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Extensive and previously unknown fluorescence and exci-
tation spectra of the HgZn exciﬁer have been observed and
correlated with a potential energy‘(PE) diagram drawn and
labelled according to Hund's case (c). The spectra were
excited in a Hg-Zn mixture contained in a gquartz vapour cell
by succéssive pulseé from two dje lasers using the pump-and-
probe method,-aﬁd were recorded using techniques of time-
resolved fluorescence spectroscopy. The reservoir states,
which becaﬁe populated by the pump pulse, were found to be
the Al, A0~ and A0t states. The fluorescence band at 4750
A, which has a 6us iifetime and was first observed by Edenl,

”
was recognized as due to bound-continuum decays from the Al
and A0% states to the X0t ground state, and its time-
evolution was recorded at various cell temperatures. Subse-
quent absorption of the probe pulse resulted in the
excitation of several higher-lying states which were
identified as the c0%, E1, F1 and E0~ states. Several- exci-
tation spectra were recorded and assigned to cot « A0t, E1l
< A0Ts E1 « A0t, F1 « A0Y, E0~ « Al and EO0™ « A0~

transitions. UV fluorescence bands, which were observed

iv



centered at 2500 A, 2270 A’and 2230 i, consisted of
well-résolved Condon inﬁarnal diff;actibn gattérns,\and.were.
correlated with appropriate upper—state;vibrationai wave-

functions. They_were attr@bﬁéédto bpund—continudm‘trans-

itions from the co0*, El1 and F1 states to thé X0% ground ¥

13

state, respectively, Bound-bound fluorescehcé bands were
¢ .
observed at 4288 -4, 4122 A, 4236 A and 4637 A, and were
identified as arising from F1 - A0Y, EO™ > Al, EO™-— AO~
and E0” — B0~ transitions, respectively. A predissociation
effect, which_gévelrise to Hg 4916 A emission,” was also
observed and interpreted.

Analysis of the experimental data yielded vibrational
constants, relative energies and relative internuclegr
separations of the PE minima for the various states. There

is good agreement between the measured transition energies

and the values estimated from the PE diagram.



Dedicated to my wife Jameley
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1 INTRODUCTION

There hgge been several recqnt reports on experimental
and theoretical studies of group-2b metal excimers which
exhibit emission in the blue-green spectral region and might
become vehicles for molecular dissociation lasers with a
Iarge energy storage capability. Of particular interest are
the spectroscopic investigations of Hg,2/3 and Hg34, the
calculations of potential energy (PE) curves for Hg, and
T1Hg®, and of the energy states of Zn;6 and zZn3’7. Since Hg
forms strong bonds with excited metal atoms because of its
high polarizability and since its vapour pressure can reach
high values at reasonable temperatures, excimers which
include a mercury atom are among the first to be investi-
gated. However, the many efforts to produce lasers based on
transitions in the blue-green region in these systems have
not met with success. Hill et al.®8 attempted to measure the
gain at all wavelengths which were probed in the 3900 - 5145
A region of the Hg; spectrum, but found no positive result.
This explained why Carbone and Litvak?® failed to produce
laser emission based on transitions from the Oy* to the og*
states. The contradiction between the results of Schlig et
al.10, who achieved positive gain on both wings of the Hg,
3350 A continuum band using a He-Cd' laser and an Art laser,
and the results of Komine and Byerll, who observed a net

1
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5
absorption cross section at 3250 A and 4420 A, finally led
to the conclusion that gain from the Hg; excimer may be
suppgessed by abssrption from excited states.

- The kinetics of fluorescence and absorption of the HgcCd
molecule were investigated b& McGeochl2:13 .yho used optical
excitation at 2660 A. Two gpecies of‘this molecule, HgCd(a)
and HgCd(b), were produced and distinguished on the basis of
the ratio of cadmium-to-mercury number densitiés. In
HgCd(a), the ratio was <€ 0.2, and the excitation at 2660 A
was into the ngtlu) state followed by radiation mostly of
the 2.4 ps 4700 A HgCd(a) band. HgCd(b), on the other hand,
was produced by making the ratio approximately unity. 1In
this case, the excitation at 2660 A was into the Cd,(1iy%)
state, and the emission was in the 150 ns HgCd(b) 4600 A
band. The results of the experiments performed on HgcCd
(b)12 showed a rapid radiative decay and the simultaneous
presence of Cdp; and Cdj reservoirs, which left only a small
fraction of the HgCd(b) excimer present. This, in turn,
reduced its potential as a high-energy storage candidate.

As for HgCd(a)l3, although it was found that the single-
electron collisional rate for'its destruction was very low, .
it did not prove to be the basis for an efficient laser.

The HgT1 excimer has been known to émit two intense
bands at 4590 A and 6560 A and a less intense band at 5230

A. Drummond and Schliel4 estimated that, if successful, a

gain coefficient of about 1% per centimeter at either 4590 A



or 6560 A could be achieved with a particular ratio of the
Hg/T1l densities at 720 0C. They also found that, by subst;;)
tuting T1I for the pure metal, the kinetics and spgctra of
the excimer were not changed, and by using this compound,
the operating temperature &ould be reduced to around 350 Cc.
Howeﬁer, the authors finally ;oncluded that T1I did not éos—
sess strongly bound low-lying electronic states from which
transitions to the dissociative ground state were optically
allowed.

In the HgZn excimer only one broad emission band was
observed at 4750 A, arising from a transition between an
excited metastable state and the dissociative ground statel,
but this observation was not followed up by theoretical or
further experimental work. In this dissertation, I report
the results of an extensive spectroscopic investigation of
HgZn, in which I observed numérous and previously unknown
fluorescence and excitation bands and assigned them to
transitions between specific molecular states located on a
PE diagram which was produced simultaneously but iﬁdependent
of the experimental studyl®:16. I used the Pump-and-probe
method which proved to be very successful in the recent
extensive experiments on Hg; and Hgg excimers carried out in
this laboratoryl7-19,4,

The HgZn molecule has a dissociative ground state and
can only be formed in an excited state. Unlike homonuclear

diatomic molecules such as Hg; and Cdj, the electronic



states of HgZn do not split into gerade or ungerade states
and the g & u selection rule cannot be used to assiét with
the identification of electro;ic states which participated
in a particular transition. Nevertheless, the spectroscopic
information derived\from tﬁe excitation and fluorescen?e
spectra led to satisfactory assignments which agreed well
with the theoretically predicted transition énergies. These
data will be useful in arriving at conclusions as to whether
gain at particular wavelengths is expected or whether it is
likely to be suppressed by absorption.

The“PE curves based on Hund's case{a) and on the more
realistic Hund's case(c) are shown in Chapter 2. In Chapter
3, I describe in detail the appératus used in the experi-
ment, the pump-and-probe method and the methods of'time-
resolved fluorescence spectroscopy. The experimgntal
results are presented and interpreted in Chapter 4 which

also includes tables of the numerical data yielded by the

experiment. Finally, the summary and conclusions are stated

in Chapter 5.
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2.1 Potentjial Enerqy curves
2.1.1 Hund's Case (a)

The PE curves shown in Fig. 2.1 have been produced by
Chambaud and Baylisl3/16 using four-electron pseudopoten-
tials for Hg and Zn. The atomic pseudopotentials and core-
overlap terms were yielded by relativistic Hartree-Fock
calculations and were combined in SCF-CI computations of
electronic eigenstates of the four valence electrons as a
function of internuclear separation. At" the present stage,
effects dye to long-rénge polarigétion‘are not yet incorpo-
rated in the calculations. To a first approximation20, the
X1z ground state may be considered as the average of the Hg
and Zn; ground states, with the same asymptotic energy which
is also taken as a reference zero value for the higher PE
curves whose asymptotic values were assumed from experimen-
tal data. The Zn and Hg parameters were taken from ref. 21, -
those of Hg,; were taken from refs. 5, 22 and 23, and those
of Zn; from refs. 7, 24 and 25. For the sake of simplicity
and clarity, the potential curves in Fig. 2.1, are drawn and
labeled according to Hund's case(a) coupling, where spin-
orbit effects are taken to be small. 1In view of the large

5
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Figure 2.1

PE diagram for HgZn, drawn and labelled
according to Hund's case (a) coupling.



.fine-structure splitting in atomic mercury, thisd is a rather
poor approximation, and it is more appropriate to use Hund's
case(c) coupling, in which the curves are labeled by ), the
quantum number corresponding to the projection of the elec-
tronic angular momentum j on the internuclear axis, and in
which curves of the same (2 do not cross. This is done in
section 2.2. In Hund's case(a), the low-lying excited
states arise from two groups of states that are combined
into a PE diagram which also includes the appropriate .
avoided crossings between the states of the first group and
those of the second.

The first group of states is formed from a ground-state
Hg or Zn and the other atom in a 3P or 1P excited state,
corresponding to the configurations nsnp. Considerations of
molecular-orbital energy levels indicate that the lowest
excited states, correlated with the Zn3P state, should have
a (binding) character similar to the 3%,* and 3My states of
Zny, except that in HgZn the bond is longer and the PE well
depth smaller than in Zny;. Similar arguments apply to the
Nl and 1I states correlated with the zZnlP state, and it is
possible to deduce that the state; correlated with the
Hg(3P,1P) atomic states are repulsive, though less than the
corresponding repulsive states in the case of Hgj.

The preliminary results of the calculations also provide

information about the nature of the wave functions in the

molecular region. Accordingly, the 3[1 and 3% (Hgls + zn3p)

-
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states are roughly half-ionic [Hg~2P + 2Znt2S] and half-
covalent [Hgls + 2n3P].. Similarly, the lI(Hgls + znlPp)
state is an approximétely equal mix of ionic {Hg™2P + 2n*2s)
and covalent (Hgls + anPj parts, and the more highly

excited states also contain a significant ionic character.

L]

Thus the ionic states of the system [Hg™ + an} and, to a

)

lesser extent [(Hgt + Zn~], do not simply cross the covalent
states at various R-values, but instead interact strohgly‘
with all the molecular states, at least in the molecular
region. :

The second group of states is derived from ground-state
Hg and excited Zn in the configuration 4s5s(1:3s). Although
no previous Zn, data are available, it is reasonably assumed
that the 3Y¥(Hgls + zZn53s) state is not strongly bound and
that the 1¥(Hgls + 2n5ls) state-is not very repulsive;
avoided crossings can occur between fhése states and those

of the first group.
2.1.2 Hund's Case (¢}

The (c)-~case curves are estimated first by splitting the
case (a) curves into different j components withIL - SIS j <
L + S, with splittings intermediate between those of Hg3Pp
and those of 2n3P, and then by dividing these further into
curves of differing fIdA - I|S.Q < A + Z) and replacing

crossings of curves with like {2 by anticrossings whose
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minimal separations are also of the order of the atomic
fine-structure splittings. Thus, for example, a curve
labeled 311 on the case (a) diagram splits into four curves
in case {c) coupling: Two with Q = 0, one with =1, apd

one with Q= 2,

Preliminary PE diagrams for Q = ot, 0~, 1 and 2 are

‘shown in Figs. 2.2, 2.3, 2.4 and 2.5, respectivelyl3,16, and

will be used in Chapter 4 to interpret the observed fluores—

cence and excitation spectra.

2.2 Excitation and Decay of the cot, E1, Fl, and Fo~ states

The transitions between the various spin-orbit states
obey the selection rules appropriate to Hund's case (c) cou-
pling for ‘heteronuclear molecules:

1. AQ =0, =1 (AT # 0 for Q=0 < Q= 0) (2.1)
2. For transitions 0= 0 ¢ Q= 0,
(+ &+, -0 - - P ) (2.2)

The cO*(Hgls + 2znlP), E1(Hgls + znlP), F1(Hgls + 2Zns3s),
and EO”(Hgls 4 Zn53s) states were populated using the pump
and probe method. The pump pulse produced populations of
the Al, A0~ and Aot (qus + Zn3P) states which became reser-
voir states, since A0~ is a metastable state and A0t and Al
are very likely in therma} equilibrium with it. The

excitation of tHe reservoir states may be. represented as
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Fliug

E (eV).

12

SN Hg('s) + Zn(53F)
G 4. Ho('P) + Zn('S
FA- =8 Ha('s) + Zn(5 Jsa

6 E{%\‘-—-‘\,_/_ﬂ
Hg('S) + Zn('P)
Hg(*R) + Zn('S)

CA —o Hg(R) + Zn('s)
)
AR =0 Hg('s) + Zn(%P)

R (Bohr)

2

-

Figure 2.4 PE diagram according to Hund's case (c), showing

states with O = 1.

..



13 "

I'd

4

8r- .

\\/—D Hg('S) + Zn(5%p)
.

B2
—o Hg (%P) + Zn('s)

; A2
= \_/" —o Hg('s) + Zn(P)
w .

|

N\

R (Bohr)

Figure 2.5 PE diagram according to Hund's case (c), showing
states with () = 2.

\

J



14

folldws:
\

zn(4189) + hv(pump) — zn(43py) - (2.3)
Zn(43py) + 2H%(6150)-+ Han(Al,Aor,Ao+) + Hg(6lsg) (2.4)
The blue fluorescence band at 4750 A is due to the®

bound~continuum transitions from the A0t and Al states to

the xo0%* ground state,“which can be represented by:
HgZn(Al,A0%) — zn(4lsg) + Hg(6lsgy) + hv (2.5)

The subsequent probe pulse consisted of laser radiation
which was tuned within several spectral regions. Its
absorption in the 5200 - 6650 A region populated many vibra--
tional levels of the C0* state, in the 4200 - 4500 A region
it_populated low-lying vibrational levels of the E1 and F1
states and in the 4180 - 4310 A region it populated low-
lying vibrational levels of the E0~ state.

The co* state was exci%ed by transitions from the AoYt
state, and was found to decay to thé X0t repulsive ground
state, giving rise to a flgprescence spectrum in the 2380 -

2660 A region. 1Its excitation and decay processes may be

represented as follows:
HgZn(A0%) + hv(probe) — HgZn(C0%t) (2.6)
Hgzn(cot) — HgZn(X0%*) + hv (fluorescence) (2.7)

The E1 state was excited by transitions from both A0~

and AO' states and decayed to the ground state giving rige
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to'fluorescence’spectra in the 223ﬁ/— 2320 A region. 1Its

excitation and decay processes méy be represented as fol-

lows:
HgZn(AO0™) + hv(ﬁrobe) —*Han{Fl) (2.8)
HgZn(A0*) + hv(probe) — HZn(E1) (2.9)
Hg2zn(E1l) - Hgzn(X0*) + hv (fluorescence) (2.10)

The F1 state was excited only from the A0* state but was
found to decay to the ground state by bound-continuum trans-
.itions emitting fluorescence in the 2230 - 2320 A region,
and to the A0* state by resonance bound-bound transitions,
emitting fluorescence in the 4200 - 4500 A region. The
processes of excitation and decay of the F1 gtate may)be

represented by the egquations:

HgZn(A0*) + hv(probe) - HgZn(F1) (2.11)
HgZn(Fl) — HgZn{X0%) + hv (fluorescence) (2.12)
HgZn(Fl) — HgZn{A0%) + hv (fluorescence) (2.13)

Finally, the E0~ state was excited from both the Al and
A0~ reservoir states, and was found to decay back to these
two states, as well as to the B0~ state by bound-bound
transitions in the 4000 - 4450 A and 460d - 4780 A regions,
respectively. The excitation and decay processes may be
represented as follows:

ﬁan(Al) + hv({probe} — HgZn(E0™) (2.14)

HgZn(A0™) + -hv(probe) — HgZn(E0™) {(2.15)
2
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1
1

HgZn(E0~) — HgZn(Al) + hy (fluorescence) (2.16)
HgZn(EQ0™) — HgZn(A0™) + hv (fluorescence) (2.17)

HgZn(E0™) — HgZn(B0~) + hv (fluorescence) (2.18)
2.3 yibrational @pectra of the Hazn Excimer
2.3.1 The Term Equation ‘!

The HgZn molecular fluorescence consists of band spectra.
resulting from transitions between vibrational levels of
electronic states. The total electronic, vibrational and

rotational energy of the molecule may be expressed as»fol—
lows: |

T = Te + G(V) + Fy(J) (2.19)
where Tg, G(v) and F(J) are the standard terms representing
the electronic, vibrational and rotational energies, respec-
tively. 1In a transition between two electronic states, the
frequencies of the emitted spectral components are

determined by the difference of the two term values in the

upper and lower electronic states26.

v = T! - Tu _

= (Te'=Te") + (G'(V') = G"(V")) + (Fy(3') - Fy(I")Y (2.20)
or

Vo= Ve + Vy + vy (2.21)

where the single-primed superscripts relate to the upper

. . !
state and the double-primed superscripts to the lower state.
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L]
In the case of the HgZn molecule, vy is Vv much

smaller than v, and méy be neglected, and equ tioﬁ (2.21)
may be written as follows26 | |
V= Ve + [(V' ¥ 1/2)We'c (VM + 1/2) "]
= (V' + 1/2)20'Xe" = (V" + 1/2)20e"Xe"]
+ higher-order anharmonic terms. (2.22)
where v = 0, 1, 2, ... is the vibrational quantum number,
W 1s the frequency (in cm;l) of (simple harmonic) oscilla-

tions of infinitesimal amplitude about the equilibrium bond

?f

length, and Wwexe is the first-order anharmonicity.

Because offthe anharmonicity, there are two important
‘differences from the harmonic oscillator. The vibrational
transitions are no longer restricted to Av = *1 but trans-
itions corresponding to Av = 0, =2, %3, x4, ... are also
allowed. 1In addition, the sepafations between the
vibrational levels are no longer constant but decrease as v
increases by.amounts dependent on the magnitude of wgXe.

Equation (2.22) may be used to calculate, from the
observed spectrum, the harmonic frequency we and the anhar-
monicity Wexe as well as the zero—point energy and the
energy separation betwéen the v = 0 levels of the two
electronic states participating in the transition.

The rotational energy term value can be expressed by a
formula similar to that of the vibrational term valueZ?6.

Fy(J) = ByJ(J + 1) - DyJ2(J + 1)2 + ... (2.23)

where
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By = Be - ae(v + 1/2) {2.24)

Be = h/(8 12c u rg?) | (2.25)
Dy = 4B’V3/Q)9.2 ' {2.26)

Be is the rotational constant for a rigid rotator.
Qe is the correction factor for the rotational constant
due to the vibrational distortion.
Dy is the centrifugal stretching constant.
The frequencies of the spectral lines in a-specific band can

then be determined by the equation |

VvV =vg + BytJ'"(J' + 1) - Buynd"(I" + 1) (2.27)
where
Vg = Ve t+ Vy, : (2.28)

and the terms containing the Dy terms are neglected.
Transitions between rotational levels are governed by
the selection rule :
AT =0, 21 (J' = 0 ¢4 J" = 0) (2.29)
and therefore equation (2.26) may be split into three equa-

tions corresponding to the P, @, and R branches.

P(J) = vg — (Bys+ Byu)J + (Byr— Byn)J2 (2.30)
Q(J) = vg + (Byi— Byw)J + (By1— Byn)J2 (2.31)
R(J) = vg + 2By1+ (3Byi— Byn)J + (Byi1- Byu)J? (2.32)

2.3.2 The Bound-Continuum Spectra

The relative intensities of the vibrational components

in a flunrescence band spectrum are governed mainly by the
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Franck-Condon (FC) factors which‘are determined by tpe
square of the integralZ6:

Jw (ryw (rydr (2.33)
‘where ¥ (r) and w'(r) are the wave functions of the upper and
lower vibrational levels, reSbectively. For bodnd—continuum
decays, W' = W'(r,E) represents a wave function of a bound
vibrational energy level, and y" = Y"(r,E) represents a wave
function of the continuum of the wave functions of the
unbound lower state since the argument E, which is the
kinetic energy, is continuous??, Accordingly, there will be
a continuum of wavefunctions belonging to the lower repul-
sive state, and the shape of each wave function will consist
of a broad maximum at the turning point on the PE curve and
a rapid oscillation towards larger r. Consequently, for
every ¥'(r), there will be a continuum of values of the
integral (2.33), which will qualitatively depict the proba-
bility density distrib.;ution28 of the particular upper vibra-
tional level, as showrf in Fig. 2.6. The integral has
significant non-zero values when two conditions are
satisfied:

1. The local de Broglie wavelengths corresponding to the
'upper' and 'lower' wave functions are equal,

A' = A" = h/(2pE)L1/2 (2.34)
(where P is the reduced mass of the molecule). This is
equivalent to the classical Franck-Condon principle which

states that the positions and momenta of the nuclei do not
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Figure 2.6

‘i— -
r
The formation of a Condon internal diffraction
pattern (projected on the E axis) in a bound-
continuum fluorescence spectrum. The subscripts
u and g refer to upper and lower states,
respectively. The dashed ground-state PE curve
allows for conservation of kinetic energy.




change in a transition, and thus the kinetic energy is con-
servesg i.e.

E - U"(r) = U'(x*) - U'(r) | (2.35)
where U"™(r) and U'(r) are the potential energies of the
lower and upper states, respectively, and r* corresponds to
the turning points of the particular vibrational wave func-
tion.

2. The phases of the two wave functions match.or are shifted
by #nt with respect to each other. The integral (2.33) has
minima when the phases of both wave functions are shifted by
*1/2. The resulting intensity distribution consists of two
broad maxima which correspond to the classical turning
points of the nuclear vibration, and a number of subsidiary
maxima. The total number of maxima in the pattern may be
used to identify the vibrational quantum numbers of the
bound state since it is equal to v + 3o

A
v

2.3.3 The Bound-Bound Bpectra

The relative intensities of the vibrational .components
in a bound-bound fluorescence band spectrum are also gov- Y
erned mainly by the FC factors determined by the integrals
(2.33) but, in this case, both y'(r) and V (r) are wave
functions of bound vibrational levels. Therefore, some
vibrational components may be more intense than others,

depending on the degree of overlap between the two wave
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. functions2€, Usually the distribution of intensities among
the difieremt transitions originating from a v! = 0 level
to various v" levels, exhibits a bell-like distribution,
whicﬁ\may or may not be symmetric, with the maximum at the
component which corresponds to the largest value'of_thg
integral. The distribution of intensities among transitions
originating from a v! = 1 level to various v" levels, on the
other'hand, goes through a minimum, which corresponds éo the
minimal vg}ue of the integral. A simple modeling calcula-
tion? of the vibrational intensity distribution in the
fluorescence spectra may be used to make estimates of Are =

Tre' = ne" (the difference between the internuclear separa- ~

.
L4

tions at the potential minima of the two states). "

~

In a bound-bound excitation spectrum, which represents

upward transitions from é particular reservoir state to a
F

particular excited state, the relative intensities of the
vibrational components are also affected by the Boltzmann
vib;ational distribution which modifies the relative inten-
sities arising from the FC factors. Under conditions of
thermal-eqﬁllibrium, the population of a vibrational level

with quantum number v can be expressed asZ26

Ny = (N/Qy) exp (-Gg(v)hc/KT) (2.37)

G, =1+ exp (-Gp(l)hc/kT) + exp (-Gg(2)hc/kT) +

... (2.38)
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is the partition function and N is the.total number of mole-
cules. Accordingly, the Bolggmann factor plays an important
-role in diminishing the intensities of components arisiﬁg

from (ubwardi transitions originating from ﬁigher v" levels.

Because of the large reduced mass |1, the vibrational

spectral lines were broadened by the unresolved, densely-
spaced, rotational components. This broadéning made it
impossible to measure the frequencies of the vibrational
components with sufficient precision to determine higher-
order vibrational anharmonicity (beyond (WeXe) or the rota-
tional constants, 5

Neverggeless, taking advantage of the rotational selec-
tion rules, it was in some cases possible to deduce, from
thg shapes of the vibrational components in an excitation
band, the:relative ordering of the rotational constants B''’
and B". This, in turn, provided an indication of the rela- ~
tive rgo values associated with the states involved in the
transition, since B « 1/r2. When the vibrational components
exhibit steep leading edges on the short-wavelength sides
and are degraded towards longer wavelengths, this indicates
that rotational transitions associated with large J's lie at
energies lo;er than those associated with small J's (which,
in thi: case, are close to the band head) and the quadratic
term in J" (see equations (2.30-32)) is negative, i.e. B' <

B" and re'> rg". On the other hand, if the steep leading
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edges appear on the long-wavelength sides and the degrada-
tion is towards shorter wavelengths, then B' > B" and re J <

Ta".
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3.1 Description of the Apparatus
3.1.1 General

The arrangement of the appératus is shown sca?matically
in figure 3.1. The Hg-Zn vapour mixture, contained in a
sealed-off quartz fluorescence cell, was irrxadiated with
collinear éulsed 'pump' and 'probe' laser beams directed
antiparallel to each other and timed to produce a 450-ns
pump-probe delay. . The resulting fluorescence, emitted at
right angles to the laser beams, was dispersed by a mono-
chromator and dete by %kphotomultipiier. The output
signals from the photomultiplier were sampled by a ¢
1024-channe} transient fHigitizer and stored in a microcom-
puter which carried out signal-averaging. Both the mono-
chromator and the probe laser coﬁld be scanned, by

computer—con%;olled stepper motors, to produce the various

fluorescence and excitation spectra.

Ay

3.1.2 The Pump Laser

The pump-laser beam was produced by pumping an in-house

built two-stage dye laser with the second harmonic 65320 A)

25
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of a Qﬁanta-Ray DCR-1A Nd:YAG (Neodymium: Yttrium Aluminum
Garnet) laser. The fundamental laser output at 10640 A wag
produced in an unstable (convex-concave) optical resonator
and was amplified when necessary by a power amplifier stage.
The™ laser was alwaysﬂ?perated in the Q-switched mode, by
means of an electro;optical Q—sﬁitch (Pockels cell), in
order to produce short pullses of high-peak power needed for
the efficient generation of the second harmonic.

The second harmonic at 5320 A was produced using an
angle-tuned KD*P (Potassium Dideuterium Phosphate)
frequency-doubling crystal.. he fundamental and the second
harmonic laser outputs, which were generated collinearly,
were angularly separated using a Suprasil quartz Pellin-
Broca prism, oriented to reduce losses due to Fresnel
reflection. The unused part of the IR beam was dissipated
in a beam-dump and the 5320 A‘laser 6utput was directed, by
beam splitters and two antireflection-coated cylindrical
quartz lenses, to side—pqmp a two-stage dye laser operated
with Rhodamine 640 in methanol (5 x 10™4 M). The first
stage (oscillator), consisted of a diffracion grating/mirror
cavity, which included a quad-prism beam expander2® and a
magnetically stirred dye cell, and received 25% of the total
5320 A beam intensity. The diffraction grating, which could
be rotated manually by means of a micrometer, was kept tuned
at an angle which produced laser radiation at 6151.8 A. The

second stage received 75% of the total 5320 A beam intensity
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and acted as an‘amplifier. It‘consisted of a second ?agnet—
ically stirred dye cell, into which the output laser beam
from the oscillator was focusd by means of a £ = 10 cm
antireflection-coated achromatic lens. The amplified laser
output was subsequently frequency-doubled with a KDP"C" (Po-
tassiﬁm Dghy&iogen Phosphate) crystal to produce the 3075.9
A iaser radiation for the excitation of Zn atoms to the 43py
state. This 3075.9 A laser beam (1 mm in diameter) was
directed Ey aluminum mifrors and quartz lenses to pass_
through the fluorescence cell .inside the oven.

When the 5320 A second-harmonic laser radiation was gen-
erated at an energy of 12 mJ per pulse, the resulting 6€151.8
A dye-laser output was found to have an energy of 0.7 nJ per
pulse, and the final output at 3075.9 A had an energy of

0.05 mJ per pulse.
3.1.3 The Probe Laser

The probe laser consisted of a two-stage dye laser
excited with an in-house built Nj-laser. The Ny-laser had a
transverse discharge resonator cavijy 1 m long Qith a flat
dielectrically coated total reflector at one end and a flat
uncoated Suprasil output.window at tpe other. Pure Ny gas
was admitted to the cavity at a pressure of about 75 Torr.
The output laser beam consisted of 3371 A radiation, had a

—

rectangular cross-section (3.2 cm x 0.6 cm) and a pulse
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width of about 10 ns. The Npy-laser was triggered externally.
by the Q-switch pulse of the YAG_laser after being delayed
by 450 ns. Thus the repetition rate of the Np-laser was
equal to that of the YAG laser (usually set at 10 Hz.)

The Nz-laser output was used to pump a two-stage dye
laser similar to that described above, in which the diffrac-
tion grating was tuned by a sine-drive2® activated by a
computer-controlled stepper motor. The steps corresponded
to constant wavelength increments of 1/24, 1/20 or ‘1/16 A,
depending on the order in which the grating was operated.
The linearity of the scanning steps with respect to'the
wavelength increment, over a particular spectral range, was
checked by means of an optogalvanic cell which conq}sted of
a miniature Neon discharge lamp. An aperture 1 mm in diame-
ter was located between the oscillator and the amplifier
stageé, and another aperture, 3 mm in diameter was located
in the path of the output dye laser to block out the unde-
sired superradiance which otherwise would scatter off the
cell walls and produce spurious stray-light signals.

The various laser dyes (supplied by Exciton Chemical
Company) dissolved in the appropriate solvents, which were
used to produce laser radiation in the 5000-6500 A and

g4000-4700 A regions, are listed in Table 3.1. Under typical

conditions of the pump-and-probe experiments, the energy per
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TABLE 3.1 Laser dyes used in the experiments

Laser Dye Solvent Concentration WaQelength
(M) Range (A)
Rhodamine 640 Ethanol 5 X 1073 6250-6650
Rhodamine 610| Ethanol 3.8 X 10™3 5950-6300
Rhodamine 6G Ethanol 5.3 X 1073 1 5750-6000
Coumarin 540 Ethanol 1 X 1072 5200-5800
Coumarin 500 Ethanol 1 X 1072 5100-5350
e
Coumarin 460 Ethanol 4.5 X 1073 4420-4700
Coumarin 440 Ethanol 5 X 1073 4280-4550
Stilbene 420 | Methanol 1.8°x 1073 4120-4320
DPS- P-dioxane | < 1.é X 1073 | 4050-4180
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pulse of the 4320 A dye laser output (Coumarine 440 in etha-
nol) was measured to be 0.02 mJ. When measuring the linear-
ity of the probe laser intensity against the intensity of
the LIF signal, a series of identical neutral-density
filters was inserted in the path of the dye-laser output.
The dye-laser output wavelengths weré measured with a preci-
sion of #0.4 A in the red region and of #1 A in the blue

region, using an in-house built Fizeau wavelength meter30.

3.1.4 The Fluorescence Cell and QOven

The fluorescence cell had a cylindrical shape and was
constructed of non-fluorescing Suprasil quartz. It was 7 cm
long and 1.8 cm in diameter, and had a 13 cm-long side arm.
It was fitted with two end windows (2 mm thick) perpendicu-
lar to the cell axis. W

When preparing the Hg-Zn mixture, the cell was connected
to a Pyrex vacuum-distillation system by means of a graded
seal. A vacuum of 1078 torr was produced by an Edwards EO02
0il-diffusion pump fillgd with Santovac 5 fluid and backed
by a Speedivac ES35 rotary pump. The pressure was measured
by a CVC GIC-028-2 ionization gauge connected to a Bendix -
GIC-300 control unit. The diffusion pump was connected to
the vacuum system by a cylindrical glass stopcock lubricated

with Apiezon-L grease. The diffusion pump had a liquid
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nitrogén cold trap to prevent backstreaming of the fluid
into the fluorecence cell. A block diagram of the vacuum
system is shown in Fig. 3.2.

A'U-tube liquid-nitrogen cold trap was coﬁnected in-line
close to the fluorescence cell for use during the distilla-~
tion of Hg. This served two purposes: it trapped traces of
0,,C05,H30, ... inside the vacuum system 21122;ng it to reach
an optimum vacuum, and it condensed any Hg vapour that might
have escaped during distillation and prevented contamination
of the vacuum system by mercury.

Figure 3.3 shows a schematic diagram of the oven. It
consisted of two compartments, one of which housed the main
body of the fluorescence cell and the other contained the
side arm. The main compartment was constructed of 3 mm
thick stajnless steel sheets. 1Its top cover, which could be
detached when necessary, had two holes through which passed
the wires of two thermocouples. The side-arm compartment
was cylindrical, 10 cm in diameter, and was made of brass.
The whole oven was placed inside a jacket made of 1 mm~thick
stainless steel plates and was attached to a 20 x 10 cm
stainless steel base 6.3 mm thick. The jacket was filled
with commercial ceramic 'blankets' capable of withstanding
temperatures up to 1500 9C. This provided a convenient heat
insula*ion as“;;ll as a stable température over a period of
several weeks. The main oven compartment and the jacket

both had three circular apertures through which light passed
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Figure 3.2 A block diagram of the vacuum system.
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into and out of the cell. The apertures were closed off
with Suprasil windon to reduce heat loss by convection.
The'whole oven assembly, including the jacket, was mounted J
inside a large box made of 5 mm thick aluq}num sheets which
provided additional insulation. |

Each of the two oven compartmenés was séparatély'heated
by three ac General Electric strip heaters connected in par-
allel, which had an effective resistance of 27 Q. The
heaters had a maximal operating temperature of 650‘0C. They
were mounted on the outer walls of both compartments, to
make them easily acsessible for minor repairs without open-
ing the whole oven. They had the additional advanﬁage over
helical heating elements made of high-résistance wire, that
asbestos or ceramic padding inside the oven was not neces-
sary. Variac autotransformers connected to 120 V wall out-
lets were used to power the strip heaters separately. The
various electrical connections between the strip heaters

\
inside the oven and between the heaters and the Variac
transformers were made of ceramic-beaded stainless steel
wires which resisted corrosion at high temperatures.

Two chromel-alumel thermocouples were used to mo?itor
the temperature of the main oven (near but not touching the
body of the cell) and of the bottom of the side arm, and
were connected to two digital vgltmeters. Leeds and North-

P

rup thermocouple conversion tables were used to convert the
' (
voltage readings into temperatures.
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3.1.5 The Detection and Data Acquisition system

The fluorescence, emitted at right angles to the laser
beams, was focused by an f = 20 cm spherical quartz lens
onto the entrance slit of a monochromator. Two different
monochromators were used during the experiments, depending

on the wavelength of the emitted fluorgscence. The (I.S.A.,

H-20) Jobin-¥Yvon 20-cm monochromator, equipped with a 1200

l/mm concave holographic grating, had a maximal resolution
of about 4 A at 2000 A and an effective speed of f/4.2. A-
calibration of the spectral response of ghis mon.-chromator
revgaled the existence of a grating "ghost" in the 4900-5100
A region. The calibration was performed with a GE 200 W
QI130 quartz halogen lamp, which was calibrated by NRC labo-
ratories for spectral irra&iance from 3000 A to 8000 A, in
50 A steps. The monochromator was fitted with an EMI 9816QB
photomultiplier which had a nominal rise time of 2.2 ns and
a relativél; high quantum efficiency (= 30%) in the ultra-
violet spectral region which encompassed the observed bound-
continuum fluorescence. The photomultiplier had an extended
5~-20 photocathode and a l4-dynode electron multiplier, And
was powered by an‘Brtec 456 powe£ suppiy. Since it was
found that a potential difference of 1.7-1.8 kV was suffi-
cient to obtain a satisfactory signal, no preamplification

was used. The photomultiplier was cooled by an EMI

thermoelectric cooling unit to reduce the dark noise.
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An I.S.A. HR-320 monochromator was used when registering

' the bound-bound fluorescence in the blue spectral region

which also contained the long—iived broad fluorescence band
due to the pump pulse. The moéochromator was equipped with
a 1800 l/mm grating and had a maximal~resolution of 0.5 A at
3131 A. 1Its entrance and exit slits were continuously
adiustable and }ts effective speed was f/4. The monchroma-
to£ was equipped with a thermoeléctrically cooled RCA C31034
photomultiplier; its voltage-divider was connécted to an
Ortec 456 power supply, it had a GaAs photocathode, eleven
high-stability CuBe dynodes and a quantum efficiency of
about 14% at 5500 A. The potential difference across the
photomultiplier was maintained at a value 1.7-1.8 kv; and to
achieve a satisfactory signal level its output was amplified
200 times using an Ortec 9302 amplifier-discriminator.

Both monochromators were scanned by computer-controlled
stepper motors in constant wavelength increments, the
smallest of which was 0.5 A.

The photomultiplier sighal was registered by a Biomation

model 6500 waveform analyzer which was used as a transient

digitizer. It had 1024 channels in which the data were

stored in the form of 6-bit binary words. Its highest time-

resolution was 2 ns/channel and the lowest was 1 s/channel.
The waveform analyzer was tfiqgered externally by the probe

laser pulses, by directing a small fraction of the probe

Ay
|3
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laser beam into a fast EG&G photodiode whbse output trig-
gered the waveform analyzer. The digitized output from the
waveform analyzer was then sent to a Commodore PETRmodei'
2001 microcompu?gr which carried out the signal averaging of
the incoming data using a machine-language program3l. The
necessary input parameters (the number of channels per scan,
of laser pulses per chanhel, of pulses per increment,the :
wavelength setting, and the wavelength limits of the scan)
were entered into the programf While the program was run-
ning, it displayéd on the monitor a periodically updated
histogram of the computer—memory‘c}ntents along with the
corresponding normalized number of counts. The histogram
and number of counts were then plotted and printed on an

EPSON model MX-80 dot-matrix printer for further analysis.

3.2 Experimental Procedure

3.2.1 General

Th }Hg—Zn vapour mixture in the fluorescence cell was
maintained at 840 X, with the side-arm at 780 XK. It was
irradiated with pump pulses of wavelength, 3075.9 A, tuned
to the Zn 43Py « 4lsy atomic transition. This caused the
formation of HgZn in an excited (metastable) state, which
had a r%latively low rate of quenching by Hg (5.5 x 10715

cm3/s )i, and a long effective lifetime (6.1 ps); this
/

A
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allowed encugh time for probing higher excited states.
Probing was affected by the variable~wavelength probe pulses
which were aelayeq/relative to the pump pulses, until the
density of the metastable HgZn molecules réached'a maximum.
The fluorescence signals resulting from the decay of the
vaéious excited states were.observed at right-angles to the
direction of excitation and were analyzed using techniques

of time-resolved fluorescence spectroscopy.

3.2.2 Preparation of the HgZn Fluorescence Cell

The composition of Hg-Zn mixture used in the experiments
was so arranged that the mole fraction cf mefbury exceeded
0.95. The quantity of mercury was also anpropriately
adjusted, that at temperatures ab&ﬁe 600 K it was all in the
vapour phase at a density of 1.9 x 1019 atoms/cm3®. fThus the
pressure of mercury vaour at temperatures ébove 660 K
increased lineaﬁf? wiéh temperature and did not exceed mod-
erate values.

The quartz cell was first washed with a dilute solution
of HF, rinsed reﬁeatedly with distilled water and dried, and
then 0.022 g pure zinc granules (99.99% purity) was placed
inside it. It was then attached by means of graded seals to

the lower end of a Y-tube in the glass section of the vacuum
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" system shown in Fig. 3.4., 0.162 g‘of_doubly—diétilled mer-
cufy was placed in a sealed-off ampoule inside a distilla-
tion tube which was connected to one (upper) branch of the
Y-tube. The‘othef branch of the Y-tube was connected
through the cold-trap to the vacuum system. When a vacuum
of 1 x 10~8 Torr was reached, the quartz cell was outgassed
by baking it for two days at 600 OC in an electrically
heated oven. The three constriction areas were also well
degassed By heating them w}thvdm€§Fch‘to'temperatures near
the softening point of pyrék'or q%g;tz. This process was
repeated several times to reduce the)outgassing of potential
¢ontaminants after,K sealing-off.

When the distillation process began, the valve connect-
ing.the diffusion pump to the glass s;ction of the vacuum
system was closed, and the cold-trap was immerséd in a bath

of liquid nitrogen to condense the remaining gases and to

stop the escaping mercury vapour from contaminating the sys-

tem. The ampoule containing the mercury was opened with a
magnetic breaker and the ﬁercury was slowly distilled into
the cell with. the aid of a heating tape. The Y-tube was
then sealed off at the éonstrictions, and the quartz cell
was sealed off at the constriction in the side arm. i

Since the HgZn amalgam, formed at such high temeratures,

was found to deviate from ideal activity by less than 2%1

» ﬁl
the vapour pressures of mercury and zinc above the amalgamAQQQ

by,

/’
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were calculated by uging thye étandard temperature—vapour
pressure tables32 for pure mercury and zinc which incurred
errors of less than 5%. | .

The amount of mercury transferred to the quartz cell was
estiméted to be 0.12 g. This was done by carefully weighing
the amount of mercury:which escaped during the distillation
and was deposited as a thin film on the inside walls of the
. cold-trap. At the side-arm temperature of 780 K and main
cell temperature of 840 K, the density of Hg was estimated
to be 1.9 x 1019 atoms/cm3® and that of Zn 1.8 X 1016
atoms/cm~3. Unlike alkalfkgiifd systems, the HgZn amalgam
does not attack glass, gquartz,” insulators or optical materi-
als which makes it much easier to handle.

In all the experiments conducted in this work, I used a
single flyorescence cell, with a ffﬁed composition of tge‘
Hg-Zn mixture. The temperature of its side-arm, which con-
trolled the densities of Hg and Zn and thus of the HgZn
molecule,ﬁyas kept fixed during all the experiments except

when the relative formation rate of the excimer was studied.

3.2.3 Registration of the Fluorescence Spectrum Excited with
a_Bingle Laser '

The profile of the blue fluorescence band, excited with
the pump laser alone, was recorded by scanning the monochro-

mator in the range 3800-5400 A and using a 'boxcar' time-
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averaging method. Ten fluorescence pﬁlses following ten
pump—lasér pulses were digitized, time~integrated, and
accumulated in the computer memory channel corresponding to
the wavelength setting of the monochromator. The computer .\\
then advanced the monochromator wavelength setting by 10 A
and-the procedure was repeated throughout the waveyfngth
range. ZAfter completion of the scan, the monochromator was
reset to its initial position and the whole scan was
frepeated until a satisfactory signal-to-noise ratio was
achieved. All 1024 channels (each corresponding to 2 ns) of
the transient digitizer were used and the resulting spectrum
was represented as a plot of the relative fluorescencé
intensity against scanned wavelength. The process was
repeated under the same experimental conditions, using the
standérd quartz halogen lamp, and the profile of the
fluorescence band was corrected for the spectral response of
the monochromator and photomuitiplier.

The time-evolution of the flugrescence band was regis-
tered by setting the monochromator at 4750 A and recording,
with the transient digitizer,_the intensity of the
fluorescence signal in relation to timg following the pump-
laser pulse. This procedure was repeated and the spectra
were summed in the computer until a satisfactory
signal-to-noise ratio was obtained. The decay of the

fluorescence was recorded in an extended time span, using
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1024 channels (each corresponding to 10 ns). The rise time,
on the other hand, was studied by usiﬁg 1024 channels (each

corresponding to 2ns) in the transient digitizer.-
3.2.4 The Pump-and-Probe Experiments

The pump and probe laser beams were directed collinéarly
and antiparallel to each other inside the HgZn fluoreécence
céil, and the fluorescence was observed at right-angles to
the laser beéms. The overlap of jthe laser beams and the
position of the lens which focused the resulting fluores-
cence onto the ‘entrance slit of the monochrqmator, were
found to be critical in achieving a satisfactory
fluorescence intensity. The following procedure, shown in
Fig 3.5, was used to ensure optimal alignment. The probe-
laser beam was directed through the cell by means of mirror

3 and lens 3, and was aimed at a spot at the centre of

mirror 2. The pump-laser beam was made incident on the sanme

-
-

spot by adjusting mirror 1 and lenses 1 & 2. Mirror 2 was
then used to steer the pump-laser beam through the flucres-
cence cell and make it overlap the probe-laser beamn. The
alignment of the two laser beams was considered satisfactory
when both beams coincided at the centres ot the three mir-
rors. The blue fluorescence emissior.,, excited with the

pump-lasel, was focused with lens 4 on the entrance slit of
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the monochromator. The final alignment was achieved by min-
ute adjus;ments of mirror 2 and lens 4 while monitoring the
digitized signal displayed‘on an oscilloscope.

The pump-and-probe experiments consisted of two separate

'~ but complementary parts :

~—

3.2.4.1 Monochromator Scans of the Fluorescence Spectra

The probe laser was tuned to excite transitions between -
particular vibrational levels of a low-lying excimer state
and a higher state. Numerocus fluorescence bands érising
from bound-continuum and bound-bound decays were recorded by
scanning the monochromator in increments of 1, 2 or 3 A,
using narrow slits (< 1/8 mm), and the boxcar time-averaging
method. The probe-laser pulses, which also triggered the
transient digitizer, were delayed by 450 ns relative to the
pump pulses. The delay corresponded to the maximal popula-
tion of the reservoir states. This was verified experimen-
tally by scanning the time delay between the pump and probe
pulses while monitoring the intensity of the fluorescence
induced ﬁy the probe pulses in relation to the delay.

When monitoring the spectrum arising from bound-bound
transitions, the vibrational component which was of the same

wavelength as the probe laser radiation was not recorded. '
e

o
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When deemed appropfiate, this cdmponent was recorded by tun-
ing the excitation (probe) ﬁaveleﬁgth to a different vibra-
tional transition between the same electronic states and
recording the resulting fluorescence spectrum.

The time-evolution of the fluorescence was alsoc moni-
tored to obtain e§timates of the lifetimes of the upper
states. When the’UV bound-continuum fluorescence was
recorded, the initial 20 channels (2 ns each) of the tran-
sient digitizer were used. When the visible fluorescence in
the blue spectrdi region was recorded, only 13 of the
channels were used together with the HR-320 monochromator to
reject as much as possible of the intense and persistent
background fluorescence excited by the pump pulses.

4
3.2.4.2 Probe-Laser Scans of the Excitation Spectra

To record an excitation spectrum, the monochromator was
set on a wavelength corresponding to a vibrational component
of a fluorescence band arising from a level v', while the
probe laser was scanned over the spectral region containing
components corresponding to the excitation of level v' from
various v" levels of a lower-lying electronic state. A box-
car time-averaging method was again used for data acquisi-

tion.
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A power curve was reéérded for each laser dye to permit
the normalization of intensities of the components in the |
e#citaﬁion spectrum. 'This was done by setting the monochro-
mator at the zero-order position; and scanning the dye laser
underbthe same experimental conditions as before except that
the pump laser was turned off.

Since the degree of resolution in the excitation spectra
did not depend on the resolution of the monochromator, 1 mm
slits were used while recording the spectra by monitoring
the ﬁV fluorescence. This increased the intehsity of the
fluorescence reaching the photomultiplier and resulted in a
higher signal-to-noise ratio. As noted previously, when the
fluorescence was monitored in the blue region of the spec-
trum, the excitation spectra were recorded by using narrowaer
slits (< 1/8 mm) in order to reduce to a minimum the stray
light due to the intense 'background' fluorescence (4750 A).
The probe-laser scanning increment was 1 or 2 A and the
number of channels used in the transient digitizer ranged
from 11 to 20 (2 ns each), depending on the effective 1ife:
times of the emitting states, the spectral region of the
fluorescence and the resolution of the monochromator.

The'lineérit; of the scanning steps of the stepper-
motor-activated sine-drive with the wavelength increments
was found to be very precise across thel 5850 - 6500 A region

which was covered by two laser dyes: Rhodamine 610 and Rho-

damine 640 (20.00 steps/ A and 16.00 steps/A, respectively).
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This was checked by domparing the counter readings o‘ the
wavelength drive with the optogalvanic spectrum of Ne pro-
duced in é miniture glow lamp. Figure 3.6 shows a sghematic
diagfam”deQQE;b{gg the method used for the calibration.<¥ The
dye-laser outpu£ w;s split into two parts, of which one was
focused into an optogalvanic Ne cell, and the other wés made
incident on a photodiode whiﬁh triggered the'oscilloscopg,
When the dye laser was scanned, voltage dhanges at the dis-
charge electrodes, due to the variation in the net deqree of
ionization of neon, were detected on the oscilloscope
whenever the dye laser output corresponded to the componénts
of the optogalvanic Ne spectrum33., A calibration curve rep-
resenting a plot of stepper-motor readipgs against actuad®e
wavelengthé was then obtained and the iinearity was
verified. , For the other %&ser.dyes, which cover spectral
regions in which there is no optogalvanic Ne spectrum, the
calibration curves were produced by comparing_ghe wave-
lengths of the aye laser output at different counter *
readings with the Fizeau wavemeter3Q?, The results showed
that for the Rhodamine 6G, Coumarin 540 and Coumarin 500
dyes, the linearity was exact (20.00 steps/ A) as long as
the range was restricted to the generation band of each
individual dye. For the Coumarin 460, Coumarin 440, Stil-

bene 420 and DPS dx&s, which were used with the diffraction

S
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Figure 3.6 Schematic diagram of the apparatus used to cali-
brate the probe laser wavelength drive.



52

. ' grating in a higher order, the wavelength increments
corresponded to non—1ntegral numbers of steps (23. 98

steps/A) over a range of 100 A.

T e T

- -
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4.1 The 4750 A Fluorescence Pand

Figure 4.1 shows the spectral profile of the 4750 A
fluorescence band excited with the pump laser34. This band
was firgt’;écorded, using photographic techniques, by Edenl
who determined the centre of the band at 4600 A. My mea-
surement, which is in accord with another récent observa-
tion35, places the centre of the band near 4750 A and shows
it to posses a degree of asymmetry with respect to the
central peak. At 5400 A the fluorescence intensity '
decreased to 1/3 of the peak inten%ity and at longer wave-
lengths the band exhibited a weak but extended tail, not
shown in Fig. 4;1; towards shorter wavelengths, the band
intensity de¢lined steeply. I believe that this band arises
from the decay, to the X0t ground state, of the A0o* and Al
states which are in tﬁeﬁﬁil equilibrium with the metastable
A0~ state. Ev : ,

The time evolution of the band is shown in Fig 4.2 which
also shows the Zn atomic fluorescence emitted in the 43p; -
41sy decay. The intensity-variation of the fluorescence
band was typical for a three-body collision proceés, it

increased rapidly following the pump pulse and then decayed

exponentially with a decay time of about 6 us, in agreement

53
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with the observation of Edenl who, however,-did‘not comment
on the fast rise-time. Since the amount of Hg inside the
cell was sc arranged fhat¢fabove 660 K, all of it was in the
vapour phase, the Hg density increased with' temperature
until 660 K and then remained constaht. The rise-time of
the band was found to follow the same relation; it inqreasgd
with the side-arm temperature up to 660 K and then remained
constant. This suggested that, since no more Hg atoms were
produced ébove 660 K while the density of the Zn atoms still
increased with temper;turehﬁthe HgZn molecule was formed by
a three-body collision prﬁcess which involved one zZn and two
Hg atoms. The dependence of the rate of fo;mation on the
side-arm temperature below 660 K is illustrated in Fig. 4.3,
which shows a comparison between the rise times at 470 X and
at 570 K., At 470 K the densities of HQ and 2Zn in the cell
were estimated to be 2 x 1017 and 4 X 1010 atoms/cm3,
respectively, while at 570 K they were 3 X 1018 and 1.4 X
1013 atoms/cm3,'respectively. It can be seen in Fig. 4.3
that at 570 K the rate of formation of HgZn was higher than
atl470 K. |

The decay time of the Zn fluorescence was found tc be of
the same order as the rise time gﬁ the HgZn fluorescence at
various temperatures of the side-arm, whiéﬁﬁalso confirms

that the formation of the excimer required a three-body-

collision involving g;e Zn and two Hg atoms.



57

. "M 0LL 3 PT®Y Sem UsAC UTew
"(q) ¥ oLy pue (e) ¥ 0.6 sainjezadusiy
£ ¥ 2Inbry

ays Jo aaniexsdwusl Iyl
UuIe-apTs 9Y] 3B pueq 8DU8DSIIONTI ¥ 0GLv 2U3 JO UOTINTOAD-BWT]

(SU) INIL
00¢ DO
1

000} .B.ﬁ ow.m _
P

=

copy t . . .
. .rf - -
. ¢ A
4 N . ! u..- y R e ! .3-.
1 oy ‘ e RIS 4 7% Ty el Py AN SRETAS RS

- .y iy a, . ! O 74 v - - '

P L8 h-flsm.ﬂ 2 sn......n..,l.. uﬂ:\ () - " s

v * . -




58.

Zn(43P,) + 2Hg(61Sy) — Hgzn(Al,A0~,A0%) + Hg(6lSg) (4.1)
This mechanism was put forward by Edenl who, however, did

not specify the excited states of Hgzn.
4.2 Excitatjon and Decav of the cot gtate

When the HgZn excimer was irradiated with a probe pulse
in the 5200 - 6650 A region. UV fluorescence bands were
detected in the 2380 — 2650 A region29,36, fThe fluorescence
bands hgd the form of CID patterns characteristic of bound-
continuum transitions, but were obliterated at wavglehg?hs
near and above 2537 A because of absorption of radiation in
the region of the broadened Hg 2537 A (63P; « 41sg) line.
The excitation speétrum in the 5200 - 6650 A region,
recorded by monitoring the fluorescence at he various CID
peaks, exhibited an extensive structure typical of bound-
bound transitions.

I believe that this flluore.scence was due to a decay of
the CO0* state, excited by transitions from the A0t reservoir
state, to the X0t ground state. A partial PE diagram for
the Xo*, A0* and co* states is shown in Fig. 4.425. 1It,
like the assignment of the spectrum, supersedes the previous

interpretation based on Hund's case (a) PE curves20
NS
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Figure 4.5 shows traces of fluofescence bands emitted in
the decay of'the Q' =6, 7, 8 and 9 vibrational Iivels of
the co* state to the repulsive X0t ground state. As stated
above, the bands have the form of CID patterhs chafacteris—
tic of boﬁnd—continuum transitions, with two prominent peaks
on the wings of each band, correspohding to the classical
turning points of the particular v' wave functions.  The v!
= 6 band shown in Fig. 4.5 (a) was excited uging the probe
laser wave%ength A = 5660 A which corresponds t? the cot*, !
= 6 « AOY, v" = 0 absorption. The excitation gf'the v' > 6
levels from v" = 0 was accomplished with shorter probe wave-
lengths, corresponding to an excitation energy increment of
about 117.5 em~! per vibrational gquantum number v',
equivalent to the vibrational frequency we of the cot
state. Althoﬁgh the band profiles are distorted by the
(Proadened) atomic Hg absorption at 2537 A, it is neverthe-
ﬂess possible to make unambiguous assignments of v' levels
from which they arise, making also use of the excitation
spectra which are discussed below. A few additional small
peaks may be seen on the short-A wings of the bands (a) and
(d),/suggesting that two or more vibrational levels were
excited simultaneously by the probe-laser radiation. The

2537 A absorption made it impossible,to detect any similar

effect on the long-A wings of the bands.
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{Arb. Units)

INTENsITY

LIF bands emitted from selectively populated v'
levels of the C0% state. (a) v' = 6, (b) v' = 7,
{c) v! = 8, (d) v' = 9. The wavelengths of the
probe radiation were (a) 5660 A, (b) 5623 A, (c)
5586 A, (d) 5550 A. The traces suggest the spec-
tral profiles, the dashed lines indicate the
probable positions of the components absorbed by

Hg.

?
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The rglative intensities of the fluorescence bands
excited in 5 v é- v" = 0 progression depend mainly on t 3
FC factors. I found the intensity of the v' = 7 band to be
the highest, decreasing towards both higher and lower v!
values. This effect I attribute to the fact that the bond-
lengths rg differ in the upper and lower electronic states
and, csnsequently, v! &« y" transitions such as 0 < 0 and }
< 0 are much wéaker (in absorption) than other transitions
taking place at approximately the same wa?elengths, and are
effectively masked. It is, however;;possible to populate
low v' states bf excitation from v" > O states, using the
appropriate wavelengths of probe radiati&n and taking advan-
tage of favorable FC factors; the intensity profile of the
excitation spectrum usually provides a clear indication of
the relative strengths of the v' « v" transitions. Figure
4.% shows profiles of uv fluorescence bands excited by probe
wadelengths in the range 5780 - 6080 A. The banés are due
to the co* - xot decays of v' = 0, 1, 2, 3, 4 levels which
were excited from various v" (aA0t) states. As in Fig. 4.5,
profiles of the QID bands are distorted by the strong atomic
absorption near 2537 A. Nevertheless, the v' and v" assign-
ments are qguite unambiqguous and fully consistent with the
many recorded CID bands and with the excitation spectrum, as

will be seen in the subsequent section.
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Figure 4.6 LIF bands emitted from v' levels of the co?t
state. (a) v!' =0, (b)y v'=1, (c) v' =2, (4)
v' =3, (e) v' = 4. The wavelengths of the
exciting probe radiation and the corresponding
v' & v" transitions are (a) 6078 A, 0 « 3; (b)
6035 A, 1 «3; (c) 5922 A, 2 « 2; (d) 5818 A, 3
— 1; (e) 5781 A, 4 « 1. The dashed lines indi-
cate the positions of the component absorbed by
Hg.
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4.2.2 The Excitation Spectrum in the Region 5200 - 6650 A

+ Sceaning the brobe laser over the wavelength range 5200
- 6650 A, while recording the fluorescence ﬁith the mono-
chromator at fixed wavelength settings|, produced 'an exten-
sive and highly structured excitation ispectrum which is
shown in Fig. 4.7 (a, b, ¢ and d) and which represents the
vibrational structure of the cot* « A0* excitation band sys-
tem. I found the decay time of the upper state (C0%) to be
of the order of 1 ns as its decay appeared to follow the
time-evolution of the probe laser pulse. It is not certaih
whether’ the decay time, whicﬁ is of the same order as that
of the 41pP 2Zn state, represents the radiative lifetime of
the cot state or Qhether it represents the effective life-
time which would include non-radiative decay (quenching).
Although the decay time was found invariant over a range of
temperatures and vapor ‘densities, the time-resolution of the
apparatus was not sufficient to rule out the presence of
quenching. Each part of Fig. 4.7 shows a segment of the.
excitation spectrum recorded with a particular probe-laser
dye and with the monochromator setting at a wavelength cor-
responding to a peak in thg fluorescence spectrum described

in Section 4.2.1. The e%#énsive structure is, in each case,

superimposed on a contin#gtf background which contains up to

60% of the total intensity.” Although in some segments the
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background accounts for even a higher proportion of the
intensity, I found the étructure to be fully reproducible
during the many scans of the spectrum. .

Figure 4.7 (a) shows the excitation spectrum in the 5200
-w750 A region, recorded with the monochromator set at 2420
A. The structure repfesents a v' progression with v" =0,
and the assignment of the individual vibrational components
has been verified by direct comparison with the CID fluores-
cence\spectra. The most intense component arises from the
v'! =7 & v" = 0 transition produced by a prdbe wavelength
.of 5623 A. That some of the.peaks in this spectrum do not
show sharp leading edges suggests that they may be due to
several transitions with nearly équal energies (e.g., 0 «

0, 1 Fwi, 2 < 2, etc.), which could be induced by a single
probe wavelength and could take place with different trans-
ition moments, depending on the FC factors. The highest Av
transition, which was identified in ﬁhe v' ¢ y" = 0
progression, corresponds to v' = 23 ¢ y" = O, located near
5160 A. Shorter probe wavelengths gave rise to an unstruc-
tured continuvm as shown in Fig. 4.8.

Figure 4.7 (b) shows the excitation sﬁéctrum in the
range 5700 - 6000 A recorded with the monochromator at 2435
A. The spectrum, although guite intense, possesses a rather
irregular structure suggesting that the FC factors faypr no

particular v' or v" progression, even though it seems that

theyzinfluence the profile of the spectrum to a greater
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*

extent than the Bolﬁzmann vibrational distribution. This
situation resembles that encountered in the intermediate
region of the Go,* ﬁ-Aog+ excitation spectrum of Hgjg. The
- V! = 0 &« v" = 0 transition would be expécted to lie at 5872
= 4 ‘A and appears tofbe of considerably lower intensity than
other qlosé—lying transitions. The most intense fluores-
cence was produced by probe-laser scans in the 5500 - 5850 A
range, which induced transitions from various low-1lying v"
states to higher v' states. This observation, together with
the fact that the vibrational components are degraded
towards long wavelengths, suggests that the PE minimum of
the 20+ state is located at a larger internuclear separation
than the minimum of[the A0t state, as was already indicated
by the preliminary calculations.

As the probe laser was scanned towards longer wave-
lengths, the excitition spectrum again assumed a more regu-
lar structure which extended from 6000 A to 6300 A and may
be seen in Fig. 4.7 (c). Here the spectrum was monitored at
2450 A and the structure represents a v" progression of
transitions terminating at the v' = 0 state, as was con-
firmed by the examination of the CID fluorescence bands
excited with the various probe wavelengths (see Fig. 4.7
(a). Figure 4.7 (d) shows the next segment of the excita-
tion spectrum (6250 -.6600 A) monitored at 2500 A where the
various peaks are due to transitions from weakly populated

high v" states to low v' states. The decreasing intensity
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. at longer wavelengthé’in’this}part of the spectrum is maiply
attributed to the Boltzmann ;ibrational distribution., The
sequence of peaks resembles that observed in the 6200 - 6500
A region of the Go,* @-A0g+'exciﬁation sﬁectrum of Hg,19,
except that in the.present case Fhe vibrational components
do not exhibit sharp 1eading edges, which limits the accu-
racy of the vibrational analysis. As the'vapor mixﬁqre was
probed with wavelengths longer than 6700 A, the fluorescence
~signal faded rapidly.

The vibrational analysis of the spectrum shown in Fig.
4.7 was carried out by substituting the measured wavelengths
of the various identified peaks in-the standard term equa-'
tion (2.22). Preliminary values of wg' and we" were first
determined by a least-squares analysis of the v' and v"
progressions. More accurate values of We and WeXe were
yielded from the direct compafison of the observed spectrum

with a computer-simulated spectrum. The modeling procedure

took into account the Boltzmann population distribution of

the vibration

states but.not the unknown FC factors. The

vibrational /constants we" = 194 = 4 cm™Ll,We"Xe" = 0.7 = 0.2

)
17 + 4 cm™l and Wwg'xe' = 0.5 = 0.2 cn~ 1 were

adjusted to prod the best fit between the observed and
modelled spectra shown in Fig. 4.7. The difference between

the internuclear separations at the potential minima (Arg)
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of the CO* and A0t states were estimated to be 0.25 + 0.01
A, using a computer-simulated modelling which computes the

integral (2.33), (see Appendix).

When the HgZn excimers were probed with radiation of ’
various wavelengths in the rénge 4200 - 4560 A, an intense
UV fluorescence spectrum was detected in the 2230 - 2320 A
regionl®, The spectrum consisted of overlapping CID pat-‘_
terns belonging to bound-continuum transitio?s-from two
excited electronic states to the ground state. They decayed
simultaneously in lhe same spectral region following excita-
tion with a single probe wavelength and there was some diE*
ficulty with the identification and analysis of the spectra.
An additional complicati;n arose from the presence of a
third partially resolved bound-continuum fluorescence épec—
trum extending over the range 2300 - 2660 A, whose overall
profile was typical of a decay of a high vibrational level.

The corresponding excitation spectrum, when monitored in
the bV, was found to consist of £hree band systems which
overlapped and produced a complex structure. One of these
band systems was also observed by monitoring the fluores-
cence at one of its'vibrational components or at the Hg 4916
A emission line. The other two band systems represented

transitions from two lower states to one upper state, but no

\
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bound-bound transitions involving the upper state were ’
detected. On the basis of the comparisén between the
fluorescence and excitation spectra, and the PE diagram{ I.
agbigned the upper and ‘lower stafes of the first band system
aJ the F1(Hgls + 2Zns53s) and—go+ states, respectively, and
the upper and the two lower states.of the other two band
systemélas the E1(Hgls + znlp), A0~ and Ao% states. A par-
tial PE diagram for the X0%, Al, A0~, AO*, El and F1 states

is sketched in Fig. 4.9.

4.3.1 The Fluorescence Spectrum in the 2230 - 2320 A Region

: ' 1
4.3.1.1 The E1 — Xot Fluorescence Spectrum

Traces of the fluorescence bands emitted in the boland-
free E1 = X0% decay of the v! = 1 and v' = 0 levels afe
shown in Fig. 4.16. Both levels were excited from the v" =
0 level of the AO* state, using probe wavelengths of 4394 A
and 4421 A, respectively. The CID patterns corresponding to
thése bands are partly overlaid by an additional CID pattern
which has a smaller spacing between maxima, exhibits a prom-
inent peak near 2340 A, and extends to 2660 A. This CID
"background" h?s not yet been analyzed and its origin is to -

be further investigated. The prominent peaks near 2340 A,

2300 A and 2290 A were found to be a constituent part of

TN

o
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Figure 4.9 A Eartial PE diagram showing the X0%, Al, Ao0~,
AQ™, E1 and F1l states.
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Figure 4.10 LIF bands emitted from (a) v' = 1 and (b} v' = 0

levels of the El state excited from the AODT, v"
= 0 level with 4394 A and -4421 A probe radi-
ation, respectively. The vertical arrows indi-
cate peaks due to the 'background' fluorescence
spectrum.
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this spectrum.

Using probe waveléngths longer than 4421 A, resulted in
the excitation of the E1, v' = 0 level from a0+, v" ='1,2,3
and 4 levelg; which were found to have an energy spacing of
i94 =+ 5 cm~1, in good;agreement with the value obtained in
.section 4.2.2, Usiné probe wavelengths shorter than 4421 A
resulted in the excitation of the E1, v' = 1, 2 and 3 levels
from the Aot, vn ="0 level. For these levels the energy
spacing was approXimately 135 cm™1 which corresponds to the
vibrational frequency e of the E1 stdte.

Figure 4.11 shows traces of the fluorescence bands
‘emitted in the E1 — Xxot decays of the v'! = 1 and v' = 0
states which, in this case, were excited from the AT, v" =
0 level by 4347 A and 4372 A probe-;adiation, respectively.
The spectra include the unidentified "background" peaks at
2340 A!and 2290 A. The vibrational spacing in the A0~ state

was found to be 190 * 5 cm~1.

'4.3.1.2 The F1 - X0t Fluorescence Spectrum

Figure 4.12 shows traces of the fluorescence bands et
emitted in the F1 - X0%* decay of the v' = 1 and v' = 0 /
levels. Both v' levels were excited from the aot, vv = ¢

level using 4258 A and 4288 A probe radiation, respectively.

The bands also include the background CID spectru{lyith the
St
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Figure 4.11 LIF bands emitted from (a) v' = 1 and (b) v' = 0
levels of the El1 state excited from the AD~, v"
= 0 level with 4347 A and 4372 A probe radi-
ation, respectively. The vertical arrows indi-
cate peaks dyé'to the 'background' fluorescence
spectrum. S
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Figure 4.12 LIF bands emitted from (a) v! = 1 and (b) v' =0

levels of the Fl1 state excited from the ast, v
= 0 level with 4258 A and 4288 A probe radi-
ation, respectively. The vertical arrows indi-

cate peaks due to theé 'background' fluorescence
spectrum. '
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peak near 2340 A quite prominent. It may be seen that the
v! = 0 component of the Fl1 state is centred near 2230 A, and
of the E1l state near 2260 A.

The effective lifetimes of the E1 and F1 states are
éstimated to be of the order of 1 ns as their decays

appeared to follow the time evolution of the probe~laser

pulse. ) _ g

4.3.2 The Excitation Bpectrum in the 4200 - 4500 A Region

Figure 4.13 shows the extensive and highly structured
‘excitation spectrum recorded by scanning the probe laser
over the range 4200 - 4550 A while.monitoring the fluores-
.cence at 2250 A. It represents the vibrational structures
of the F1l ¢ A0*, El1 « A0~, and El F—A0+.e¥citation bands
which are identified in the trace. The El1 « A0~ ana El «
A0Y, v' = 0 « v" = 0 transitions give rise to components at
4372 A and 442i A, respectively, and thus yield the enérgy
'separation of 253 # 12 cm™l between the A0~ and AO‘ reser-
voir states. The peak corresponding to the Fi1 « ao*,(v' =
0 & v" = 0 transition is found at 4288 A.

That all three bands include components arising from
t;ansitions between low v' and v" levels leads to the con-

4 czﬁsion that, in each case, the internuclear seperations Te

in the upper and lower electronic states are nearly equal.
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The most'intense componentg,'ét 4450 A and 4490 A, arise

e

from the E1 «~ A0t, v' = 0 & y" = 1and v' = 0 « v" = 2,
tranéitions, respectz;ely.

The excitatidﬁ'spectrum regorded by monitoring the -
‘fluorescence at 234?};, 2460 A, 2600 A, or 2650 A, peaks in
-the background bo&%ﬂ—continuum flucrescence spectrum, had a
structure quite different from that shown in Fig. 4.13, con-’
firming our conclusions concerning the o;i?in of the
fluorescence peak at 2340 A appearing ‘in Figs. 4.10, 4.11,
and 4.12. The peak near 2340 A might be a result of bound--
continuum transitions, to the Xo%t grand state, from some

vibrational levels of the second PE well in the E1 state

which might have been excited indirectly. The broad 'back-

-~

ground' fluorescence spectrum, on the other hand, might be

+

due to bognd-aontinuum transitions, to the X0% ground state,
from high-i;ing vibrational levels of the cO0' state which
ﬁight have also been excited indirectly through the complex
PE\EPrve—crossiqgs.

' The shapes of the vibrational éompdnents of the excita-
tion band caﬁ\provide.an indication of the relative r, val-
ues associated with the states involved in the transition.
When the re values are similar, so are the rotational
constants and, because of the rotational selection rules (AJ
= 0, *1), the rotational profile of a particular vibrational

component is expected to be relatively narrow; the larger

-the difference between the ro values, the greater the width

AY
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of the éotatiénal profile. As was described in section 2.3,
When fﬁe vibrational compopenEs exhib%? steep leading edges
on the short—wavelengt? sides, ra' > rg". -If the steep
edgeé_appear on £he 1oﬁg7wave1éngth sides, then Fe' < re".
fhé components'of the v" progressions associated with the E1
and, F1 étates seen in Figs. 4.13 and 4.14, are relétiveI;-
narrow, exhibit steep leading edges and are degraded towrds
}bngerﬁaaveléngths. These features, which I ascribe to the
effects of fotat%onal sfructure, reinforce the conclusion
that the re values of the A0™ and §0+ states”on the one-
hand, and Fl1 and E1 states on the other, are nearly equal to

. |
one another, with ro' somewhat larger than rg". The separa-

tion of the F1 and El1 levels, determined from the excitation

.
spettrum, agrees within experimental error with the spacing

estimated from the boﬁnd—continuuQ spectra in Figs. 4.10 and

Figure 4.15 shows a trace of the F1 — A0 (bound-bound)

fluoreséenpé bgéd excited with the probe-laser wavelength
4323 A which induced the v' = 0 « v" = 1 transition. The
structure of the spectrum represents a v" progression with a

spacing of 190 * 3 cm™l, corresponding to we for the Ao0Y
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state. The v' = 0 « v" = ¢ csmponent is at.4288 A and thus
the energy diffefegpe between the-ﬁ =. 0 levels of the F1 and
"Ao*: states is 23314 = i2 cm“l;”xThe Qibratiohal components
are identified on the trace and are listed in Table 4.1;
fheir reiative intensities are typical of a v' = 0 emission.
Figure 4.16 shows the corresponding fluorescence band aris-
ing from v' = 1 — v" decays. The v' = 1 level was pop-
ulated by v! = 1 « v" = 0 absorptién, using the probe
wavelength 4258 A. . The spectrum shows an intensity
distribution typical for a v' = 1 emission.

I éiso observed the F1 « Ao¢t exéitation spectra contain-
ing v' = 0 & v" and v' = 1 ¢ y* progressions, which had
structures similar to the fluorescence spectra in Figs. 4.15
‘and 4.16. Are between the E1 and A0*, E1 and aot, and F1
and A0t states were estimated to be 0.13 + 0.01 A, using the

computer-simulated modelling in the Apbendix.
4.3.4 Predissociation of the FP1 state

When the probe-laser radiation was tuned at a wavelength
corresponding to any peak on the F1 « A0% excitation spec-
trum shown in Fig. 4.13, intense emission was also detected
at 4916 A, which corresponded to the Hg 815y — 6lp;
transition37. To investigate this phenomenon further, the

probe laser was scanned in the region 4200 - 4450 A while .



Table 4.1 Vibrational components of the F1 — A0%" fluores-

-3

v

by

cence band; the measured A{A) are given in air; v(em~1) are
stated in vacuo.

-

o .
vio oy A(A) v(cm—1) Av(cm~1)
)

0 -0 4288x1 23314.4%5

188.8
0 -1 4323+1 23125. 645

185.7
0 -2 4358+1 22939.9+5

S 188.0

0 - 3 4394=x3 22751.9%10

179.8
0 - 4 44293 22572.1#15
1 -0 4258+1 23478.6%5

186.0
1 -1 4292+1 23292. 645

188.4
1 - 2 43273 23104.2+15

180.1
1 - 3 43611 22924.145

182.5
lu- 4 4396=1 22741. 65

184.8
1 -5 443242 22556.8%10

176.7
1 -6 446743 22380.1x15

hl
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13

monitoring the emi££Eﬁ?flu6§escéﬁce at 4916 A. It was found
that this produced’ an excitatlon spectrum nearly identical
with the F1 « Aot exc1tatlon spectrum. shown 1n F1g 4.13 and
'observed when the fluorescence signal was monitored in the
UV (on the bound- free F1 > xo+ transitions), or in the blue
reglon (on the bound—bound F1 - A0t transitions shown in

Fig 4.15). There were slight differences between the spec-
tra because,)in the bound-bound trensitions, the excitation
spectrum showed a pure v" progression resulting from the
decay of a selectively excited upper vibrational level
-whereas, in the speetfum monitored at 4916 A, the excitation

spectrum included other progressions, as may be seen in Fiqg.

4.17.

Figure 4.18 shows a trace of the Hg 4916 A emission line
produced by usin; probe~laser wavelength at 4288 A, which
corresponded to the Fl, v' = 0 « A0Y, v" = 0 transition,

and scanning the monochromator in the 4850 - 5000 A region.
The background signal represented the extended tail of the
'persistent blue fluorescence band at 4750 A, which was
excited by the pump pulses. The same atomic emission line
was observed when the probe-laser wavelength was set to cor-
respond to any peak on the Fl1 « A0t excitation spectrum.
When the monochromator was scanned in the spectral region
from 2300 A to 7000 A, no other atomic emissions were

detected.
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I suggest that the Hg 4916 A radiation emitted in the Hg
’8150 - 61p; decay was due to the predissociation of the F1
HéZn molecules, followed by collisional mixing and pooling
among( Hg 63P0'1,; atoms. The predisséciation occured
fhrough the curve-crossing between the F1 state and the
repulsive DO~ state and produced Hg 63P2 metastable atoms.
Because of collisional mixing and the strong imprisonment of
the Hg 2537 A (63P; - 67Sp) resonance radiation, the 63p,
state wés also highly populated and had a relativély long
effective lifetime which was limited by the decay time of
the imprisoned resonance radiation. This created favourable
‘conditions for pooling collisions of 63P; atoms, which
resulted in the population of the Hg 8ls; state and the
emission of the 4916 A radiation accompanying the glsy -

61pP; decay37. The mechanism may be represented as follows:

Zn(41Sg) + hv(pump) - 2zn(43p,) ' (4.2)

Zn(43P1) + 2Hg(61Sy) — HgZn(Al,A0”,A0%) + Hg(61Sq) (4.3)

. HgZn(A0%) + hv(probe) - HgZn(F1) (4.4)
‘ T

HgZn(Fl) (predissociation) — Hg(63P,) + 2n (4.5)

Hg(63F;) + Hg(61Sy) (mixing) -
Hg(63Pg) + Hg(6lSpy) + 0.8 ev  (4.6)
2Hg(63Pg) (pooling) — Hg8lsy + Hg(61Sp) + 0.11 ev (4.7)

Hg8lsy — Hgelpy + hv (4916 A) (4.8)

\.
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The partial PE Liagram for the states participating in
the p;éqissociation, pooling and decay processes is shown in
Fig. 4.19. N

The signal-to-noise ratio in Figs. 4.17 and 4.18 is very
high and comparable to the other HgZn excitation and
fluorescence spectra, suggesting that the mechanism by which
the Hg 8180 state was populated must have been quite effi-
cient. Further evidence for thé mechanism involving the
predissociation and pooling processes was provided by
comparing, the time evolution of the 4750 A fluorescence
band, emitted in the decay of the Al a;d Aot reservoir
'states to the X0* ground state, with the variation of the
4916 A LIF intensity in relation to the pump-probe delay.
The cohparison, shown in Fig. 4.20, showed identical rise-
and decay-times which confirmed that the lower state
involved in the bound-bound abscrption was a reservoir state
correlated with the Hg(ls)+2zn(3P) atomic states. The pos-
sibility of pooling collisions between zZn 43P; and Hg 63Pg
‘atoms was also ruled out because of the large energy defect
and also, because after a delay of 450 ns, the density of Zn
43P0 atoms was quite low as may be seen in Fig. 4.2.

It has been reported that coliisions between two Hg
atoms in the 63Pj 1, states have been investigated3® and it
is known that collisions between two 63P, atoms give rise to

the Hg emission at 4108 A and 6123 A, 63Pg - 63P; collisions

‘give rise to the Hg emission at 6907 A and 6072 A, 63§0 -

\ &
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Figure 4.19 A partial PE diagram showing predissociation and
pooling resulting in 4916 A emission.
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63P; collisions produce Hg emission at 5354 A, and’ 63py -
63pg collisions'give rise to the Hg 4916 A emission. The
fact that, in this experiment only the 4916 A line was
detected, is attributed to the Boltzmann distribution
acgording to which the 4916 A Hg line should be expectedfko
be at least 20 times more intense than the lines produé;d by
63py - 63pq collisions and 400 times more intense than the
lines produced by 63P; ~ 63P) collisions. Three-body colli-
sions among the Hg 63P0'1,2 atoms were not expected to give
rise to any Hg emission lines38 even though the Hg vapor
" pressure reached 2.2 atm duriné Eﬁg~experiment.
‘ The excitation spectrum shown in Fig. 4.17 includes more
vibrational components than are shown in Fig. 4.13. This isg
‘because all vibrational levels can particiocate in the curve
crossing and predissociation giving rise to the 4916 A emis-
sion, while the excitation spectrum recorded by monitoring
the bound - continuum UV fluorescence from the molecule
favoured particular vibrational levels of the F1 state. The
‘relative intensities of the components in Fig. 4.17 are
determined 5& the FC factors as well as the thermal distrij
bution over the vibrational levels of the A0* state. |
The vibrational constants of the A0' and Fl states were
calculated by substituting the frequencies and frequency
seperations of the F1 « A0t band éystem into the standard

term equation (2.22). The results were found to be identi-

‘cal with the results obtained in sections 4.3.1.2 and 4.3.3.
L



This part of the experiment made a useful contfibu;ion
to the an;1ysis of the fl F—AB+ excitation spectrum EPich
was very comélex, as may be seen in Fig. 4.13. The fesults,
together with the PE curves, also confirmed the assignment

of the F1 state as that wiich underwent radiative decays to

the X0t and A0t states and predissociation'throﬁgh a curve-

crossing.

4.4 Excjtatjon and Decay of the Fo~ State =

As the probe-laser was scanned across the 4000 - 4450 A
havelength region, two bound-bound resonance fluorescence
spectra were detected in this region and another bound-bound
spectrum was detected . in then4600_— 4780 A region. The
analysis indicated the presence of one upper state and three
lower states participating in the transitions. I have iden-
tified the upper state as the E0~ state, and the lower
states as the Al, A0~ and 50‘ states39.

The three fluorescence spectra were excited when the
probe-laser was tuned to any vibrational component of the
E0T < Al or E0™ « A0~ band _systems, but not of the E0~ «
B0~ band system and, accordingly, onl; two excitation spec-
tra were recorded. This observation indicated that fﬁe BO~

state was not populated by the pump pulses because of the

Boltzmann factor. A PE diagram showing the the X0+, A1,

'A0~, a0%, BO” and EO~ states is sketched in Fig. 4.21.
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4.4.1 The"Fluorescence Spaectrum in the 4000 - 4450 A Region

-

Figure 4.22 shows a trace of two superimposéd fluores-

~

cence spectra emitted in the bound-bound decaf of the EO~,
v' = 0 level to the Al and A0~ states. The v' = 0 level was

excited with the probe-laser wavelength 4189 A corresponding
o r

i

to the E0~, v' = 0 ¢ A1, v" =2 transition; the corre-

sponding vibrational component, which is indicated with a
dashed profile, was not recorded in fluorescence because of

the background from scattered laser light.

The v' = 0 2 v" = 0 components were located at 4122 A in

'

the E0~ — Al band system and at 4236 A in the E0OT — A0~

band‘é§stem. Accordingly, the energy seperation between the

v 0 levels of the Al and A0~ states was found to be 653 =

10 cm~l. 'The intensity profile of the spectrum has the
shape of two intermingled distributions, typical of v' = 0
emission bands. The pattern of relative intensities among
the vibrational components is similar in both bands, with
‘transitions to v" > 5 being too’ weak to be detected. This
suggests that the re values associated with the states Al
and A0~ are almost equal. The trace shows the vibrational
assignments of the various components and the spectrum also

includes the atomic Hg 4358 A and 4047 A lines which serve

as convenient points of reference.
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Probe laser radiation. at 4096 A excited the E0~, v' = 1
«~ Al, v = 0 transition. .The subsequent decay resulted in
the emission of the fluorescence spectrum shown in Fig. 4.23

which includes both 'E0” — Al and E0™ — A0~ bands, as well

as the 4047 A, 4358 A and 5461 A Hg lines. The mechanism

leading to the emission of these lines has not yet been
elucidated. |

The wavelengths, frequencies and frequency seperations
of the vibrational components of the EO™ — Al and E0~ — A0~
band systems are listed in Tables 4.£T;nd 4.3, respectively.
The frequencies were substituted in the standard term equa-
‘tion (2.22) and used in a least-squares analysis which )
yielded the following vibrational constants: W = 195 = 3
em™l and wexe = 0.88 + 0.2 cn™l for the Al state, and wg =

194 = 3 cm™l and wexe = 0.7 = 0.2 cn~l for the A0~ state.

;.4.2 The Fluorescence Spectrum in the 4600 - 4780 A Region
v
A very intense bound-bound fluorescence spectrum, regis—l
tered in the 4600 - 4780 A region, is attributed to trans-
itioﬁs between the vibrational levels of the E0~ state and
those of a lower state which is believed to be the B0~
state. A trace of this band, shown in Fig. 4.24, exhibits a

v" proqression which represents the vibrational spacing of
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.Table 4.2 Vibrational compcnents of the E0O™ — Al fluores-

cence band; the measured h(A} are given in air, v(cm™1) are
stated in vacuo.

vio v AA)Y ' v(cm~1) Av(em™1)
0 - 0 4122+1 24253.345
- 198.4
0~ 1 4156=1 24054 .95
189.5
0 - 2 4189+1 23865. 425
- 192.2
0 - 3 422321 » 23673 .25 .
183.5
0 - 4 4256+1.5 23489.748
186.2
o-5 4290+2 23303.5%10
1 -0 4096%1 24407.245
P 189.2
1 -1 4128+1 24218. 045
; 192.0
‘1 - 2 4161+2 24026.0%10
189.1
1 -3 41941 23836.945
- . 191.7
1 - 4 4228%1.5 23645.248 .
183.0
1 -5 4261+1 23462.125
185.7
1 -6 4295%2 23276.4+10
182.8

1 -7 4329+3 23093.6%15
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Table 4.3 Vibrational éomponents of the E0¢” — A0~ fluores-

cence band; the measured A(A) are given in air, v(em™1) are
stated in vacuo.

vio yh A(A) V(Cm_l) Av(cm'l)
0 -0 4236x1 23600.6%5 _

193.4
0 -1 4271+1 23407.2+5

190.3
0 -2 4306=1 23216.9+5

192.5
0 -3 4342+1 23024.4=%5
' 184.1
0 - 4 43772 22840.3*13\\

' Y

1 -0 4208%1 23757.6%5

190~ 4
1 -1 4242+] 23567.2%5

192.9
1 -2 4277+2 23374.3%10

189.7
1 -3 4312+2 23184.6%10

186.7
1 - 4 43471 22997.915 ‘

188.9
1 -5 4383%2 22809.0+10

185.8
1-6 441923 22623.2+15

182.8

1 -7 4455+4 . 22440.4%20
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the B0” state. The band was excitéd with 4189 A proge radi-
ation which excited the EQ0=, v' = 0 « Al, v" = 2 trans-
ition. The most intense fluorescence component corresponds
to the EO™, y' =0 =B0", V" =1 emission’at 4676 A;
compénents due to transitionsg from v' = 0 to v" > 4—were too
faint to be detected because of low FC factors and because
of the intense fluorescence continuum emitted by the long-
lived Al A0t excimer which has a peak at 4750 A. From the
wavelength of the E0~, v' = 0 = B0~, v" = 0 component,
which I found to be 4637 A, I concluded that the B0~ - Al

»
energy seperation was 2694 * 10 cm™l. Figure 4.25 shows the
%race of the fluorescence band resulting from the decay of
.tng E0™, v' = 1 level to various B0, v" levels. The v' = ]
level was excited with 4096 A probe radiation which induced
the E07, w' = 1 « Al, v" = 0 transition. The relative
intensities of the vibratiocnal components are de£ermined
mainly by the FC factors; again, components arising from v'
= 1 =2 v" > 5 transitions were too faint to be detected.
'The wavelengths, frequencies and frequency seperations of
the components }n the E0™ — B0~ band are listed in Table
4.4. When subsﬁituted in the standard term equation (2.22)
and subjected to least-squares analysis, they yielded the
vibratjfonal constants for the B0~ state; we = 181.5 = 2

cm™l and wgxe = 1.0 = 0.2 cm~l.
¢
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Table 4.4 Vibrational components of the E0~ — B0~ fluores-

cence band; the measured A(A) are given 'in air, v(cm‘l) are
stated in vacuo.

vio g A(A) v(cmTl) Av(icm™1)
0 -0 L 4637x1 91559. 65 \
= 179.8
0 - 1 4676=1 21379.8+5
176.8
0 - 2 4715%1 21203.0+5 A
\ 1374.0
0 - 3 v 475422 21029.0+10
1 -0 4603%1 21718.9%5
182.5
1 -1 4642%1 21536.4+5
174.9
1 - 2 468021 . 21361.5=5
i 176.5
1 -3 4719+1 21185.0+5
173.7
1 - 4 ) 47582] 21011.325
170.8

1 -5 4797x2 20840.5=+10
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Since the E0~ state was found to emit fluorescence bands
in its decay to the Al, A0~ and BO- stateé, the E0™ « Al
" and EOT ¢ A0~ excitation spectra might be expected to have
the same prﬁfiles when Qpnitored at any wavelength corre-
sponding to'a vibrational component in the E0~ — Al, EO” -
A0~ (4000-4450 A) or E0~ - BO™ (4600-4780 A) fluorescence//
bands. This I found to be the case; at the same time I also
found that I was not able to produce an EO~ 9-50‘ excita-
tion spectrum and concluded that the BO- state was hot pop-
ulated by the 3076 A pump light. Fiqure 4.26 shows an
excigation spectrum in the 4180 - 4310 A reqgion, monitored
~at 4676 A,” a fluorescence component which corresponds to the
E0”, v! = 0 - BO”, v" = 1 transition; virtually identical
profiles were recorded when the excitation spectrum was mon-
‘itored on a vibrational component of the E0™ — Al or E0— -
A0~ fluorescence band. This consistency confirms the
+ assignments of the bands to the variqus bound-bound trang-

itions and reinforces my conclusions concerning the relative

positioning of the Al, A0~, B0~ and E0~ states on the energy

-

scale. .
. . @
The trace shown in Fig. 4.26 also resembles the central
segment of the fluorescence spectrum shown in Fig. 4.22.
This is not surprising since I believe Bsth spectra to rep-

- resent v" progressions of the Al and A0~ states. Another

>
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example of an excitation spectrum is shown in Fig. 4.27;
there the E0™, v' = 1 level was excited from various v"
levels of the Al and A0~ states and the spectrum was moni-

tor at 4603 A, a component corresponding to the E0~, v' =
p

. b
1 > B07, v" = 0 transition.
Are between the E0~ state and Al, E0O~ and A0~, and EO~

and BO” states were estimated to be 0.13 # 0.01 A&, 0.13 =

0.01 A and 0.10 * 0.01 A, respectively, using the computer-

simulated modelling in the Appendix.

W

>
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Various exciteﬁ HgZn states were excited by the pump-
and-probe method which was used to record fluoresc@®nce and
excitation spectra that have not been previously observed.” ’
The spectra were correlated with a PE diagram drawn and
labelled according to Hund's case (c), which was produced
simultaneously but independently of the experimental stu-
dyl5:16_ The various experimentél results of this investi-
‘gation may be summarized as follows:

1) The Al and A0t states were found to bd the emitting
states for the 6.1 us fluorescence band at 4750 A, which was
first reported by Edenl at 4600 A.

2) The mechanism which gave rise to this fluorescence
band, was confirmed to be a three-body-collision inveolving
two Hg (61Sp) and one zZn (43P;) atomsl.

3) The reservoir states produced by the pump pulses,
from which higher excimer states weré exci;ed by absorption
of a probe pulse, were found to be the Al, A0~ and Aot
states.

4) The bound-continuum fluorescence band at 2500 A, was
identified as arising from co*t ;{x0+ decays; the C0% state
was pcpulated by transitions from the A0t reservoir state

‘using probe laser wavelengths in the 5200 - 6650 A region'

113
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and wés not found to decay to any other state thin xot. /J

5) Thé bound-continuum-fluorescenge bands nedr 2260 A,
were identified as arising from E1 - X0t and F1 - Xxot
decays. The El1 and Fl states ﬁé;e §ound to be excited by
ﬁrobe pulses in the 420C -~ 4506 A region, thch induced F1
< A0%, E1 ¢« a0t and El ¢« A0~ transitions. |

6) The El state was not found to decay to any state
other than XO*, and the Fl state was found to give rise to a
bound-bound resonance fiuofescence spectrum in its decay to

H

the Aot state.

7) The Hg 4916 A emission detected when probe-laser
}adiation in the 4200 ~ 4500 A region was used, was found to
arise from predissociation of HgZn molecules in the F1 state
by a DO” curve-crossing followed by collisional miking and
pooling collisions of the resulting Hg 63P; atoms.

8) The fluorescenc% spectrum in the 4000 - 4450 A region
was shown to consist of resonance fluorescence bands arising
from E0T = Al and E0” - A0~ decays. The E0~ state was
‘excited by transitions frqE.both the Al arnd A0~ states.

9) The E0~ state was found to decay io the B0~ state,
giving rise to bound-bound fluorescence spectrum observed
in the 4600 - 4780 A region. The BO~ state was apparently
not populated by the pump pulses since no E0” « B0~ exci-

ation spectrum could be produced.

10) The analysis yielded vibrational constants of the

'Al, a0~, Aot, BO~, cot, El, Fl1 and EO~ states as well as the
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relgtive energies and internuclear separations for some of.
the states; the results are summarized in Table (5.1).

The results derived from my investigations suggest that
the various excited states participate in the absorption of
Eadiation at various wavelengths in the 4000 - 4500 A, 4600
- 4800 A and 5200 - 6650 A regions. Optical probing between
these regions appeared to produce no significant absorption.
I suggest, as an extension tg thi& work, careful investiéa—
tion of the 5000 - 7000 A region to detect any 1aser—inducéd
fluorescence which might help identifying new states. It
would alsc be useful to identify ﬁhe origin of the fluores-
cence spectrum observed at 2750 A21, which has not yet been
analyzed. This may require higher.probe—laser power to
compensate for the weak fluorescence signal. Finally, the
success of the pump-and-probe method in the HgZn investiga-
tion may be taken as encouragement to use it for the study
of other heteronuclear (and homonuclear) excimers such as

HgCd, Cd;, Zn;, etc.
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TABLE 5.1 Molecular constants obtained from the fluorescence

lle

and excitatjon spectra
HgZn AE WeX Ar
State (cm~1)a (cm~1) (cm-f) (Af%
Al 0 19523 0.88%0.2 0
AOQ~ 653+12 1943 0.7+0.2 0.0120.01
600C
aot 906+12 192+4 0.8%0.2 0.01%0.01
600¢€
BO~ 269412 181.5%2 1.0%0.2 0.03%0.01
2900€
cot 1753120 117=4 0.5%0,2 0.26+0.01
. 15000C
El 2351912 135+10 0.14%0.01
19800€
F1 24220+12 1674 0.14%0.01
21500€ ‘
EO~ 24253212 158+4 0.12%0.01
23000€

a8 . AE is the energy of the v

level of the Al state

b Arg is determined relative to re (Al)

C

Estimated from the PE diagram.

0 lével relative to the v

0



6 ARPENDIX

A

'The intensity distributions in various flﬁorescence
5ands were computer-simulated by computing the integral in
eg. (2.33) numerically, in which ¥'(r)} and p"(r) were
assumed to be simple harmonic wavefunctions, genérated by
Hé;mitian polynomials. The vibrational constants of the
uﬁbéf and lower states wp', WeXe', We" and WeXe", obtained
from the analysis of the bands, were used in the modelling
process and Arg, the difference 'in the internuclear separa-
'tions, was set as a variable. The model did not include the
Boltzmann distribution factors because the
computer-simulation was restricted to fluorescence bands or
excitation bands associated with a single v" level (usually
v" = 0).

. Figures A.1-4 show the results of the modelling, carriel
out with the appropriate Argy values (which are given in the
'figure captions), for (a) v' = 0 2 v" and (b) v!' = 1 — y"
transitions in the F1 — A0t, E0O~ - Al, E0O~ — A0~ and E0~ —
BO™ fluorescence spectra, respectively. It may be seen that
the computer-simulated intensity distributions in the spec-
tra shown in Figs. A.1-4 (a) resemble those of the actual

spectra shown in Figs. 4.15, 4.22, 4.22 and 4.24

L4
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'éespectively,.andrﬁhat the computer-simulated intensity dis-
tribﬁtions in the spectra shownxin‘Figs. A.1-4 (b) resemble
those of the actual épectra shown in Figs. 4.16, 4.23, 4.23
and 4.25, respectively. |

. Figure A.5 shows the results of ﬁodelling of the v' = 0
P—v".transitions in the E1 <« Ao% excitation spectrum, which
has a similar. intensity distribution as in the actual exci-
tation spectrum in Fig. 4.13. The modelled spectrum for the
v! & v" = 0 transitions in the cot « Aot excitation
spectrum, with the appropriate Are, is shown in FI@. A.6.
yhich has a similar intensity distribution as in the actual
‘excitation spectrum in Fig 4.7. It should be noted that,
for purposes of comparisonfﬂ%ﬁé excitation spectra in Figs.
4.13 and 4.7 should be normalized to the power curve of the
dyes. |

Figures A.7 and A.8, show how sensitive the modelled

vibrational intensity distribution is to small changes in
the Arg value. Fig. A.7 shows the intenéity distribution
‘for the L‘ = b - v" transitions of the E0™ — B0~ fluores-
cence spectrum resulting from putting (a) Are = .08 A, (b)
Are = .12 A and (;) Arg = .2 A instead of the optimum Arg =
.10 A. Fig A.8 shows a similar comparison for v' = 1 — y"
transitions. This sensitivity, in fact, allowed the accu-

rate determination of Are values with a precision of + 0.01
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A. .Whenever possible, the Are Values were determined by
modelling transitions originating from both the v' = 0 and

the v' = 1 levels.

T
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