatov Instifhere the negative ions have a directed velocity, and com-
tute, Moscow, Russia. pare the time-dependent negative-ion distributions calculated
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with the model for various directed velocities to the time- Plasma flow
dependent negative-ion distributions measured at different
plasma electrode biases.

In Sec. Il we describe the volume negative-ion source in
which the experiments have been performed, and the two-
laser-beam photodetachment diagnostic technique, used for
determining the negative-ion temperature. In Sec. Il we
present the experimental results on negative-ion recovery af-
ter photodetachment, obtained near the extraction opening.
In Sec. IV we briefly describe the theoretical model, the self-
similar method used for solving this problem, and the theo-
retical results on the relaxation of plasma with high negative-

7
ion fraction in the laser illuminated channel. Here we discuss v, A i % Plasma electrode
also the effect of the directed negative-ion movement due to "=
. . S AN S XN
the positive bias to the plasma electrode. f Separator
Vext

Il. EXPERIMENTAL SETUP

A. The negative-ion source }—' I C J
Veoll Collector

The investigation has been performed in the hybrid mul-
ticusp plasma generatdCamembert IlJ, which has been
described in detail elsewhef&l]. For completeness, a brief
description of the source will be given. The cylindrica

ﬁﬁarlt?tss—s';eel CTIaLnbe{\I\'/SIM'O cm in dl]?rrev,-\}ienrda\r:vd 45r'0bcri8n and electron densities, respectivelfFigure 1 shows
Igh. TIs side wall has twelve openings fo OWS, pro eschematically the arrangement of this third region. Here the

holders, ".md a small turbo-mo_lecular pump. Sixteen Co.lumnjsoint action of the positive bias on the plasma electrode and
of samarium-cobalt magnetsvith a surface magnetic field of the weak magnetic field20 G at most results in the

grte?’r?f;(t)ivcgl ar];e |.nsta:1led vath the Eorth and the south polgsr distribution of the plasma componefi,13. The photo-
. y facing the plasma. These magnets are containg tachment measurements effected at a distance from the
n water-cooled stainless-steel tul@ss cm diam welded to . plasma electrode of up to 2 cm show a dramatic increase of
the internal surface of the source to allow steady-state hig e negative-ion to electron density rat; /N,, from 0.5

power discharge operation. The plasma diameter is therefoc[% 10(i.e., by a factor of 2Dwhen the plasma electrode bias
38.12_3hcm. d olat i tized. O d of the ch V,, is enhanced from 0 to 2.5 V. In this cas¢; increases
€ end piates are nol maghetized. ne end ot Ine ¢ angfpproximately by a factor of 2, whild, drops by a factor of

ber is bounded, in part, by the stainless-steel plasma elec‘l- . ' L
L ; ; 0(see Figs. 8 and 9 in RdfL3]). Note that the ratidN; /N,
trode of the extractof10 cm in diametgr which contains an does not exceed 0.1 in the center of the extraction region

extraction hole of 0.8 cm in diameter, and in part by a water 11]
cooled annular copper plate. This plate is connected to thL i
plasma chamber side wall, which is grounded. The extracto&I

has been described in detail elsewhéir#]. The neighboring trons are magnetized on a distance of a few centimeters from

plasma is magnetized, and due to this and to a small posmvl? A large fraction of the current into the extraction hole is

bias of the plasma electrode, large densities of volume: o .
o ' ; . ; ranspor n ive ions. The electron lighter par-
produced negative ions concentrate in this reditih13. transported by negative ions e electrons, as lig P

The top of the source is bounded by a stainless-steel plazﬁcles, flow to the periphery of the plasma electrode or to the

supporting the filaments. The centers of 16 hairpin-shape :z(ra'lshery of the plasma chamber along the magnetic field
filaments are arranged on a cir¢&3 cm in diameter each '
filament is located in a radial plane, median between two
neighboring magnet columns. The filaments are situated in
the multicusp magnetic field. The electrons emitted by the The H™ densityN; was measured by the photodetach-
hot tungsten filaments are accelerateceidy in the sheath ment technique, described in detail in Rd®-8] and[13].
surrounding the filament§V, is the discharge voltage ap- In this technique electrons are detached from theidhs by
plied between the filaments and the chamber )wale pri- means of a pulsed laser beam and detected by the cylindrical
mary electrons are thus confined in the multicusp magnetitungsten probe placed along the axis of the laser beam. The
field. This nonuniform magnetic field provides to the primary probe is biased positively relative to the plasma and therefore
electrons a drift in a direction parallel to the magnets. attracts the detached electrons. This results in a probe current
The hybrid source contains three distinct regionf) a  pulse whose height is proportional to the Hensity. The
driver region, located near the walls, containing the fila-laser beam is provided by a Nd:YAG lasghoton energy
ments;(ii) an extraction region, which extends over all the 1.2 eV).
central, field-free region(iii) a weakly magnetized region The H negative-ion thermal energy was measured using
with high N; /N, bounded by the plasma electrode, whichthe two-laser-pulse photodetachment techni¢Bd]. This
contains the extraction openiriy; andN,, are the negative nonresonant optical tagging technique combines two succes-

FIG. 1. Schematic presentation of the plasma region near the
| plasma electrode. The laser beam is also shown.

The magnetic field in the neighborhood of the plasma
ectrode is approximately parallel to this electrode; the elec-

B. Two laser beam photodetachment diagnostics
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flow of negative ions across the laser channel which domi-
nates the negative-ion recovery. The velocity of this flow
depends onV,. This assumption will be verified in the

0.8 i
course of this work.
o 0.6 4
z IV. MATHEMATICAL MODEL OF PLASMA DYNAMICS
T IN THE LASER CHANNEL
Zz 04 ] AND THEORETICAL RESULTS
02 | Since the voltage applied to electrodes placed at the
plasma borders brings about the plasma flow existing in the
| field-free region(excluding the regions close to electroges
0 02 0.4 0.6 0.8 we assume that the negative-ion distribution function before

Time (Us) the laser pulse is a shifted Maxwellian, with unknown drift
velocity and temperature.
FIG. 2. Effect of plasma electrode bias on the negative-ion den- The negative-ion flow crosses a channel of radRtuson-
sity recovery forV,=0, 1, 2, and 4 V. 3 mTorr, 50 V, 30 A taining negative-ion free plasma created for a short time by
discharge, probe bias50 V, R =0.4 cm. photodetachment. When the negative-ion flow velocity ex-
] ) ] ) ceeds the negative-ion thermal velocity, the recovery of the
sive laser pulses with simultaneous Langmuir probé meaghannel plasma is due to the directed flow, rather than to the
surements. The first laser pulse destroys all the negative iofgermal velocity, so the problem under consideration can be
in its path by photodetachment. A second laser pulse firegleated in planar geometry and the one-dimensional approxi-
shortly after the first along the same path destroys the neganation. Thex axis should be directed along the direction of
tive iqns which have originatgd from putside the Ia;er pathfiow. To simplify we consider that the flow velocity is per-
The time evolution ofN; (1) is established by making re- pengicular to the laser channel. The poirt0 separates the
peated measurements while varying the time delay betwe&gser channel from the unperturbed plasma. Thus the state-
the two laser shots. The negative-ion temperafurds de-  ment of the problem is similar to that of RéfL0], except
termined from the negative-ion density recovery curve afteg,,q points.
the negative ions have been destroyed by photodetachment gt 4t the initial moment after the laser pulse the distri-
in a small cylindrical region. bution function of the negative ions is supposed to be the
The data obtained on the axis of the source at 15 cm Ofg|-known shifted Maxwellian distribution:
the plasma electrode, which corresponds to the center of the
source extraction region, have been reported in Ref]. It
was shown there that the signal-to-noise ratio is approxi-

gqnar;tggcgg at 2 mTorr and goes up when the pressure Butside the laser channel,»at0, andP; =0 inside the laser

channel, ak>0. HereN;, andV; are the density and ther-
mal velocity of the negative ions ang, is the velocity of the
negative-ion flow in the unperturbed plasma near the laser
channel. Note that the Maxwellian distribution is used as an
example and does not decrease the generality of the solution.

Figure 2 presents a typical example of the negative-ion'he influence of the second boundary,xat2R, , can be
recovery observed using the two-laser beam technique. THeeglected because the flow velocity is large enough.
measurements were effected on the axis of the source, in the From the very beginning the negative-ion behavior is gov-
neighborhood of the plasma electrode. The four curve€med by the one-dimensional kinetic equation. When the
shown in Fig. 2 correspond to four values of the p|asmdaser radius is less than the ion gyroradius, i.e., for our case
electrode biasy, (0, 1, 2, and 4 V with respect to the B<250 G, the ion movement inside the laser channel is not
grounded walls. A small change df, leads to a sharp in- affected by the magnetic field. _
crease of the slope on the time dependence of the negative- Second, it is necessary to discuss the influence of the
ion density. The average velocity can be calculated from théhagnetic field on the validity of the Boltzmann equation.
relationR, /t,, whereR, is the radius of the laser beai@.4  Since the Larmor radius of e_Iectr_ons is _of t_he order of 0.1
cm in this caspandt, is the time required for the increase of M, the electrons are magnetized in the vicinity of the plasma
the normalized negative-ion density to a chosen valué&lectrode. Thus the electrons can move freely along the mag-
N; /N, in the center of the laser channel. For example, foretic Ilnes and the Boltzmann distribution will be valid along
N, /N;,=0.5 the average velocity changes fram5x10°  these lines only:
cm/s atV,=0 to v~1.33x10° cm/s atV,=1 V, and up to
v~2X10° cm/s atV,=4 V. It is important to note that this Ne(®)=Ng exple[P(X,y) =W (x)]/Te), 2
velocity increases by approximately a factor of 4 for any
N; /N, from 0.1 to 0.5. If, as usual, this velocity is consid- where thex axis is directed across the magnetic field and the
ered to be the thermal velocity of the negative ions, thisy axis is directed along the magnetic fieldN, and¥ are
would correspond to a nonrealistic increase of the temperahe electron density and the potential in the unperturbed
ture by a factor of 16. This leads us to assume that there is plasma fory—oo, respectively.

Py = (Nig/ m/A Jexd — (V=Vo)/ (V)2 (1)

IIl. NEGATIVE-ION DENSITY RECOVERY AFTER
PHOTODETACHMENT IN THE REGION NEAR THE
PLASMA ELECTRODE
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FIG. 3. Time dependence of the self-similar solution oy,
without drift, with x=R =2 mm, T.=1 eV, andT; /T,=0.5. 0.6

‘e
In the actual situation the magnetic lines cross the plasma .E_ﬂ
electrode, which is an equipotential surface for the electrons. % 04
Its potential can be set equal to zero. Therefore we can use
the Boltzmann relation across the magnetic field. 0.2
When these conditions are satisfied, the problem will have
the self-similar solution so one could make use of dimen-
sionless variableg’=&—(Vy/C,) v'=(V—V,y)/Cq, Where
&=x/tCq is the self-similar variable. As a result we have to Time (4 s)
solve the kinetic equation in the form of a nonlinear integro-
differential equatiorj 10]: FIG. 4. Dependence of the negative-ion density(@nthe self-
similar variable¢=R_/(tC¢) and (b) on time, atT; /T,=0.5 and
afi e © of; Nio/Ng=0.275. In (b) the following parameters were
— t = In(l—J f; dv)

f;
+ —=o. ST “R -
PN 0. (3  chosen: Te=1eV,x=R =2 mm.

(U,_f,) o'

) ] ] _ one can note from the experimental curyese Fig. 2 that

This equation was solved in R¢fL0] and we will use the  he negative ions appear earlier as the plasma electrode bias
solution found there, taking into account the change in arguy, s increased.
ment. We remind the reader that the typical shape of the "in order to explain this effect, let us examine the role of

resulting negative-ion distribution function, which was the directed negative-ion velocity in the process of recovery.
shown in Fig. 3 of Ref[10], demonstrates that during the | ot ys assume a negative-ion flow across the laser channel
recovery process both acceleration and anisotropic cooling Qfjith V#O0.

negative 1ons occurs. o _ Figure 4a) shows the negative-ion densities obtained for

We will now discuss the self-similar solution of the prob- yarious values of the flow velocity. This result becomes
lem at suffi_ciently high negative-ion fraction in the system. clearer when we return in Fig.(#) to the time dependence
At {——, i.e., far away from the laser channel regior-  for several typical values of the electron temperaffyend
—, one can consider the plasma as unperturbed, and thgr several ion flow velocities. The faster return of the nega-
distribution function of the negative ions is described by Edjve ions to the probe and the steeper increasi ofin time
(1). The initial value of¢ was &yi,=—3. It can be shown that  ¢an pe noted in Fig.#). Note that in Fig. 4b), N~ does not
a lower value does not change the results. _ _tend asymptotically at largeto the initial negative-ion den-

Let us consider first the recovery process without drlftsity N . This is related with the use of the planar geometry,
(Vo=0). Figure 3 presents the results of a typical calculation,yhen at the initial moment the negative ions fill the half-
for V=0, of the self-similar widening of the border between spacex<0. However, the initial stage of the plasma recovery
two plasma regions fof ; =0.5T, and for several values of iy the |aser channel does not depend on the geometry of the

the densityN 5" as function of timet=R/(£Cs— Vo). Fig-  problem, and consequently we can apply the proposed model
ure 3 shows the time dependences\qf/N, for which the 5t this stage.

following initial conditions have been chosenR, =2 mm,
T.=1 eV. Note a steeper increase of the ratip /N, for V. DETERMINATION OF THE NEGATIVE-ION

higherN g, in agreement with the experir_ne_ntal défeg. 2). _ TEMPERATURE AND ELOW VELOCITY
We also note in Fig. 3 that the characteristic appearance time

of the negative ions in the probe collection region for a laser It can be noted that the obtained solutions depend on three
channel radiu®k, =2 mm is practically invariant. However, parameterdN;o/Ng, Vo/Cg, andT; /T, . The first parameter
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0.6 — 7T . r v v T r v v T 1 v T Tt T 7

3 35 FIG. 6. Same as Fig. 2, with the varial#le R, /(tC,). All theo-
retical curves found by the least-square approximation have
T /Te~0.2.

FIG. 5. Theoretical dependence of the negative-ion density on '
the self-similar variable for T; /T,=0.1, 0.2, and 0.4. The experi-
mental points are for 50 V, 30 A, 3 m Torr discharge witg=1  density curveqFig. 5. Thus one can distinguish these pa-
V. R_=0.4cm. rameters in the fit.

Finally we plotted all the data of Fig. 2 in Fig. 6, where
N; /N is represented as a function of the self-similar vari-

is determined by laser photodetachment rather precis@ly g%le & Note that the curves are similar, i.e., can be super-

TP ehtwo othgr parar(’jnete_rs can be foun((jj;from mealsuremen sed by a translation along the a¥isThe flow velocityV,
of the negative-ion density recovery at differaf values. 54 the ‘thermal velocity; were found for the theoretical

We noticed the increase of the negative-ion flow velocity.es by the method of least squares. Thus we determine
when discussing the data shown in Fig(Sec. ll). This  he flow velocityV, corresponding to each case, as indicated
v_elqcny can be determined more precisely by using the selfi, Fig. 6.V, varies from 0. atV,=0 to 1.95, for V,=4
similar variable¢=R, /(tC,). Note that from the symmetry v. There is good agreement feir=V,/Cs.
of the one-dimensional problei; /N, is equal to 0.5 at Note that the small discrepancy of the experimental data
the point¢=0 without flow for any density and temperature. and the theoretical curves occurs for large values of
In the case when the flow is present, this point moves exactlg>V,/C,, i.e., for very short timé=R, /£C,<R,/V,. This
with the flow velocity V,. Actually the negative ions can discrepancy is related to the low negative-ion density in the
reach the probe, placed in the center of the laser channdhser channel immediately after the laser pulse and is not
from all directions and we should have used the cylindricalunderstood yet.
geometry. However, in the case when the flow velocity ex-
ceeds the thermal velocity, the growth of the negative-ion
current to the probe is determined mainly by the ions arriv-
ing from the flow direction. Therefore we can use our planar The experimental investigation of the negative-ion recov-
model whenV,>V; . This is usually the case. In the ex- ery after photodetachment was effected using the two-laser
ample shown in Fig. 2 this velocity is 1.830° cm/s for beam technique in the neighborhood of the extraction open-
V,=1V, while V; is usually lower than this valup4]. It ing of a negative-ion source, a region weakly magnetized
was shown in Sec. IV that the presence of the flow velocityand limited by a positively biased plasma electrode. It was
results only in the parallel translation along the akis found that the application of a positive bias to the plasma

Now the thermal energy of the negative ions can be founelectrode reduces the recovery time. This accelerated recov-
by comparing the experimental curves with the theoreticakry was attributed to the presence in the plasma of a directed
ones using the method illustrated in Fig. 5. The experimentahegative-ion flow, crossing the laser channel, the velocity of
data are those plotted in Fig. 2 fof,=1 V. The theoretical which is going up when the positive bias of the plasma elec-
curves are calculated for variody and withVy=1.33C;.  trode is increased. The choice of a self-similar variable al-
Using the method of least squares we found the negative-iolows us to determine the negative-ion flow velocity from the
temperaturel ;| =0.2T,. A close value for the ratid; /T,  shift of the experimental recovery curves, and to determine
was reported in Ref11] for the central region of the source the negative-ion temperature from the initial phase of the
Camembert Il under similar discharge conditions. Therecovery. As expected, the increase of the plasma electrode
variation of the plasma electrode positive bias does nopositive bias does not change the negative-ion temperature.
change the negative-ion temperature. These experiments and their theoretical interpretation in-

Note that apparently the increase®©f or of V, gives a  dicate that the negative-ion extracted current is governed by
similar result: the acceleration of the negative-ion recoverythe velocity of the directed negative-ion flow to the posi-
However, one can see that the increaséVgfresults in a tively biased plasma electrode. In this experiment we found a
parallel shift of the density recovery curvigsg. 4a)], while  value as high as 1.95 for a bias of the plasma electrode of
the increase ofT; results in the change in slope of the 4 V. This explains the physical reason for enhancing the

VI. CONCLUSION
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negative-ion fraction in the extracted beam when the plasmaelocity and temperatuyevhich can be determined by fit-
electrode is biased positive, which was observed by the exing.
perimentalists in this field.

Note that the negative-ion dynamics is governed by the
one-dimensional collisionless Vlasov equation. Thus the ini- ACKNOWLEDGMENTS
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