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Abstract. We report the first experimental observation of
the excitation of the 4p P, 1, resonance states of Ca II
(located at 74 720.4 and 74497.5 cm ! above the ground
state of Ca 1) following pulsed-laser pumping of the
4s?1S,—4s4p 3P, intercombination transition of Ca I
(Eex = 15210 cm ™ 1). Large scale collisional transfer of
energy between the laser-excited atoms is believed to be
responsible for this. This is possibly because sufficient time
is available (t,,4 of the 4s4p 3P, state is approximately
350 ps) for collisions to build such a high level of excita-
tion. Some interesting additional features of the fluores-
cence spectra of the laser-pumped Ca vapor, such as
temperature dependence of the fluorescence intensities
and evolution in time of some selected states, are also
presented.

PACS: 31.70.Hgq; 52.25. — b; 34.50.Fa; 32.70. — n

Resonant laser pumping can prepare a large population of
atoms in a specific atomic state. In the case of a metastable
state, the long radiative lifetime allows the collisional
processes to play a dominant role in the reappropriation
of energy stored in the atomic state as the system regains
a steady state following the pulsed excitation [1-4]. Two
of the remarkable consequences are the rapid collisional
ionization of the laser-excited atoms [2-4] and quasi-
continuous laser action [ 5, 6]. Among the numerous pos-
sible collision processes, the superelastic transfer of the
energy of some of the excited atoms to free electrons
followed by very rapid electron collisional excitation and
ionization of excited and unexcited atoms, is by far the
most effective channel of energy transfer [7, 8]. It is to be
noted that even before the laser excitation, some free
electrons will be present in the vapor due to thermionic
emission from metallic surfaces maintained at high tem-
peratures in order to obtain adequate vapor pressure
[9, 10]. The higher mobility of electrons together with the
possibility of virtually unrestricted amount of energy
transfer to and from the free electrons (as opposed to the

required matching of energy differences between quan-
tized states in atom—atom and atom—molecule collisions)
make this process particularly important. In the specific
case of Ca vapor under study here, these processes read as:

Cadsdp 3P, + e < Cads?(*S,) + e*, (1a)
Cads4p3P, +e* < Canlml’ +e + AE, (1b)
Canlml' + e* < Ca*(4s52Sy,,) + 2e + AE, (1¢)

where e* represents an electron with high kinetic energy,
Ca nlml’ represents a highly excited atom, AE is the en-
ergy defect, and Ca " (4s%S;,) is the ground state of Ca I1.

In the case of collisions between excited atoms, energy
pooling collisions [11-16], associative ionization
[17, 18], and Penning ionization [19, 20] can also have
high rate coefficients, and can make a significant contribu-
tion in the energy transfer chain. However, associative
ionization and Penning ionization have not been investi-
gated in any significant detail in the case of Ca. On the
other hand, energy pooling collisions have been reported
in two previous papers [11, 21].

The present paper reports the first experimental obser-
vation of the excitation of the resonance states viz
4p°P, 4, of Ca II following pulsed-laser pumping of the
452 'Sy—4s4p 3P, transition of Ca I (Fig. 1). To the best of
our information, this constitutes the largest collisional
transfer of energy noted in such experiments. Further-
more, the temperature and density dependence of fluores-
cence intensities of some selected transitions of Ca I and
the rate of growth of population in various excited states
are investigated. This provides some insights into the
dynamics of various collision processes.

1 Experimental details

The experiments were conducted in a vapor cell which has
been described in previous publications [2-5, 22]. Briefly,
a cylindrical column of Ca vapor 80 mm in length and
25 mm in diameter with vapor density ranging between
1.7x 10%° and 1.94x 10'% cm ™3 (oven temperature be-
tween 725 and 875°C) was irradiated with a laser beam



392

80 2
4p “Pa2
ap 2Py,
lonization Limit ] 4s 28,
6s 95 49305 95¢m-! M 256d TD, )

——455d 102 3d4p 'Fqy 4s4f 3F
40__455p P, —— —_—
4s5p 1P 5 g, =———3d4p 3py

s —

p Py 4P “P{ e 3d4p 3Dy . adap IF
— 3d4p "D, mmm 4sad "Dy ZCTRH
4s5p 3P,

4558 38, =—
30

— 4s4p 1P1

m—— 453d 1D,

b20 — 453d 3D,

Energy[103 cm™]

4s4p 3P,

0 4s21s,

Fig. 1. A partial energy level diagram of Ca showing the laser-
pumped transition and other excited states involved in the colli-
sional energy transfer. The 4p 2P states of Ca II observed in these
experiments are also shown

tuned to the 4s?'S,—4sdp 3P, transition at 6572.78 A.
Argon was used as a buffer gas in order to restrict the
diffusion of hot vapor towards the optical windows. We
also note that the presence of a buffer gas causes a rapid
mixing of atomic population within the Ca 4s4p *P; mul-
tiplet [4, 23]. Once excited, the truly metastable 4s4p 3P,
states also participate in collisional energy transfer mech-
anisms.

The laser system consisted of a Nd:YAG laser (2nd
harmonic) pumping a dye laser employing DCM dye
dissolved in methanol. The unfocused laser beam was
collimated to approximately 5 mm diameter as it passed
through the vapor. Typical laser power was 6 x 10* Wem ™2
in 10 ns pulses at 20 Hz repetition rate. Time-integrated as
well as time-resolved spectral emission from the laser-
pumped vapor was recorded using a scanning mono-
chromator (Spex 1870B) and a thermoelectrically cooled
photomultiplier (Thorne EMI 9558B). The signals were
recorded by a boxcar averager and signal processor
(EG&G models 4421 and 4402). Up to 20 pulses were
averaged for each data point on the record.

2 Results and discussion

An atom in an excited state de-excites through spontane-
ous radiative decay or through collisional “quenching”;
or, it can be further excited and ionized through absorp-
tion of additional energy, e.g., in collisions with energetic
electrons or other excited atoms. The experimental condi-
tions, like temperature and density, significantly influence
the rates of various collisional energy transfer mecha-
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Fig. 2. A typical spectrum of the 4p 2P 5, 12” —45 %5, ,, transitions of
Ca II at 3933.66 and 3968.47 A. Some 4565 3 S, —4s4p 3P, transitions
of Ca I also appear in this region, but are rather weak

Table 1. Intensities of the observed spectral lines of Ca Il emitted by
Ca vapor pumped on the 452 1S,—4s4p P, transition of Ca I

Transition Wavelength [A] Intensity®
452 S1/2 4p* P3/2 3933.663 13.70
45281,—4p P12 3968.468 6.90

* See text for details

nisms. On the other hand, the long radiative lifetime of an
excited state may permit the upward collisional processes
to meaningfully compete or, in some cases, to even surpass
the radiative decay downwards. If the collisions lead to
ionization of the atom, recombination will also occur
subsequently where the free electron is captured by the ion
either directly into the ground state or in a cascade
through various excited states. A study of the emitted
radiation can provide some important information about
various possible radiative and collisional processes, which
is the subject of the present paper.

2.1 Excitation of Ca Il transitions

Indeed, the most significant result in the present study is
the observation of fluorescence due to the ionic transitions
4p P3/2 4S S1/2 at 3933 66 A and the 4p P1/2_4S S1/2 at
3968.47 A. Figure 2 shows a typical spectral record in the
3922-3976 A region. Here, the oven temperature was
835°C with 640 mbar Ar pressure. Some 4s6s>S—4sdp>P
transitions of Ca I also appear in this region but they are
rather weak. Note that the intensities appear negative
because of the photomultiplier signal. The measured in-
tensities of the two transitions of Ca II under the experi-
mental conditions discussed above are listed in Table 1.
These have been corrected for the response of the photo-
multiplier at different wavelengths using the data supplied
by the manufacturer, and are calculated with reference to
the intensity of the 4s4p 'P;—4s> 'S, transition of Ca I at
4226.73 A arbitrarily fixed at 10000.

Figure 3 shows a record of the spectral emission due to
the 4p ?P3,,—4s°S, , transition of Ca II as the dye laser is
scanned over the wavelength region around 6572.78 A
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Fig. 3. A record of the spectral emission from the 4p *P3,,—4s %Sy,
transition of Ca II at 3933. 66 A as the laser is scanned around
6572.78 A covering the wavelength region of the 4s2'S,—4sdp *P,
transition of Ca I

corresponding to the pumped transition 4s> 'S,—4s4p °P;
of Ca I. Here the monochromator was fixed at 3933.66 A
corresponding to the peak of Ca II transition.

We recorded the emission spectra at even higher oven
temperatures viz 900°C and searched for the 4d—4p and
the 5s—4p transitions of Ca II in the 3150-3200 and
3720-3770 A regions but these did not appear in our
spectra. On the other hand, the 3d 2D, 3, states of Ca II
are metastable and no emission from these states could be
recorded. Thus, the highest level excited in these experi-
ments was 4p>P3;, of Ca IT.

Excitation of the 4p 2P, 1;, ionic states is possible
after the transfer of the cumulative energy of 5 laser
photons to a ground state Ca I atom. Equivalently, colli-
sional transfer of the cumulative energy of four laser-
excited atoms (4sdp 3P, state) to a fifth laser-excited atom
should also create these states. In an attempt to study
possible nonlinear multiphoton absorptions, the depend-
ence of the fluorescence intensities I of the emitted lines at
different laser powers P was investigated. However, the
log(I) vs log(P) plot yielded a slope of 1.4 instead of
5 required for a five-photon nonlinear excitation which
ruled out multiphoton absorptions. This is understand-
able otherwise also since the laser power density was
rather low because no focusing optics were used as noted
earlier. This suggests that collisional energy transfer is the
only possible mechanism for excitation of these ionic
states.

In an attempt to further investigate the excitation of
the 4p states of Ca II, we recorded the time-resolved
fluorescence from these states. Figure 4a shows an
example of the time-resolved emission from the 4p *Ps,
state at 3933.66 A when the oven temperature was 875°C.
In order to obtain a good estimate of the rise and fall times
of the signal, a 50 Q termination was used here instead of
the 1 MQ termination elsewhere. The population in the
4p2Ps,, state apparently reaches a peak in about 4-5 us
(Fig. 4b) while the collapse of its population occurs in
about 10 us. This may be contrasted with our measure-
ments for the high-lying Ca I states in the same experi-
ment where the collapse of population occurred in about
20--30 ps. We further note that the lifetime of the 4p 2P
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Fig. 4. a Time-resolved emission from the 4p*P;;—4s2S;,
transition of Ca II at 3933.66 A; b Rise time to the peak of spectral
emission for the transition in 5(a)

states is only about 6 ns [24]. This also suggests the
collisional rather than the multiphoton origin of the exci-
tation. The point to be noted here is that a substantial
level of population is needed in the laser-prepared meta-
stable state (4s4p >P,) to cause the collisional excitation of
a state of such a high energy in the first place. Further-
more, a substantial level of population must be main-
tained in the laser-pumped state (4s4p3P,) for a certain
length of time in order to continue to feed the high energy
states through a chain of inelastic collisions.

A one-step collisional transfer of such a large amount
of energy looks rather improbable. We believe that essen-
tially a step-wise transfer of energy takes place. This is
confirmed by the presence of Ca atoms in several high
lying “intermediate states” (located between the laser-
pumped state and the 4p product states of Ca II) such as
4sdp P, 45553S; 4s4d>D; 4s5p 13 P; 3ddp (3D, *F) and
4p*°P in large numbers as witnessed by their intense
emission spectra [25].

2.1.1 Possible collision channels. Collisional ionization of
laser-pumped hot and dense vapors is indeed a well-
known phenomenon [2-4, 7-8, 26]. In addition, the ex-
periments of Le Gouet et al. [27] on laser-pumped alkali
vapors have clearly proved that collisions supported by
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Table 2. Some illustrative examples of
possible energy pooling collisions

System  Product state

Atomic states of possible Energy defect

collision partners AE=E,
—{(Ey + Ej)

1 2 [em™1]

Cal 4sdp P, 4s4p 3P, 4sdp 3P, — 6768
455538, 454p3P, 4sdp3P, +1120

3d4p°F, 4s4p3P, 453d°D5 +316

4s54d°D, 4s4p3P, 4s4p'P, — 1105

4p3d D, 454p3pP, 4s4p P, — 603

Call 4p 2P3/2 4s4d 3D3 4s4d 3D3 — 795
4p°Ps, 4p3d°D, 4p3d°D, — 1798

4p 2P3/2 4p3d 3D3 4p3d 3F4 + 564

4p?P,;y 454d 3D, 4544 3D, — 1018

p2Pr 4p3d°D, 4p3d 3D, — 2021

4p2py, 4p3d°D, 4p3d°F, 4341

superelastically heated electrons are mainly responsible
for the large-scale ionization. In fact, they observed
a whole range of energies for free electrons extracted from
the atoms excited to many different states. Furthermore,
experiments in our laboratory [2-4] have confirmed that
collisional ionization of laser-pumped Ca vapor occurs
rapidly. However, the chain of collision processes present-
ed in (la—c) are just a few examples among several possi-
bilities. The point to be emphasized here is that there is no
logical reason to believe that in the sequence of events
shown in (la—c), further excitation of Ca™ 4s(%S,,,) will
not occur especially if the pool of laser-excited atoms has
a long lifetime and the process of superelastic extraction of
energy by free electrons and its subsequent reappropri-
ation can continue for a long time. However, the energy
losses through radiation and convective diffusion will
have to remain fairly small.
Thus, a process like

Ca™ 45(S;),)) + e** = Ca™ 4p(*P;),) + e + AE 2

looks quite probable. Here, the electron e** should have
enough kinetic energy to cause this excitation. Indeed,
a very large number of other possibilities can be imagined.
For example, it is also possible to directly excite a Ca 1
atom in a high Rydberg state through a collision with
a more energetic electron.

Cam'I'nl" + ¢** = Ca* 4p(*Py,) + 2¢ + AE. 3)

The same result may also be achieved through energy
pooling collisions of excited atoms such as 2 x 4s4d 3D or
2 x 3d4p3D or (3d4p 3D + 3d4p3F) atoms which are pos-
sible at least from a purely intuitive point of view. In
particular, we may consider the following processes:

Ca 3d4p(®D;) + Ca 3d4p(3F,)

o Cat 4p(Psy) + Cads®(1So) + e + AE,  (da)
or,
Ca 4s54d(®Ds) + Ca 4s4d(®*Ds)

< Ca* 4p(®Py),) + Ca4s*('S) + ¢ + AE. (4b)

The energy defect AE is only about 564 cm™* for the
process (4a), and about 795cm™! for the process (4b)
which are within the thermal energies of the colliding
atoms. However, the rate coefficients of such atom—atom

(A—A) processes remain rather low. In fact, the energy
transfer may be more readily and rapidly negotiated
through an initial transfer to a free electron involving
a superelastic extraction of energy from a highly excited
atom (e—A collision) and its subsequent transfer to an-
other excited atom involving a further superelastic e**—A
collision similar to the process (3) above. It may be re-
marked that the best way to differentiate between the e—~A
and A—A collisions is to incorporate an in situ energy
analysis of the free electrons which can be correlated with
the possible intermediate states [27]. This again is a formi-
dable task which we have not undertaken so far. However,
in our discussion of the A—A collisions, we shall assume
that the e—~A collisions are inherently included.

Table 2 lists some possible A—A collisions between
identical as well as nonidentical excited atoms which
might yield the product states of interest to the excitation
ladder producing the 4p 2P states of Ca II. The product
states and the energy defects are also listed in the same
table. E,, E;, and E, are, respectively, the energies of the
product state, and of the two colliding atoms. The level
energies used (but not listed here) were taken from Sugar
and Corliss [28]. As an explanation of this table, the first
row will be read as

Ca 4s4p(*P,) + Ca 4s4p(*P,)
< Ca 4s4p(*P,) + Ca 452('S,) + AE, (5)

where AE is about 6768 cm ™!, We may note that these are
only some illustrative examples. The actual list of such
processes may be very long. For example, the pooling of
atoms in the 4s4p(®P, ) states which is also expected to
be significant, is not listed in Table 2. Similarly, as noted in
our previous investigations [297, the 4s3d (*D) states are
also formed in large numbers, although these are not listed
as product states. The emission from the 4s3d *D~4s4p *P
transitions is in the infrared region and was not recorded
in the present studies.

The relative rates for most of the processes listed in
Table 2 are unknown. However, an estimate of the rate
coefficient for the formation of Ca 4s4p(*P,) state through
energy pooling of two Ca 4s4p (3P ) states was presented
by Malin and Benard [21] to be 107 *1-10" 2> cm3®s™ L.

We may further note that following the creation of
some intermediate states (in large numbers) in the first



step as displayed in the first two rows of Table 2, A-A
collisions involving these intermediate states may also
occur. For instance, collisions involving identical atoms like

2 x Ca4s3d(*D;) < Ca n*I*m*[* + Ca 45*('S,) + AE,

(6)
or,
2 x Ca4sd4p(* Py) < Ca n*I*m*[* + Ca 4s2(1S,) + 4E,
™)
as well as non-identical atoms like
Ca 4s4p(*P;) + Ca 4s3d(*D;)
< Ca n*[*m*[* 4+ Ca 4s%(1S,) + AE, (8)
or,
Ca 4s4p(*P,) + Ca 4s3d(3D,)

< Can*I*m*1* + Ca ds*(1S,) + 4E, &)

thereby producing some highly excited states Ca n*[*
m*[*, seem quite probable. In this case, atomic states like
4s4d°D, 3d4p(*-*D, *F) may be formed. Similarly, we may
have A-A collisions involving atoms in the
4p3d(*>3D, *F) and 4s4d (D) states (Table 2) yielding the
4p states of Ca II as in (4a) and (4b) above.

The above-mentioned possibilities could not be con-
firmed in simple experiments involving time-integrated
studies of fluorescence where only the final “product”
state is observed irrespective of the intermediate states or
channels of its excitation. However, we have also carried
out time-resolved studies of the fluorescence from some
selected intermediate states in order to obtain some in-
formation of interest. But, the ionic spectra remained
rather weak and the required resolution was not available.
Furthermore, the temperature and density dependence of
the ionic spectra could not be investigated over a wider
range because of the same reason.

2.2 Spectra of high lying states of Ca I

We recorded the emission spectra from the laser-pumped
Ca vapor over a wide spectral range (3600-9000 A) by
scanning the monochromator [25]. Typical examples of
the observed spectra of some 4sSd(3D) 4sdp (*P)
transitions in the 3620-3674 A region, and the
3d4p(1 D, 3F)- 4s3d(3D) transitions in the 6435-6488 A
region are shown in Fig. 5a, b respectively. Indeed, some
interesting information can be obtained from the recorded
spectra. For example, as noted earlier, the transitions
originating from the 4sdp('P), 4555(38) 4544 (3D);
4s5p(*3P); 3d4p(*-*D, 3F) and 4p? (*P) states were parti-
cularly strong suggesting that these are the important
intermediate states involving in the energy transfer chain.
On the other hand, the spectra of states higher than 4s6p
were absent. This was obviously due to their large orbital
radii and the strong collision effects which possibly caused
their immediate ionization [30].

It was further noted that the spectra from the triplet
states are generally much stronger compared with the
singlet states except for the case of 4s4p(1P) state which
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Fig. 5a, b. Typlcal records of spectral emission from laser-pumped
Ca vapor: a in the 3620-3674A region showing some
455d (3D)-4s4p (3P) transitions; and b in the 6435-6488 A showing
some 3d4p('D,*F)-4s3d(3D) transitions. Here the oven temper-
ature was 835°C with 640 mbar Ar pressure

emits one of the strongest lines at 4226.73 A. In fact, the
emission from the 4s4p (3P, )-4s? (1S, ) transition is slightly
weaker compared with the 4s4p (*P;)—4s?(1S,) transition
because of the much smaller oscillator strength [24].

We have estimated the electron temperature in the
laser-pumped Ca vapor from the relative intensities of
various transitions terminating at the same lower level
viz 4s3d(®D,), in this case. A value of about 0.39 eV
was obtained which seems to be reasonable for such
experiments [26].

Several other features of the emission spectra were also
investigated. These include the influence of base temper-
ature and vapor density on the spectral intensities as well
as the rate of growth of atomic population in various high
lying excited states.

2.2.1 Study of energy pooling collisions. We recorded the
emission spectra at different temperatures in the
725-850°C range, and systematically monitored the flu-
orescence intensities of some selected transitions such as
the 4sdp (' P;)-4s> (*S,) at 4226.73 A, 4s55(38,)~ 4s4p(*P,)
at6162.17 A, and 4s4d (3D;)— 4s4p(3P2) at 4454.78 A. The
main aim was to look for the evidence of energy pooling
collisions.

The intensity I of a particular transition is related to
the population N of the upper state of the transition
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where hv is the energy per photon, A4 the radiative
transition probability, § the branching ratio for the detec-
ted transition and G includes the geometric factors as well
as the spectral response of the photomultiplier.

Suppose that the upper state of the transition, e.g.
4s4p('P,) or 4s5s(3S,) is populated by A—A collisions

y = -32.068 + 1.9897x R*2 = 0.979

4s5s 38, - 4s4p 3P,

log(1)

log{N,)

Fig. 6a—c. The log(J) vs log(N,) plots for some selected transi-
tions of Ca I (a) for the 4sd4p('P;)-4s*('S,); (b) for the
455s(3S,)~4s4p(3P,); and (c) for the 4s4d *D5—4s4p (°P,). Here, the
Ar pressure was 640 mbar

involving atoms in the 4s4p(®P,) state as in (5) and
including the inherent transfer through electrons. The
population N, of the product state thus created would be
related to the population N; of the 4s4p(3P,) state
through

N, = (k4 N1)/2, (11)

where k; is the rate coefficient for the process and the
factor 4 corrects for double counting of the identical atoms.
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Fig. 7a—d. Typical records of time-resolved spectral emission from: (a) the 4s5s(*S,)~4s4p (>P,); (b) the 4s4p ' P1—4s* (1S,); (¢) 4s4d (*D;)-
4s4p(3P,); and (d) 3d4p (*F,)-4s3d (*D;) transitions. Here the oven temperature was 835 °C with 100 mbar Ar pressure

In the case of simultaneous or step-wise collisions of
q excited atoms in the 4s4p(3P;) state (including the en-
ergy transfer effected through electronic collisions), the
population N, of the product state will be given by

N, = (k;N1)/q. (12)

Assuming that the laser saturates the 4s% (*Sq)—4s4p (3Py)
transition, N can be related to the population N of the
ground state through the ratio of their respective statist-
ical weights (g1/g0) as below [7]:

N = (91/9g0)No. (13)
Combining (10), (12), and (13),

I,=k,Ng, (14)
where

ky = (GARhvB,ky) (91/90)%/q - (15)

Thus a graph between log(No) and log(l,) should be
a straight line with a slope of g.

Figure 6a—c shows the respective log(l) vs log(Ny)
plots for the 4s4p (1P,)-4s*(1S,), 4s5s(3S1)—4s4p (3 P,),
and 4sdd (3D3)—4s4p(3P,) transitions. The graphs are
indeed linear with slopes of 2.17 ( + 0.09), 1.99 ( + 0.17),
and 2.6 ( 4+ 0.35) respectively. The fact that these are quite
close to the expected values of 2, 2 and 3 provides good

support to this argument. The small deviation of the slope
particularly for the third transition considered here may
be due to the contributions of other atomic processes such
as rapid collisional ionization of the product state, recom-
bination into this state, or Ar-supported transfer of popu-
lation to nearby states. In particular, the contribution of
ionization and recombination may be significant [26, 31].
In any case, this indicates that the 4s4p (1 P;) and 4s5s(3S;)
states are possibly produced after one A—A collision in-
volving 4sdp(3P,) states. However, the 4s4d (3D;) states
may be produced after two A—A collisions involving three
excited atoms represented, for example, by processes (5)
and (7) including transfer through electrons.

2.2.2 Rate of growth of atomic population in high lying
states of Ca I In an attempt to gain some further insights
into the collision dynamics of the laser-excited atoms, we
have measured the rise time to the peak of spectral emis-
sion at a particular wavelength (time to reach from 10%
to 90% of the peak value) through time-resolved measure-
ments. Figure 7a, b, ¢ and d shows, typical records of the
time-resolved signals for the 4s5s(3S;)~4s4p(3P,),
4sdp (*P1)-4s*(1S,), 4s4d (3D3)—4s4p (3P,) and
3d4p (3F,)-4s3d(3D) transitions, respectively. Here, the
oven temperature was 835°C and Ar pressure was
100 mbar. A 50 Q termination was again used here. How-
ever, the signal-to-noise ratio deteriorates and the fluctu-
ations in the evolution of these states also show up. In any
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Fig. 8. Influence of oven temperature on the rise time of peak
emission in the case of the 4s4p (1 P;)-4s?(1S,) transition of Ca I.
Here, the Ar pressure was 28 mbar

case, some useful information may be obtained. The fact
that the fastest time = 0.1 ps for the peak emission is for
the 4555 S, state is noteworthy. This could possibly be
due to the smallest energy defect for the energy pooling
collisions (Table 2). The possibility of two-photon nonlin-
ear absorption may not be significant here because the
radiation emission continues over a long period of time
much beyond the laser pulse duration of 10 ns. For the
4s4p (1 P,) state, the rise time is ~ 1 ps. However, for the
454d (*D5) and 3d4p(3F,) states, the corresponding rise
time is &~ 3—4 ps. In a way, this supports the idea that the
4s4d(3D) and 3d4p(®F) states are created in two-step
processes. Note that the second hump in the signals pos-
sibly indicates the onset of a new channel of population of
the state under study, e.g. through recombination.

The influence of increasing oven temperature (and
hence of the vapor density) on the rise time for the
dsdp('P,)-4s*('S,) transition is shown in Fig. 8. The
systematic decrease in the rise time is a clear indication of
higher collisional rates associated with higher thermal
velocities and higher densities of the excited atoms.

2.2.3 Influence of Ar on the rise time to the peak of spectral
emission. We monitored the influence of increasing Ar
pressure on the rise time to the peak of the spectral
emission. The slowing-down of the rate of collisions with
increasing Ar pressure is well understood [4]. However,
the fact that Ar inhibits convective diffusion also becomes
apparent here. Figure 9 sums up our results for the
4s55(3S,)~4s4p(3Py) and 4sdp(*P,)-4s*('S,) transi-
tions. At low Ar pressures ( < 50 mbar), excessive convec-
tive diffusion of excited atoms in the axial direction slows
down the rate of collisional energy transfer as witnessed

2
o 4s5s 354 - 4sdp 3Py
¢ 4sd4p 1Py - 452 13,
)
2
[+i]
E 1 4
D
@
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B
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0 200 400 600 800 1000
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Fig. 9. Influence of Ar pressure on the rise time to the peak spectral
emission: for the 4s5s(3S;)-4s4p(3P,) transition and for the
4sdp (1P ()—4s*(1S,) transition. Here the oven temperature was 835 °C

®4s3d 3D, - 3d4dp 3F,
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Risetime(us)
w

T T T " r :
0 200 400 600 800 1000

Pressure(mbar)

Fig. 10. Influence of Ar pressure on the rise time to the peak spectral
emission: for the 4s4d(3D;)-4s4p(3P,) transition and for the
3d4p (3F 4)-4s3d (3Ds) transition

by the increase in the rise time to the peak emission. The
rate is almost constant in the pressure range 50—650 mbar
of Ar. However, at higher Ar pressures, the presence of too
many Ar atoms again slows down the buildup of the



population of the upper state because the excited atoms or
energetic electrons take a longer time to locate other
excited atoms for the purpose of collisional energy transfer.

The results for the 4s4d(3Ds)-4s4p(®P,) and the
3d4p (*F 4)~4s3d (D) transitions are qualitatively similar
(Fig. 10). The rate of increase in the rise time outside the
100-500 mbar region of Ar pressures is somewhat slower
compared with the case of 4s5s(3S;)-4s4p(3P,) and
4s4p(1P,)~4s2(*S,) transitions (Fig. 9). This would also
support the possibility of two A—A collisions leading to
the population of the 4s4d and 3d4p states.

3 Conclusions

Large scale collisional energy transfer among the laser-
prepared Ca atoms in the 4s4p(®P,) metastable state is
observed where the spectra of 4p (*Py)5, 1,2 ) states of Ca II
were recorded for the first time in such experiments. The
long radiative lifetime of the laser-prepared state [32]
together with a high density of excited atoms and a colli-
sional environment provided by high temperatures are
believed to be the main factors in such a large collisional
transfer. Temperature and density dependence of fluores-
cence intensities of some selected states together with the
evolution in time of populations in various excited states
provide qualitative evidence of a rapid one-step excitation
of 455s(®S) and 4s4p (1 P) states; and a two-step excitation
of 4s4d (>D) and 3d4p (*F) states of Ca L.
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