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Resul ts of measurements of rate constants for trans ition s bet w een
2 P ! 4 S ; 2 P ! 4 P , and 2 P ! 4D levels of lit hi um are presented . T he
investi gations w ere performed in laser induced plasma. T he results w ere com -

pared w ith calculati ons based on Born and close couplin g approach.
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1. I n t rod uct io n

Co ll isions of electro ns wi th ato ms have been inv estigated since m ore tha n
one hundred years. In spite of tha t only f ew exp erim ental studi es have been done
wi th the exci ted ato m s (excl udi ng the ato ms in metastabl e levels). Thi s is caused
by the huge techni cal pro blems. Theref ore data for these ki nd of impacts are
avai lable pri mari ly from theo reti cal papers. These data are of great im porta nce for
pl asma physi cs, astrophysi cs, physi csof the new l ight sources, etc. For alk ali ato m s,
besides the cl assical calculati ons [1, 2], the quantum appro aches based on Born
appro xi m atio n [3] and close coupl ing appro xi matio n [4] are known. Unf ortuna tel y,
resul ts of these calcul ati ons di ˜er signiÙcantl y. It concerns especial ly the range of
very low electro n energy whi ch corresponds to a low tem perature pl asma.

The experim ents were done m ainl y wi th Na (3 P ) sodium ato m s [5, 6], how-
ever, majori ty of them concerns the superelasti c scatteri ng of electrons leading
to 3 P À 3 S tra nsiti on [7{ 17]. The investigati ons of e{ Li (2 P ) superelasti c col l isions
were reported as well [18].
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In our recent paper [19] we presented the rate constants f or e{ Li (2 P ) col-
l isions leading to exci ta ti on of 3 S ; 3 P , and 3 D levels. Here we show results of
m easurement of the rate consta nts for electro n im pact induced tra nsiti ons between
2 P and 4 l levels of l i thi um .

2. Ex p er im ent

D etai ls of the exp eriment were shown in our previ ous papers [16, 17, 19],
theref ore here only a bri ef descripti on is presented. The m easurements were per-
form ed in a heat- pipe oven at a temperature of 4 0 0 £ C whi ch conta ined a m ixture of
l i thi um and sodi um wi th 10 T orr of argon as a bu˜er gas. Concentra ti on of sodi um
vapor whi ch served as the electron generato r was about 1 0 1 5 cm À 3 . Concentra ti on
of l i thi um vapor was about three orders of magni tude lower. y

The exp erimenta l setup is presented in Fi g. 1. The m easurements were done
in plasma produced by l ight pul sefrom the LASER589 tuned to the resonance tra n-
siti on (589 nm ). Here the col l isional pro cess of the pl asma pro ducti on in sodi um
wa s used [22]. It pro vi des the electrons of the density about 1 0 1 1 cm À 3 and the tem -
perature of several tho usand kelvi ns. The energy of the pul se was about 2{ 3 m J,
i ts FW HM ti m e | about 7 ns and the spectra l l ine wi dth | about 0.01 nm . The
electrode placed in the cell served as the Langm uir plasma pro be and wa s used to
determ ine the electro n tem perature and for evaluati on of the electron density . The
pro be current was analyzed by means of a digi ta l oscil loscope. In order to reduce

Fig. 1. The exp erimental setup.
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uncerta inti es of the electron temperature caused by a high pressure of the bu˜er
gas (a˜ecti ng the Langmuir plasma probe measurements) a special ly developed
m etho d of elaborati on of the plasma probe data was appl ied [22].

The second dye laser (LASER 671) tuned to the resonance tra nsiti on in
l i thi um (671 nm ) was used for pro ducti on of the Li (2 P ) ato ms. The energy of
the pul sesfrom thi s laser was about 0.5 m J, thei r FW HM ti m e | about 7 ns. The
l ight beam pro duci ng the Li (2 P ) ato m s was intro duced into the cell coll inearl y
wi th the ionizing beam. The diameter of both laser beams in the cell was equal to
2 a = 8 m m.

Both lasers were synchro nized by a delay generato r. The frequency of repeti -
ti on of the light pul seswas equal to 7 Hz. At each tri gger pul se the process of mea-
surements wa s ini ti ated by the shot of the dye LASER 589 pro duci ng the pl asma.
W i thi n several m icroseconds the tem perature and the concentra ti on of electrons
were well stabi l ized. Then wi th a delay of 6 ñ s the pul se from the LASER 671
wa s generated. Due to col l isions of the electrons wi th Li (2 P ) ato m s the higher
lyi ng levels (am ong them 4 l ) were populated. By m easuri ng a Ûuorescence signal
at lines ori ginati ng from these levels the rate constants for the electro n impact
induced tra nsi ti ons 2 P ! 4 l were determ ined. The respecti ve wa velengths of the
observed Ûuorescence (497, 460, and 274 nm | see Fi g. 2) were selected by m eans
of a m onochro mato r and a set of color and interf erence Ùlters. The pho tom ulti -
pl ier connected to the digi ta l oscil loscope contro l led by means of a special softw are
served as the photo n counti ng system [23].

Fig. 2. Scheme of transition s observed in the experiment in case of lithiu m. In brac kets

energies of the levels [eV ] are given.
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3. An aly sis of t he exp er i m en t

The evoluti on of Li (4 l ) ato m s di stri buti on, N 4 l ( r ; t ) , is given by the di ˜er-
enti al equati on

dN 4 l ( r ; t )

dt
= À A 4 l N 4 l ( ; t ) + k ( T ) N ( ; t ) N ( ; t ) : (1)

The term s at the right side describe the sponta neous emission wi th the Ei nstein
coe£ cient, A , and the populati on of the 4 l level due to electron im pact exci ta ti on
from the 2 P level. Here k ( T ) denotes the col l isional ra te consta nt for the
respect ive tra nsiti on at given electro n tem perature T , N ( ; t ) | the electron
di stri buti on and N ( ; t ) | di stri buti on of Li (2 P ) ato m s exci ted by the laser
pul se. W e neglect the radiati ve and coll isionally induced tra nsiti ons popul ati ng
the 4 l level from the states other tha n tha t one exci ted by the laser as well as
col lisions depopul ati ng the 4 l level.

Soluti on of Eq. (1) pro vi des opp ortuni ty to describe the exp erimenta l signal :
num ber of the Ûuorescence photo ns registered by the detecto r on respect ive wave-
length. However, in order to Ùnd the N ( ; t ) f uncti on the analysis of the pl asma
di ˜usi on must be perform ed, whi le the determ inati on of N ( ; t ) distri buti on
requi res the analysis of the resonance radi ati on tra ppi ng.

W e can assume tha t in the heat pipe the cyl indri cal geometry is fulÙlled.
Theref ore di ˜usi on of the electrons is described by the fol lowing equati on:

@N ( r ; t )

@t
= D

1

r

@

@r
r

@

@r
N ( ; t ) ; (2)

where D denotes the am bip olar di ˜usi on coe£ cient whi ch is related to the decay
ti m e § of the m ain mode of plasma di ˜usi on: D = a =§ p ( p = 2 : 4 0 4 i s the
root of the Bessel functi on of zero order and the Ùrst ki nd [24], a i s the radius
of heat pi pe). In our experim ent value of the § parameter reached about 1 0 0 ñ s.
It was m easured by registra ti on of the ionic current wi th the plasma probe [25].
Since the pro cess of the electro n pro ducti on ta kes pl ace onl y wi thi n several tens
of nanosecond after the LASER 589 shot [26] we assume tha t the electrons are
generated m ainly in the region determ ined by the laser beam. The di ˜usi on Eq. (2)
pro vi des opportuni ty to Ùnd the N ( ; t ) functi on.

The N ( ; t ) functi on can be found by analysis of the resonance l ight di f-
fusi on. Spectra l l ine wi dth of LASER 671 (about 0.05 nm ) is large enough to
overl ap both Ùne-structure components of resonance l ine in l i thi um (670.791 and
670.776 nm ). Theref ore Li (2 P ) popul ati on shoul d be described by sum of popu-
lati on of each subl evel: N ( ; t ) = N ( ; t ) + N ( ; t ) and the integ ro-
-di ˜erenti al equati on of the l ight di ˜usi on [27]:

@N ( ; t )

@t
= À A N ( ; t ) + A N ( ; t ) G ( ; ) d (3)
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must be solved f or each Ùne-structure com ponent (J = 1 =2 , 3/ 2). The integ rati on is
done over who le vo lum e of the cell , V . Here A 2 P denotes the rate of sponta neous
decay of Li (2 P ) ato ms. G J ( r ; r 0 ) i s the pro babi l i ty tha t the resonance photo n
emi tted in any point r 0 i s reabsorb ed in the point of interest r :

G J ( r ; r ) =
1

4 ¤
d¡ P ( ¡ )k ( ¡ ) exp[ k ( ¡ ) ]; (4)

where P ( ¡ ) i s a norm al ized shape of the emission l ine for a given Ùne-structure
component, whi le k (¡ ) i s the relevant absorpti on coe£ cient. Since under condi -
ti ons of our exp eriment the D oppl er broadening dom inates, both coe£ cients are
described by the Gaussian functi ons

P ( ¡ ) =
c

¤ ¡ V
exp

( ¡ ¡ )

¡

c

V
;

k ( ¡ ) = k exp
( ¡ ¡ )

¡

c

V
: (5)

Here ¡ denotes the frequency of tra nsiti on, c i s the l ight speed, V = |
m ean vel ocity of ato m s at the gas tem perature T , k | the Botzm ann constant
and M | the ato m ic mass. Accordi ng to Ho lstein [27], for cyl indri cal geometry the
absorpti on coe£ cient k at the center of the l ine can be found from the equati on

k a =
1 : 6 § A

¤ ln( k a )
; (6)

where § denotes ti m e of the radi ati on impri sonm ent. Thi s ti me was measured
duri ng the experim ent.

The kno wl edge of N ( ; t ) and N ( ; t ) f uncti ons pro vi des opportuni ty to
Ùnd the functi on N ( ; t ) describing concentra ti ons of highly excited levels. Solvi ng
Eq. (1) one obta ins

N ( ; t ) = k ( T ) exp( A t ) e ( ) d t N ( ; t ) N ( ; t ) exp( A t ) : (7)

The integrati on starts at the m om ent t 2 of the LASER 671 pul se. The num ber of
Ûuorescence photo ns tha t were emi tted by the Li (4 l ) ato ms and were registered
per uni t of ti m e by the detecto r local ized in is equal to

n ( t ) = ` A Â S
d r

4 ¤
N ( ; t ) ; (8)

where ` denotes quantum e£ ciency of the opti cal system for the respective
wa vel ength and A | the respective rate constant for sponta neous emission
of reg istered tra nsiti on, Â S | the surface of the detecto r. The integ rati on is done
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over who le volum e of the cell V . Duri ng the exp eriment the num ber of photo ns
wa s integrated over the ti m e period T = 2 ñ s. Then num ber of the registered
counts is expressed by

N F
4 l =

Z
t 2 + T

t 2

d tn F
4 l ( t ) = ` 4 A Â S dt d r

N ( ; t )

4 ¤

= ` A Â S k ( T ) d t
d r e( )

4 ¤
exp( A t )

dt N ( ; t )N ( ; t ) exp( A t ) : (9)

Replacing the tri ple integ ra l in the above equati on by sym bol X one gets

N = ` A Â S k (T ) X : (10)

D eterm inati on of the rate constant k ( T ) from Eq. (9) is di£ cult since the
parameters l ike the absolute values of concentra ti on of the laser exci ted ato ms
N ( ; t ) and electro ns N ( ; t ) are hard to m easure and they are usual ly a˜ected
by a large exp erimenta l error. In order to avoid thi s di£ cul ty we used a reference
signal . For thi s purp ose the resonance Ûuorescence at the tra nsi ti on 671 nm was
appl ied. The reference signal was registered when the cell was irra di ated by pul ses
from the LASER 589 only. In thi s case the resonance Ûuorescence from Li (2 P )
ato m s is exci ted due to coll isions of Li (2 S ) ato ms wi th the electro ns. For each
Ùne-structure subl evel evoluti on of concentra ti on of the resonantl y excited ato ms
is described by the equati on of the l ight di ˜usi on wi th excita ti on [27]:

dN ( ; t )

dt
= A N ( ; t ) + k ( T )N N ( ; t )

+ A d r N ( ; t ) G ( ; ) : (11)

Num ber of photons registered per ti m e uni t at resonance line is equal to

n ( t ) = ` A Â S
d r

4¤
N ( ; t )T ( ; ) = ` A k (T )

Â S
d r

4¤
N ( ; t ) N ( ; t ) T ( ; ) ; (12)

where ` denotes the quantum e£ ciency of the opti cal system at the resonanceline.
Since the resonance radiati on is stro ngly absorb ed by the vapor we consider also
i ts tra nsmission coe£ ci ent T ( ; r ) tha t is equal to

T ( ; r ) = d ¡ P ( ¡ ) exp[ k ( ¡ )] ; (13)

where denotes the positi on of the l ight detecto r. W e neglect the excita ti ons due
to secondary col lisions as well as the cascade tra nsi ti ons from higher excited lev-
els. Fi nal ly the to ta l reference signal reg istered at both Ùne-structur e components
integ rated over the ti me T per one laser pul se is expressed by
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N R = ` R A 2 P k 2 S ! 2 P ( T e)Â S

Z
t

dt
N (r ) d r

4 ¤

[ N ( ; t )T ( ; ) + N ( ; t ) T ( ; )] : (14)

Replacing the double integ ra l in the above equati on by symbol Y , one gets

N = ` A k ( T ) Y : (15)

Combini ng Eqs. (10) and (15) the rati o of the rate constant can be expressed by

k ( T )

k ( T )
=

N

N

`

`

A

A

X

Y
: (16)

Here except the ato m ic constants A and A [28] the other quanti ti es,
i .e.: ` , ` ; N , and N were determ ined in the experim ent. The X and Y

integ ra ls were calcul ated num erical ly. Since both X and Y depend l inearl y on the
ato m ic and electro nic concentra ti on, one can avoid the doubtf ul determ inati on of
these parameters. The cross-section ¥ (E ) for electron im pact exci ta ti on of
the resonance tra nsi ti on in l i thi um was m easured by many autho rs [29{ 31]. Thi s
cro ss-secti on can be used for calcul ati on of the k ( T ) constant

k ( T ) = ¥ ( E ) f ( E ; T )
2 E

m
dE ; (17)

where f ( E ; T ) denotes Ma xwel l ian di stri buti on of the electro n energy E ; m |
electron m ass.

In our consi derati on we neglected the coll isions m ixi ng the popul ati on be-
tween Li (4 l ) levels. As is seen in Fi g. 2 the energy gap between 4 P ; 4 D ; and 4 F

level is smal ler tha n k T . D ubrei l and Cha leard [32] showed tha t at the argon
pressure higher tha n 8 T orr, due to inelasti c col l isions of Li (4 P ), Li (4 D ), and
Li (4 F ) ato ms wi th Ar ato m s, the popul ati ons of these levels becom e com pletel y
m ixed wi thi n a nanosecond ti m e scale. Popul ati on m ixing by argon is also sup-
ported by the electro n im pact induced tra nsiti ons between these levels. Using the
cro ss-secti ons by Schweinzer et al . [4] we found tha t for the electro n tem peratures
observed in our experim ent (T = 4000 10000 K) the rates f or the popul ati on
exchange can be higher tha n 1 0 cm s , so at the electron concentra ti ons of
1 0 cm the e£ ci ency of the electro nic m ixing is comparable wi th the m ixi ng
due to col l isions wi th argon. Theref ore 4 P ; D ; F levels behave as a single level
whi ch relax wi th the sam e rate. For thi s reason Eq. (1) should be m odiÙed as
fol lows:

dN ( ; t )

dt
= A N ( ; t ) + k (T ) N ( ; t ) N ( r ; t ) ; (18)

where N = N + N + N . The e˜ecti ve decay rate of the mixed levels
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A e˜
4 P D F =

g4 P A 4 P + g 4 D A 4 D + g 4 A

g + g + g
; (19)

where g denote stati sti c wei ghts of the respect ive levels. In thi s case the e˜ecti ve
rate of the 2 P 4 P ; D ; F levels popul ati on due to the electron im pact is deÙned
as fol lows:

k ( T ) = k ( T ) + k ( T ) + k ( T ): (20)

The populati on of each 4 P ; 4 D ; and 4 F level as well as thei r ra tes of sponta neous
decay fol lows from the stati stical ra ti o:

N =
g

g + g + g
N (21a)

and

A =
g

g + g + g
A : (21b)

Theref ore in Eqs. (7), (9), (10), and (16) the e˜ecti ve param eters expressed by the
form ulae (20), (21) should be used. The popul ati on m ixi ng is the reason tha t in
our experim ent only the e˜ecti ve rate constant k ( T ) can be determ ined.

The results of m easurement of thi s rate are shown in Fi g. 3. The exp erimenta l
data represented by points are com pared wi th calcul ati ons based on close coupl ing
appro xi m atio ns [4]. Uncerta inty of the electro n temperature measurements is
about 1 0%. The error of the determ inati on of the k ( T ) =k ( T )

reaches 50%.
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Fig. 4. Rate constants for 2P ! 4 S transition compared w ith theoretical calculati ons:

cw lines | close coupling approximation [4] , dashed line | Born approximation [3].

The popul ati on mixi ng can be neglected in the case of the 4 S level. Here
the energy gaps wi th respect to the neighb or levels (4 P ; 3 D ) are about one
order of m agnitude larger tha n tha t between 4 P ; D ; F levels (see Fi g. 2) and
the rate consta nts f or the popul ati on m ixi ng due to col l isions wi th the elec-
tro ns are about two orders of m agnitude lower. Al so col lisions wi th argon do not
change the popul ati on of Li (4 S ) level signi Ùcantl y [33]. R esults of m easurem ents
of k 2 P ! 4 S ( T e )=k 2 ( T ) ra ti o wa s shown in Fi g. 4. At low electro n tempera-
ture (5000 K) the exp erimenta l data agree better wi th the rates calcul ated wi th
the Born appro xi matio n [3] whi le at 9500 K our resul t corresp onds to the close
coupl ing appro ach.

Thi s work was supp orted by the State Com mi ttee for Scienti Ùc R esearch,
grant numb er 2 P03B 050 18.
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