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Relaxation of cold plasmas and threshold lowering effect
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Low temperature plasmas are produced by photoionization of cold trapped atoms. Due to the threshold
energy shift caused by overlapping ion fields, the effective kinetic energy of the free electrons is increased by
Ap=2Cp/a, wherea is the Wigner-Seitz radius andp=11 is a universal constant. Detailed discussion is
given on the self-consistent determination ©f, using a Debye shielded, fluctuating lattice model. The
attainable minimum electron temperature is given by the plasma density alofRgsas./3~=7/a. No Wigner
crystallization is possible in such plasmas, unless a strong confining external field is present. The shift imposes
a stringent cutoff on the high Rydberg state contributions to the three-body recombination probabilities, and a
new estimate of the rates is presented. For a freely expanding cold plasma, an additional mode of adiabatic
motional recombination is found to dominate plasma relaxation.
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[. INTRODUCTION fined by a trapping field, such a mode is absent and the
three-body recombination is expected to be dominant.

Recent advancefl—3] in cooling trapped atoms have  We discuss in detail the threshold lowering eff€tLE)
opened up many new areas of research, that include tHa Sec. Il, where a self-consistent procedure for the determi-
Bose-Einstein condensation and laser manipulated excit&ation of the energy shift is developed. A theoretical expla-
tions. In particular, ionization of cold atoms by laser irradia-nation of the various anomalies observed in a recent experi-
tion presumably produces plasmas of precisely controllednent[6] is given in terms of the TLE. Although the model
temperaturg 4—6]. Typical atomic density realized experi- introduced in Sec. Il is crude, the physical picture that
mentally is 16—10*cm™3, and up to 25% of these atoms evolves is quite general and the parameZgr of the shift
are usually ionized. Electron temperat(ig of the plasma seems to be a universal constant and intrinsic property of the
thus created can be in the Kelvin range. Alternative to direc€P. The various recombination probabilities are estimated in
photoionization, cold plasmd€P) may also be produced by Sec. lll, taking the TLE into account. Generally, the TLE
first laser excition of cold trapped atoms to high Rydbergl’edUCeS the rates. The adiabatic motional recombination pro-
states, which can subsequently turn into a plagiflavia cess is described in Sec. IV and its probability is estimated
Penning ionization. This may be further followed by colli- and compared with that of other recombination processes.
sional ionization and recombination. Plasmas of suchTgw

pose many new and interesting physical problems, especially Il. THRESHOLD LOWERING EFFECT
when they are not quite in thermal equilibrium and expand- '
ing in absence of confining fields. We first discuss the TLIE9], which affects the dynamics

Cold plasmas can relax by various modes of recombinaef CP by suppressing the various recombination processes.
tion [8], the radiative recombination, three-body recombina-The previous study of TLE is given, for example, by Stewart
tion, and possibly by dielectronic recombination. We studyand Pyatt[10], in which the nonlinear Poisson-Maxwell
in this report the relaxation of CP by analyzing some of theequation was solved to obtain the screened electric potential
properties unique to such plasnj&s At extremely low tem-  of the central ions, and the threshold lowering values are
perature, the threshold lowering effect plays a crucial roleextracted. However, the transient plasma of interest here is
[9,10], as it manifests itself in magnified form and imposesnot quite in thermal equilibrium, especially when the plasma
various constraints on the relaxation processes. The kinetigtarts to expand under its own pressure as soon as it is cre-
energies of the free electrons and ions are shifted, and varated, in the time scale of 16—10 7 sec. Therefore, the en-
ous recombination processes are suppressed. However, tagy shift estimated under the equilibrium condition is not
earlier work of Ref.[10] turned out to be insufficient to adequate to describe the observed data. A new model is re-
describe a transient condition of interest here. Incidentallyquired to describe the present situation, in whichs not
possible importance of this effect was noted previo{i8hin  well defined and the usual Poisson equation is not quite ap-
connection with the recombination at oW plicable.

In absence of confining potentials, the plasma expands When the temperature of the trapped atoms to be ionized
under its own pressure, and the free electrons with energids very low, typically in the mK range, the thermal motion of
less than the shifhp are trapped. As the plasma expands, thethe atoms may be neglected in first approximation. Since the
shift decreases, the potential barrier of the ions is raised, antLE is mainly caused by the overlapping ion fields, it is
trapped electrons are converted to “bound” electrons. Theconvenient to assume that the ions produced by photoioniza-
trapping of electrons by an expanding plasma potential gertion of near stationary atoms are initially situated on lattice
erates a new mode of recombination, the adiabatic motionalites with the spacing of roughlya2 wherea is the Wigner-
recombination. On the other hand, for a plasma spatially conSeitz radius defined bg=(3/47N)*® andN is the ion den-
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FIG. 1. The TLE is illustrated for the case of two overlapping ,
ionic potentials. The new threshol@’ is shifted down by the Xx=r/a
amountA from the original pointO for the unperturbed central ion
located ar =0. The second ion is locatedrat 2a. E, is the excess FIG. 2. Parametrization ad,, d;, andb, is carried out using
energy gained by the ionized electron from the laser photons. Thehe results of Refs[11-13. Plotted is the ion pair distribution
apparent energy available is theg+A. function g,,(r,I') that describes the probability of finding an ion

from the central ion that is located at=0, wherex=r/a. T’
sity N;=N=N, for the assumed neutrality. We start the con-=2z?/aT. The horizontal line marks the value b§, with probable
struction of a model with a pair of ions and gradually add onuncertainty indicated. The two vertical lines specify the parameters
the many-ion effect as well as the Debye screening and rart, andd,. Note thatl'/Z?=g=1/3»2. In the present cas&=1.
dom thermal motion of the plasma ions.

For a pair of ions, the potential near the midpaista is  where the large; contribution is contained ibg, andby is
given by U,(r)=1/r +1/(2a—r). This gives a down shift to be parametrized later to account for the physicgatl.
(Fig. 1) in the ionization threshold for the electrons, fr@n We construct a simple model fdxg as
to O', by A,=U,(r=a)=2/a. Next, in extending this o m
model to the case of many ions, we assume that the overall
lattice geometry for the ions is not changed, so that the sym- by( ”):nzl Eo mE:O fimn €XP(—Simn/ 7imn)/ Simn
metry around the point=a for the two-ion case is main- (2b)
tained. Then the potential at=a is modified to a form
U..(r)=U,(r)b(7), where 5 is the Debye radius given in where s;,,=+/(2n—1)*+1°+m*. The weight factors are
units of a, as p=rp/a with rp=\TJ/47N,; the usual foon=1, fomn=fmon=2, frumn=4, andf,,,=4, forn>0 and

plasma parameteF =1/aT, is related toy as »°=1/3l.  |,m=0. Furthermore,,,= 5/(1+ 71Smn), Wheren, is a
Presumably, the effect of many ions &his to flatten the parameter that is to take into account the shadow effect of
shape of the bump at=a and makes the shift larger. dressed ions that lie in the pathway between the central and

In addition, thermal motion of the plasma ions with their distant ions.(Of course, this effect is not present if the ions
mutual interaction produces fluctuations about the latticeare bare. Values for ; between 0.01 and 0.05 have been
sites. After all, the lattice model may be an over simplifica-tried; the final result is not too sensitive to this parameter,
tion, valid in the zero-temperature limit. The ion motion af- and in the following we simply sei;=0.03. Thus, form
fects on average the interionic separati@n ¥Ve incorporate  (2b) for bg explicitly contains both the many-ion and screen-
the effect by attaching a factord/») in U. The ion-ion ing factors. Now, we parametrizg,. The behavior obg at
distribution functiong,; (%) obtained by the density func- small  is found to beb,—0 as »—0, indicating that Eq.
tional calculation[11-13 contains the necessary informa- (2b) is not reliable at smally; this is expected because a
tion to parametrizel (see Fig. 2, although a gross extrapo- simple Debye screening adopted here is probably not correct
lation in the plasma parameter space is made. for small % in the strong coupling limit, where all the par-

Thus, finally we have ticles are very much “localized.” To rectify this deficiency,

we have addeth,, whose value is determined from the re-
U(r)=2C(n)/a, with C(n)=b(n)/d(7). 1 sult of Refs[11-13, as illustrated in Fig. 2. Approximately,
by=1.5 is chosen.

A simple model was constructd®] for evaluation ofb Functiond(#) in U of Eq. (1) is to reflect on the fact that
that reflects the ion distribution and Debye screening. Thathe ions move around and can be found nearer to the central
is, the functionb(#) is written in two parts ion. Again, the density functional theory provides the neces-

sary information, especially in the hidgh (i.e., in the small
b(7)=by+bs(7n), (2a) 7) limit. We fitted the result in a form convenient for our
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ever, most of the crucial physics for this complex system
have been incorporated. By contrast, ffiegiven by Stewart
301 ' - and Pyatt[10] for a plasma in equilibrium gives a value
roughly ten times smaller thafp .
The total energy available to the system immediately after
L 9112/2 /- the CP production is given by the sum of the excess energy
/ Eo=E|aser Eioniz Of the photoionization and the energy shift
/ Ap, as

20}~ G\ 7 E:E0+Ap, (3)

: 7 provided the plasma edge effect is negligible. The shift in the

L ):r i ionization threshold is valid under the assumption that the
plasma volume is large and the edge effect is small. During

/, the thermalization, which takes place roughly in

10" ’—10 ®sec, depending on the plasma paramd@&}she

; total available energ¥ of Eq. (3) is assumed to be shared

e A : among the electrons and ions, and possible by the neutrals
JE e . that are present in abundance. We thus simply set

_ l E,~E.~E/2 and T,=~T,~E/3. 4)

In case the neutrals participate in the energy sharing, the
0 1 2 3 resulting energies and temperatures would be less than that
n given by Eq.(4).
The TLE and its consequence have been sh®into
FIG. 3. Determination of\p and 7, . The model described by explain most of the anomalies observed in a recent experi-

Egs. (1) and (2) are solved iteratively fory and A, until a self- ~ Ment[6]. In particular, the expansion velocity of the ions
consistency is achieved. The converged values are denoteg by at low temperature is given bfp, asv,=Ap/M, while
andCp . Estimated uncertainty is indicated by a dotted square. for largeEy, v,=VEy/M. They are consistent with experi-
mental data. The density dependence at Eyis v,>1/\/a

purposed(7)=(do+dy7)/(1+ 7), with 2d;=1.2 and 2, N which also agrees with observation. As will be dis-
=0.5, as shown also in Fig. 2. o cussed in Sec. IV, the model can be used to describe a domi-

In the determination of parameteds, d;, andbg, itis  pant relaxation mechanism in the case of an expanding
important to keep in mind that the results of the densitypjasma.

functiogal t_h3eory calculations of Refil1-13 are for high We comment on several additional features predicted by
N=10?°cm® and highT=1 eV. The CP of interest here is the TLE model: (i) At low E,, the minimum attainable

in the opposite end of the parameter spectrum. In the absenggasma temperature is completely determined by the plasma
of data of direct relevance to the present case, a gross egensity. That is,T=(2Cp/3)/a=7/a=T, m,. In the ab-
trapolation has to be made to very lowand lowT region.  sence of any plasma confining fields, the lowest plasma tem-
Although a similar scaling of the theory ihi is assumed, perature cannot be made arbitrarily low. For examplea at
adoption of the existing results requires extra caution. New_ 10Pag corresponding to roughliN=10°cm™3, we have
detailed callculatlons for CP'are.warr'anted. minT,=20K. (ii) It is noted that the paramete@p=11

_ Expression forC(7) in A is given in terms of the func-  seems to assume a universal character, just as the Madelung
tionsb andd, both of which depend sensitively on the vari- -gnstant in solids. It does not depend grbecauseC, and

able »=1/y3I". On the other handy itself depends on the  ,, are determined by the self-consistent procediiii¢ Cold
electron temperaturg, throughrp , which is in turn derived  plasmas with the above behavior have the plasma parameter
from A, as T,=A/3. Therefore, we have the situation in [ <maxI'=0.15, so that Wigner crystallization of such plas-
which a self-consistent determinationdfand 7 is required.  mas(at I'~150 corresponding te;=0.05 is not possible.
That is, for givensy from an assumed,, andbs andC are  \ye recall thatp?=1/3T", with I'=1/(aksT,).

calculated, which givé. This A in turn is used to evaluate a

new T, and then a new;. This procedure must be repeated |;; rRADIATIVE AND THREE-BODY RECOMBINATIONS

until a full self-consistency is achieved betweenA, and

T.. We denote the final converged values by subsdpipt The main consequences of the TLE on the various recom-
This is illustrated in Fig. 3, wher€p=11+5 andp=1.5  bination processes are expected to be twof¢dl:The ki-
+0.4. The corresponding values foandd arebp=4.1 and  netic energy of the electrons is shifted to the new vatde
dp=0.39. In view of the approximations introduced in the =(Ey+ Ap)/2 and the temperatuig,=2E/3, from Egs.(3)
parametrization, the crudity of the model, and a giant exand(4). Generally, a larger kinetic energy reduces the rates.
trapolation of the high density result to the present caseAs stressed earlier, in the limit of smaly, the electron
there are considerable uncertainties in these values. Howemperature is mainly determined by the electron density
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FIG. 4. The TLE imposes a new HRS cutaff, . Curvesa, b,
andc are for three densitie®\=10", 1¢°, and 168*cm 3, respec-

tively. The lines witha’, b’, andc’ indicates the cutoff used earlier FIG. 5. The RR probabilities without the TLE are givé&solid

in Ref. [9] without the TLE, i.e.np that is larger thamr, by @ jineg as functions of temperature, for different principal quantum
factor of 4.7. The vertical double bars indicate Mgy, as dictated 1, mbern of the recombined states. far=10. 20. 30. 50. and 100.
by TLE. Reductions ofPRR are illustrated fon=20 and 50(dashed lines

. ) all for the electron density oN,=10°cm 3. The corresponding
through the factor & in Ap. (b) Since the TLE moves the  electron temperature of 22 K is indicated by the arrow, for the case
ionization threshold down t@’ (see Fig. lat—Ap, allthe  of E,=0.

high Rydberg stateHRS) of the original ions that lie be-

tweenO andQO' are erased and become continuum states, sgenerally slow as compared to the radiationless recombina-

that they are no longer available for recombination. This istion mode, the three-body recombinatiGfBR), for plasmas

incorporated in terms of a new HRS cutaff =1/\/Ap. of moderate densities, and favors recombination to low-lying

Figure 4 illustrates this change. Explicitly, at lody, ny,  states of the ions. That is, for largebut B<n, oRRcn=3,

=np/4.65, wheranp= +/a is the cutoff that corresponds to the But for 3>n, the n dependence is much slowerRRx1/n.

ion packing[8]. Obviously,ny <np, and this affects HRS In Fig. 5, we compare the RR probabilifyR~ with and

most. without the TLE. TheP’s without the TLE are plotted as
The radiative recombinatiofRR) probability PRR is de-  functions ofT, for n=10 to 100, by solid lines. The TLE on

fined in terms of its rataRR by RR are shown explicitly for the case=20 and 50 by dashed

lines, where for illustratiorN,=10° cm 2 is assumed. Of

PRR(sec ') =Na"R(cm?/seo, (5)  course, due ta;, =74, the entry fom=100 is no longer
_ o ] . applicable when TLE is operative. The TLE is mainly to
which shows explicitly the density dependena& is inde-  increase the kinetic energy of the continuum electrons, from

pendent olN. The simple Kramer’s formula for the RR cross Ee=Ey/2 to (Eq+ Ap)/2. The highn cutoff has only a minor
section provides a convenient reference point of discussiogffect on RR. Nevertheless, the RR starts to be relatively
for low T plasmas; of*“=32/(3/3)a3B*[n(B?>  more important at lower densities, for example, k=N,

+ nz)]wag, wheren denotes the principal quantum number =10*cm™2 and for highly charged ions. It may even domi-
of states of the recombined ion aglis inverse of wave nate over TBR.

number of the continuum electron before capture, The TBR is known to dominate recombination of elec-
=1/kag=1/\/2E in a.u. Reliability of this formula, as well trons to HRS of the target ions, while the RR predominantly
as an extension for the dependence on angular momdntumfills the low-lying states of the target ions. It is responsible
has been examined in detail in REB]. The RR process is for rapidly attaining Saha equilibrium for HRS near the
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T 1 T L ' thresholdO in a transient plasma. Therefore, the TBR rates
are expected to be strongly affected by the hgtutoff, and

by the energy shift as well. The TBR rates are given for
example by «,2R=3.63< 107 3Nn’g,(1—e *n)/T, (cm®/
sec), where\ is the electron density given in units of cf
X,=1/(2n°T,), andT, is in a.u. The degeneracy factgy is
routinely taken to bey,=n?, corresponding to the angular
momentum degeneracy of states(Further discussion be-
low.) The TBR probability is defined by

(sec™)

PTBR(sec!)=N2Zag®R (cm¥/seq. (6)

TBR

tot

Note the strong\N? dependence of the TBR probability, as
!B is independent oN. Equations(5) and (6) may be
compared for theilN dependence. For some smhll, RR
can be faster than TBR.

The TBR probabilities obtained witly,=n? and the TLE
cutoff are shown in Fig. &. Four densities are considered,
Ne=10°, 10/, 1¢°, and 18'cm 3 In the case ofN,
=10°cm 3, the P's obtained with two alternate cutoffs
ny =n7. /v2 andnf =v2nq_ are given, indicating typical
range of uncertainty in the probability. Marked by double
vertical bars in Fig. @) are the minimum temperature as
dictated by the TLE and Eq4). The values ofP for T,

8 <Te min are useful when the equipartition involves neutrals
X TBR as well, while the values fof ¢> T, i, may be used when

log,, P

E,=0. For a confined plasma, E(B) may have additional
terms of either signs, that can further raise or lower the total
E. Figure &b) shows the TBR probabilities as functionsrof
The crosses at the top of the curves give the tetalbtained
by summing ovem. The sharp increase ¢ with n is of
course due to thae® dependence of,BR.
The degeneracy factay,, needs clarifications. The form
gn,=1 was used earlid8] to remedy the excessive contribu-
000TK tion of the HRS to TBR, where the earlier formulas often
gave unphysically large rates, even with the improved cutoff
ne. Furthermore, the maximum angular momenta that con-
tribute to electron-ion collisions are usually limited kg,
=10 to 15. In the case of RR at low energiks,, was found
[8] to be approximately,,,=n/3 for n<200, which gives
g,=n?/9. Thereforeg,=1 is an adequate choice that gives
the total rates to within a factor of 100. This is relatively a
4 small uncertainty as compared to the excessively large rates
N=10%cm3 predicted previously witlg,=n2. Figure 7 shows the com-
parison between the TBR probabilities obtained wih
=n? plus the TLE cutoffn, and the values estimatd8]
with g,=1 and a much larger cutoff given by njim ,n},
where ny is the thermal cutoff. Apparently, the choicg,
FIG. 6. (a) The total TBR probabilities are given as functions of =1 Provides more or less the correct toés, but of course
T, for four different densitiesN,=1C°. 10/, 1%, and 1d*cm2.  then dependencénot shown in the figuneis poorly repre-
The solid lines are obtained with the HRS cutoff . The effect of ~ Sented.
alternate cutoffspy, andny, are illustrated by dashed lines, for the
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(b) 50 100 150 200 250

caseN,=10°cm 3. (b) The TBR probabilities are given as func- IV. AN EXPANDING PLASMA AND ADIABATIC

tions of the principal quantum numbarof the recombined atoms, MOTIONAL RECOMBINATION

for three different densitie®N,=10°, 10’, and 18 cm™3. The tem-

peratures are very low, showing the dependenc& aa well as on When a plasma confining field is not present, CP expands

nandN. The crosses at the end of the curves indicate the total TBRINder its own pressure, as observed in the experiment of Ref.
probabilities, and the positions in mark the TLE cutoffs corre- [6]. As shown in Sec. Il above and in R9], the expansion
sponding to the appropriate densities. velocity v, of the ions is given by, =\ (Eq+ Ap)/M, where
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log,, P TBR (sec™)

FIG. 8. The change in the potentialU,(r) as the plasma ex-
pands is illustrated. The time scale involved in the expansion is
Ta={alv, . Gradually, TLE and\ are reduced with, trapping the
electrons that lie below the barrier around a; .

with a;=a+uvt/{. This givesA,=U(r=a)=2Cp/a;. The
variation of —U; with t is illustrated in Fig. 8, where the
HRS levels are gradually recovered as the range and height

A—t 4 e L L Ly ) of the barrier ar =a, increase.
i ! 2 Thermally distributed ions and electrons assume energies
log, T (K) with respect to the shifted energy that starts fremp, at

the pointO’ in Fig. 1. We denote the electron energy by
FIG. 7. Effects of two different choices for the degeneracy fac-Ee=Ap—A;. Aside from the possible plasma edge effect, all

tor g,, on the total TBR probabilities are illustrated. The solid line is the electrons with energ§,<Ap are below the original ion-
obtained withg,=n? and the TLE while the dashed line is with ization threshold. (By the plasma edge effect, we mean the
g,=1 and no TLE, as described in Ré¢f]. Note the quite good field of the ions that are located at the edge of the plasma
agreement between the two for ol Of course, then dependence  volume, which has no TLE as we move toward the outer
of the probabilities is not correctly given by the choige=1, es-  region and thus retains the original thresh@x) As the
pecially for HRS. The TLE severely limits the role of HRS. plasma expands, the shift; will decrease with time, and

eventually the original threshold is recoveredagt> . As-

the TLE is represented bip in Eq. (3). Evidently, forE, suming a Maxwell distributiqn for the eIec'Frons, the prob-
<Ap, the velocity depends only aip and thus on the ion @bility of the electrons with energyf. is P(&)dE
density through the Wigner-Seitz radiasTime scale of the = 27(7Te) %f/Te(£,dE,. On the other hand, from the
expansion is given by the time required to have the interioniglefinition of £(t), we haved&,=(2Cpv, /a*{)dt. A simple
separation @ increased by a factor of two, i.e.r, model for capture of trapped electrons as the plasma ex-
=a(lv,, where{=N for the actual numbeN of ions in pands, is the adiabatic motional recombinat{éiMR)
the plasma volume dt=0. For example, with the number of e
ions produced by laser ionization®.and electron density of PAMR(t)=2m(7Te) "M% %/ TeE.2Cpu, /(a().  (8)
10’ cm3, we have/=100 and thus,=10"°sec. Since the
thermalization time via-eande-I collisions is estimated to
be[14,15 approximately 10’ to 10 ° sec, respectively, we
may assume that the thermalization has been completed b
fore the plasma starts to expand. Incidentally, CP produceg
in laboratory may contain a sizeable population of neutrals o _
depending on the ionization efficiency. Although thécol-  +00 Multiplied to the a/i:ht/luRaI values for plotting purpose.
lision may be slow, we expect that some portion of the neu- | "€ expression foP™" given by Eq.(8) is a crude first
trals can acquire energies during the thermalization. approximation. It may be improved for instance by a time-
The TLE model of Sec. Il provides a simple way to esti- dependent perturbation theory in the adiabatic approxima-
mate the rates of electron capture due to the change in p&ion. That is, with a perturbatiodU(r)/dt, one hasP*M®
tential U. For this purpose, we define a time-dependent po=/dF/dt(f|dU|dt|i)e'“, where the initial and final states
tential —U,(r) as are defined in terms of the trapped electron orbitals in poten-
tial —U. Both adiabatic and impulse approximations may be
examined. A recent pap¢L6] supports the trend predicted
—Uy(r)=—[1r+1/2a;—1)]Cy, (7) by Fig. 9, in which the role of TBR is minimal and the AMR

The probabilityP”MR is plotted in Fig. 9 vsa, for different
No. The valueZ=47 corresponding t&\=10° is used. Two
gi_fferent cases witta=10° and 16 ag are treated. Also in-
luded are the estimates of the TBR probabilities for the two
ifferent densities. The lower curve is shown with a factor
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by the TLE, much of the complications in the TBR theory
are avoided. However, improving the rates further would still
AMR require careful treatment of the electrons in both low energy
61 . continua and HRS. A better determinationgyf is also de-
sirable, but is made less critical by the smaller cutoff
thanny and/ornp. Recent experimen{d 6] seem to suport
the general characteristics of AMR and TBR as predicted by
Fig. 9, both in reduced magnitude of the TBR rates and the
dominant role assumed by the AMR. Thedependence of
the recombined ions also seento favor AMR.

The essential features of the TLE are expected to persist
at higherT and largerN. But, the effect may be less con-
spicuous, as the energies involved are then much higher and
I' is much smaller(<0.01). For example, withN =N,
=10%cm 3, a=10°ag, and thusAp=0.22a.u=0.4eV
which may be compared with temperature of many eV.

From the discussion given in Sec. Il, we have concluded
that the CP without confining fields cannot achieve Wigner
crystallization, because the necessary requirementl of
=150 cannot be realized, as the TLE gives an upper bound,
such thatl’<0.3. We mention three possible ways to over-
come this limitation:

(a) Manipulation of a confining field may give a higher
density, without, at the same time raising the electron tem-
perature.

(b) Plasma may be created with a “negativey . Instead

FIG. 9. The AMR probabilitieP”MR are given as functions of of pht())t0|on|.f|r:jgtdl|r_|e|§tslyl to tlhe (.:t?rgmfxa’ fthe .trappetzirﬁtoms
a, for two different densitieN,=10° and 16 cm 3, corresponding "2y D€ EXCILEd 10 HRS IEVEIs wi pforgivena. the
toa=10° and 16 ag . Also included are the TBR probabilities. The excited atoms then 'nte_raCt W_'th eaCh_ oth(_ar apd _emlt Auger-
lower curve is for the lower density case, and is given with an extrdYP€ €lectrons and ionize, via Penning-like ionizatiaf).
factor of 100 for plotting purpose. The energy of the ejected electrofis then lies above the
shifted threshold- A, but stays below the original threshold

dominates as the plasma expands, including the quite distin@t O, i.e., &=Ap. Such a system may thermalize via
n distributions of the recombined states. It is also of interesglectron-electron and electron-ion collisions, with much

to compare the AMR probability with that of RR given in SmallerE=Eq+Ap<Ap, preferably at low density and the
Fig. 5. tails of the wave functions overlap.

(c) The neutrals in the plasma may effectively reduce the
availableE of Eq. (3) if the e-A collision can be enhanced,
for example, by choosing atoms of very large polarizability.

Relaxation of an expanding CP is seen to proceed mainhj buffer gas of such property may also help to lovieer
by AMR, while the TBR should still be the dominant recom-  Evidently, the model constructed here, to estimate the
bination mechanism for a confined plasma. After much adTLE represented by and the consequent AMR process for
justments in previous wor$8], the TBR rates seem to have an expanding plasma, is crude and requires much refine-
settled to values that may be reliable to within a factor of 10ments. A careful treatment of this exotic system by the den-
at largel’. Because of the strong cutoff of HRS contribution sity functional theory is desired.

log,, PAMR(sec™)

V. DISCUSSION
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