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Abstract

Work performed at the Stanford Synchrotron Radiation Laboratory
(SSRL) is repofted. The timing characteristics of the SPEAR beam
(pulse width < 0.4 nsec, pulse repetition‘peribd = 780 nsec) were
exploited to determine dynamic behaviof of atomic, molecular, excimeric,
and photodissociative gas—phase species excited by vacuum—-ultraviolet
(VUV) radiation. Fast:fluorescence-timihg measurements were done to
determine excited—sfate lifetimes of Kr and Xe.. Pressure~dependent
timing studies on Xe gas at higher concéntrations demonstrafed some of
the problems associated with previous kinetic modeling of the Xe2 system.
It was fouﬁd that éven qualitative agreement of observed Xe2 lifetimes
as a function qf pressure required thé assumption that the radiative
lifetime was a strong function_of internuclear séparation. The radi-
ative decays of chemically unstable fragments, CN*(B22+) and XeF*(Bz)Z+

and CZH were studied by pulsed photodissociation of stable parent

3/2)9
2_+

compounds, ICN and XeFZ. When the polarization of the CN (B"I ')

fragment fluorescence was measured, it was found to be non-zero and

strongly dependent on excitation wavelength. This polarization is



related to the symmetry of the photodissociative surface,via a_cléssical
model, and the variations in the polarizatidn with wavelength is attri-
buted to symmetry and‘lifetime effects of a predissociating parent
molecule. Despite thé drawbacks of limited availability and 1pw
"radiation flux, synchrotron radiation is definitely a useful spectroscopic

tool for VUV studies of gas-phase systems}
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Chapter 1
Introduction
I. General

In recent years,’the:use of synchrotron cadiation for spectroscopic
studies haé increased drématically. The work reported'in this tﬁesis
demonstrates the utility of the pulse structure at the Stanford
§ynchrotron Radiation Laboratory (SSRL) for the study of dynamic pro-
cesses occurring in gas—-phase systems. Ac the time that this experi-
mental programvs;arted, there was-a scarcicy of synchrotron radiation
experimente concerned with dynamic behavior. Thus, a diverse range of
projects was carried out, probing the strengths and weaknesses of the
synchrotron radiation source. This_diversity.is reflected in the con-
tents.whichvfollow; to clarify the onifying aspects of the chaptefs, it
kis instructive to note where tﬁe comﬁon‘ground lies:

1) Acoms and,simole molecules in the ges‘phase were studied

at ambient temperature (~294°K).
2) Excitation energies were_used'in the range 4 eV < hv < 11.8 eV.

3) Signal detection involved fluorescence decay; i.e.,

experiments were of the form

A+ hv~+3B->C+ hv'

! | ‘>4) Fluorescence was observed as a function of time, the decay
rates being the quantity of iﬁterest host often.

These points illustrate the nature of the work.

- ‘ : Firstly, atoms and simple molecules are of interest because they

demonstrate most of the properties of interest to the physical chemist




with none of the perturbationé found in.cgndensed phases. For example,
the excited-state lifetime is‘a sensitive probe Sf,fhe electronic
'structure of these systems, and is directly comparable to state-of-the-
‘art calculations. SeCondly, ﬁhe range of photon energies iﬁdicates
that transitions involved valence elecﬁrqns exciﬁed to unoccupied
valehce'or_Rydbérg orbitéls.

Fluorescenée deté;tidn actually limited the scope of the work in
some ways, especially in cases of fragmentation studies. Some of the
fragmentation studies utilized the polarizatioh propérties of the
synchrotron radiation to probe'the‘dynamics of the fragmentatjon event.
The angular distribution of.photons fluoresced from excited-stéfe
fragments created ﬁia photodissociation are related to thé symmetry of
the dissociative surface. Thﬁs, a measurement of the angular'distfi—
bution of photons (or, équivaiently, the fluorescence polarization) can
yield the detailed nature of the dissociative‘surféqe(s). One obtains
informafion of the type which is found in photofragmeﬁt spéctroscopy
investigations.

While offering advantages of experimental simplicity and yielding
complementary infdrmationvto photofragment spectroscopy, the pblariza—
tion measurement is limited to generatiﬁg data on surfaces with excited-
state fragmentvasymptotes, an inherent limitation of the polarization
technique (wﬁich is discussed in Chapter 5). Extensions of this
technique, involving laser-induced fluorescence of the fragment, for
example, could overcome this limitation2 (though no measurements of this
type have been done, to my knowledge).

The majority of the work, however, deals with the time-dependent

radiative decay of excited states following pulsed photon excitationm.

-
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This provides information relative to photochemical and photophysical
systems. In order to determine absolute rates of photochemical (or

physical) processes involving an excited state, one must first know.

. the rate of fluorescence (or equivalently, the radiative lifetime) of

that state siﬁce radiative decay.is a competitive process. For the
simple case of ﬁon—reversible collisional quenching, Stern-Volﬁer
kinetics3 apply, and an example is found in Chapter 5, where a study of
thé collisional deactivation of the CN*(B22+)Hstate is discussed.

An additionmal advantage of synchrotron radiation (at SSRL) for

such studies is that the excited. states méy be directly populated and

" the fluorescence decay can be directly monitored (not strictly true for

photodissociation, as discussed in Chapter 5). This is in contrast to
indirect techniques,FSUCh as pulsed electron-bombardment excitation4
or modulated CW excitation with phase-shift det'ection.5 A review of
various methods of lifetime determinations is given'by-Imhof and Read6
and related laser experiménts are discussed by Yardley.

The remainder of this thesié is partitioned asbfollows: a dis-
cussion of lifetimes is contained in Section II of this chapter.
Properties of synchrotron radiation are revie&ed in Section III.
Chapters 2-4 concern radiative'flﬁOrescence decay. Chapter 2 reports
atomic lifetime measurements; Chapter 3, Xe2 radiative decay; Chapter 4,
fragment radiative lifetimes following phbtodissociation; Chapter_S,
polarization of fragment fluorescence tovdetermine excited-state
electronic symmetry (of dissociative surfaces); Chapter 6 discﬁsses

genefal'conclusions briefly.



II. Lifetimes

If é system éf atoﬁs (qf molecules) hés Ng atoms (or molécﬁles) in
an excited state, k, at time tyo and decays to states, {i}, with rates
{Aki}’ fhen the'differential equation describing tﬁe population of state
k as a functioﬁ of time is |

3Nk 0
ot

- ] ®

The solution to this equation is given simply by

N (€)= N, expl-t/r] o (2)

where

~
1]

. -1 » .
K [% Y | (3)

One should note that the lifetime of level k, Tyo is depgndent.on a sum
of decay rates. . Thus, ifbcomparison'of a theorétical value for Ty and
an experimental one disagree, the discrepancy is not éasily traceable
to a specific term. .In many‘instanqes, however, the summation of
Ed. (3) is réstricted_to a siﬁgle term or a few terms. Thén, T becomes
abmore sensitive probe of the electronic structure of state k.

Now, the nature of.the Aki's will be.discuésed for.the_illustrative
case of an atom deca&ing from;state k to state i via an electric-dipole

transition. If both states k and i are non-degenerate,

4 3
Aei 3h ~ T

7L
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Here, v is the energy separation of states k and i in wavenumbers

ki

(cm—l), h is Planck's constant, and

REL = e<k(25€(i>, ' (5)

g

where e is the charge of the electron and r, is the position vector of

g
the gth electron coordinate. = If states k and i are degenerate, Eq. (4)
is still wvalid, though the quantity of interest is ﬁsually the total

rate of depletion of a given magnetic sublevel, km, into all the

magnetic sublevels, in’ of state i. Now it is shown that this quantity

- is independent of magnetic sublevel, kﬁ.

4 3 47, .
647 Vi i 2 :
AT TR _Z ]<kam]Z£E]iJin>! . . (6)
m _ ——Ji .

The_quantity, X Eg’ is the dipole operater and has components that trans-

3

form as a spherical tensor, Tvq’ of rank 1, i.e., v = 1. Thus, Eq. (6)

is rewritten (dropping constant factors, using the Wigner-Eckart theorem)

» .+J.
+1 i : 9
Aoy = ) ] |<kam[T1q|iJin>|
m _q=-1 n=—Ji

+1 +Ji

= f<kaHTlHiJ,>|2 o) ]<kallJiqn> 2, (7)
RIS I

where <kaHT1HiJi> is a reduced matrix element and <ka|lJiqn> is a

Clebsch~Gordon coefficient.8 A fundamental normalization property of

the Clebsch-Gordon coefficients is

+v Ji

Z Z [<J m|vJ.qn>|2,= 1.
.k i
q=-v n=-J, :



So, Eq. (7) is rewritten

_Akmi « |<kaIIT1H iJi>|2, - (8)
yhigh is independenf of the magnetic substate; km, that is’decaying.

In hindsight, this result is obvious, since the independence on km
only implies that the rate with which a substafe decays is independent -
bf its'orientation in space. The same reasoning can be applied to
molecular electronic decay and one finds that the lifetime is to be

found independent of M, (with J now referring to the rotational motion

J
of the molecule). Additionally, Aki is indepéndent of J, as long as

the rotational energy spacings are much smaller than the electronic
energy difference of the transition. (Exceptions can be found, however,
when particular J levels frbm one vibrational-electronic manifold are

strongly mixed with rotational levels from a different electronic

manifold.z)
I11. Synchrotroh Radiation

The properties of synchrotron radiation have been reviewed

. -12 . ' i
extensively, so only a brief account of the aspects pertinent to the
conténts of this thesis are discussed. When electrons are accelerated

in a curved orbit with relativistic velocities, synchrotron radiation

is produced with properties9 very different than c¢lassical dipole, or

»

simple antennae—generated radiation:
(1). The radiation has a continuous spectral distribution that -
extends from the IR to the VUV (X-ray, in some cases)

range of the spectrum.
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(2) The polarization of the radiation, P, usualiy exceeds that
ofbclassically produced dipoie radiatibn. If s-type re-
flections13 are used in the collection optics, it is
possible that P 2 0.99 fdr most wavelengths. The definition

of P is

p= L ©)

where I“ is the intensity with tﬁe g—vector'in the plane of
the electron orbit, and Il is the in;ensity with e-vector
perpendicular to that plane. (Thus, as a design criterion
for most beam lines that collect and monochromatize the
radiation, vertical reflections aré used whenever possible.)

(3) The radiation is nearly confined (referring to the angular
spread) to the plane of the electron orbit.

(4) Some synchrotrons and electron storage rings produce radiatiqn
with pulse characteristics suited to timing experiments.

(5) The radiation is produced in an ultra-high vacuum environment;
this is because the lifetime of a stored beam depends on the
concentration of gas molecules. Coliisions betweén electrons
and gas molecules lower the intensity of the electron beam,
and consequently, the synchrotron radiation.

The last featﬁre is a drawback fof gas-phase studies since the
experimenter'é chamber must be separated from the beam line by either a
window material or a differential pumping section to prevent contamina-
tion of the electron storage ring. In the VUV and soft x-ray region of-

the spectrum; suitable window materials are frequently difficult or



- beam lines are on the endangered species list.

impossible to obtain. Unfbrtunately, windowless, differentially-pumped
14 '

‘The work reported iﬁ this thesis was performed at the Stanford
Synchrotron Radiation Laboratory (SSRL). .Specifically, éll experiments
were perférmed at'the 8° branch line of<be5m line I at SSRL. The
features of this:facility ha&e been réviewed,ll though some comments
are in order. At this branch line,'radiation is available in the range

4 eV < hv £ 36 eV with a nominal photon flux of_lOlo photons-sec_l—‘f\“1 :

_and polarization, P, greater than 977%.

One last general remérk is that access to these facilities is not
abundant. Some of the consequences of this are discussed in the thesis

.of_Rosenberg.15
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' Chapter 2
Fluorescent Lifetimeé of Atomic Kr and Xe
I. Introduction

Oscillator strengths.for the nps(n+1)s; levels in Xe and Kr have
been the subje;t of ihvestigétions by several methods in the past, and
the previously published results are not always mutually consistent (see
Tébles 1l-and 2). Interést in obtaining'aCCurate measurementé'of the
atomic 1ifetimes has been increasing because the dimers have demonstrated
laser poténtial._ The lifetimes of these atomic states enter into the
rate equations for formation of tﬁé &imers} thus aécurate lifetime values

1,2 In

are required to Quantitatively describe the reaction kinetics.
additién, the large spin-orbit splitting of the core hole state of
heavier gases requires an alternate coupling scheme, 'Tﬁerefore, reliable
experiﬁental'results-are desirable to facilitate tests of various
theoretical approaches.

In this chapter, tﬁe first values.of five excited—stéte lifetimes
in atomic krypton and xenon are reported as determined by résonance

fluorescence decay. The results are compared with previous experimental

values and with theory.
II. Experimental

The experiments were performed oﬁ the 8° beam line at SSRL. A
detaiied description of this facility was given elsewhere.3 Briefly, 3.2
milliradians of radiation froﬁ the stofage ring is subtended by a mirror
and focused onto the grating of a l-meter Seya-Namioka monochromator

(UHV Design, GCA/McPherson). The dispersed light passes through an exit
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slit (2 A band pasé) and enters the gas cell through a LiF window. The
LiF window serves both to isolate the ultrahigh vacuum (1 x 10;10vtorr)
of the monochromator from thé gas cell and to filter out highér-order

light. The excitation energies are restricted, however, to wavelengths

longer than 1050 X because of the LiF cutoff. The light entering the gas

cell is 2 97% plane-polarized and focused to a cross-section of

approximately 1 mm x 3 mm.

The experimental apparatus and associated electronics are shown
diagrammatically in Figure 1. An EMR 510-G photomultiplier (LiF window,
Csl cathéde), mounted perpendiculér.to both the propagation vector andv
the polarization vector, was used to detect the fluorescent radiation.
The photomultiplier was placed approximately 2.5 cm and.l.O ¢m from the
interactioﬁ region for the Kr and Xe étudies, respectively. The photo-
multiplier and associated electronics limited the time resolution of
the experiments to ~i.8 nsec. There was no energy-selective device in
the fluorescence channel because in atomic systems in the low pressure
limit only resonance fluorescence occurs. The acceptance range for
fluorescence was 1050-1850 A due to the LiF-cutoff and the CsI response
limit of the photomultipiier. Within this range only the spin-orbit
doublet of the 4p5551 cdnfiguration in Kr could be excited, while in Xe
the analogous levels plus several more states could be reached.

The data were recorded by a conventional single photon counting
techﬁique. The photomultiplier pulses were amplified and discriminated,
then used as the start signals for the time—to-amplitude converter
eéuibped with a single channel analyzer (Ortec model 467). The stop

puise was provided by a signal from an induction coil located in the
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ring.* The data were accumulated in a multi-channel analyzer.

buring these experiments, the electron beam current was between
12 mAAand 18 mA, from which we expect a photon flux on the order of
1010/sec.  With sample pressure in the 10-6.range, the counting rate
ranged from 1500 to 2500/sec., of which about one-third was true
fluorescence events and two-thirds came from Rayleigh scattering of the
incident light. Typical counting times were 60-90 min.

The gases weré obtained from_Airco Company, and were 99.995% pure.
To maintain a fresh sample in the gas cell, the gés was continuously
leakéd.into the sample chamber, which was pumped by a diffusion pump.

The base pressure was 1 X 10--6 torr.
I1I. Results and Discussion

Typical decay curves are shown in Figure 2. Data analysis was done
by means of a least-squares fitting routine in which the background was
subtracted. Thé "prompt" peak with a maximum at time t = 0 (ca. channel
860) is due to the large number of Rayleigh scattering events, broadened
by instrumental response, which is essentially Gaussian. This form of |
the response function was»confirmed by measurements made off resonance,
where Rayleigh scattering was present, but réesonance fluorescence was not.
The totél observed resonance fluorescénce deéay curve is also broadened
by the Gaussian "prompt" curve. Since the '"prompt" curve is very narrow
(FWHM= 1.8 ns), the true lifetime ﬁould be found by fitting at times far
enough removed from tl= 0, that the Gaussién had become negligible. The
validity of this procedure was confirmed by analytical techniques. (See

Appendix B of this chapter.)

* , : X

This results in a reversal of the time axis in Figure 2. It is
necessary to avoid reset-time counting losses of the time-to-amplitude
converter. ' ‘ '
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Lifetime measurements had to be cérried oﬁt in the 10—5--10.6 torr

pressufe fange to minimize the effects of resonance trapping. Even at

_ these low pressures there is a finite probability for resonancé scatter-
ing to occur before the fluorescence is detected. Such processes result
in an apparent lifetime longer than the true one (see Appendiﬁ A). To
obtain the true lifetime, the pressure depéndences were measured and
extrapolated to zero pressure. Figures 3 and 4 illusfrate this proce~-

dure for the 3P and 1P states of Kr and Xe, as well as for the

1 1
)5d J = 1 state in Xe for which the lifetime has not been

5P5(2P3/2
measured before.

Because these are the first direct lifetime measurements on these
systems by this method, we discuss briefly the sources of error. There
‘are twb non-negligible error sources: uﬁcertainties in preséure measure-
ments (leading to a typical error of ~27 in the extrapolated value of 1
at t = 0), and statistical error (tyﬁically ~1%). Cumulative errors
are given in Tables 1 and 2.

A comparison of the results with previous data and theoretical pre-
dictions are given in Table 1 for krypton and in Table 2 for xemon. The
scatter as well as the large limits of errdr of tﬁe previous, less direct
methods emphasize the need for direct resonance fluorescence lifetime
measurements. An exception is theizero field level crossing measurement
by Anderson5 in Xé’which we consider to be the most reliable set of
~earlier results. The results for the 3P1 and 1P1 levels in Xe are in
good agreement with the values given by Anderson.5 Comparing.our experi-
mental results with theoretical predictions, the nonrelativistic HF cal-

culations of Dow and Knox18 and of Kim, et al.11 yield lifetimes that are

too long; whereas the intermediate coupling scheme of Gruzd_evlg’20 yields-
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values in very good agreement with experiment. A multiple configufation
calculation by Gruzdev and @oginov (on Kr only) yields fairly good
agreement. ' |
.:The lifétime\of the 5p5(2P3/2)5d J = l»étate at 1192 K in Xé was
determined in thé same manner. Tﬁe result T = 1;40li 0.07 né reflects
the large oscillator strength of this transition.. There are ﬁo_theo—
retical predictions availablé for comparison. Calculations of Gruzdev
and Léginov20 however, yield a value of 1.87 ns for the lifetime of the
analogous sfate in krypton, which confirms the trend observed in xenon.
In summary, this work reports the first lifetimes of atomic states
excited by synchrotron'radiation. No other method used for time-resolved
:spectroscopy can characterize the system.as well as direct optical
:excitation. Oﬁr results demonstrate fhat the éynchrotroﬁ radiation
availablé at SPEAR,:has both the necessary timing characteristic and
sufficienf infensity to study atbﬁic lifetimes at very low pressures.
These measurements yield accuraté results for five 1evels.in Kr énd Xe,

of which the 5p5(2P )5d J = 1 state in Xe had not been previously

3/2
reported. They also show the intermediate coupling approach to be the

most useful for calculating these lifetimes.
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APPENDIX A

‘Radiation Trapping

: ' In order to explain the relative slopes of the lines in Figures 3

and 4, it is necessary to employ one of the theories on imprisonment of

y e 21-24 : .
resonance radiation. If 0 represents the true zero pressute

lifetime, and T the coherence time at some pressure, then it is pre-

dicted that

T .
=0
Ly (Al)
. , 24
where according to D'yakanov and Perel
x=1- L ) ex (—tz)exp(—k Le-tz)dt (A2)
| AT 0
| T
i - and according to Barrat
|
o
5 x =1 - exp[-(n/6) kOL] (A3)
S and in both éases21
; 2
oA
w5 wr a6y
' D 0

The quantity x represents the fractional absorption of resonance radia-

tion by a layer of vapor of density N and thickness L; 1/k0 may be

- thought of as the minimum mean free path for absorption of resonance
radiation of wavelength AO and Doppler width AvD. For comparative

, : *
purposes, the expression developed by Barrat will be used.

* .

According to Nussbaum and Pipkin (see Ref. 25), both theories give
: equivalent results at sufficiently low values of the optical thickness,
Lo 'kol.‘ For these measurements, kol ~ 0.3,
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Substituting Eq. (3) into Eq. (1) andbexpanding the exponeﬁtial,

one obtains

&

T = To(l + (n/6)* kL + ..... (A5)

0
or

T =1, + KN - o (46)

)

where

2

%0) B2
8n g1 ’

Thus, a plot of 1 - vs = N should'yield to first order a straight line

| 3 -2 in2 &
= % _&  (xnz
K.— (n/6) AvD ( il )

of élope KL.

Since in theselexperiments'L was not weii—defined,'and to account
for the different isotopes,25.the only meaningful comparison is a ratio
of the slopes of the .lines for a given gas.

Equation (A6) predicts the slopes of the 5s[3/2]1 line and the
SS[l/Zjllline of Kr to be in a ratio of 1.2 : 1; the experimental result
is 1.2 + 0.2 : 1 for Xe; the predicted value of the slopeé of the
5s[3/231 to 6s[1/2]1 to 5d[3/2]1 are 1.9 : 1.3 : 1.0, while experimental-
ly the values are 1.9 * 0.5 : 1.0 + 0.3 : 1.0.

The experimental results are more than adequately explained by the
theory, thus justifying the 1inear extrapolation used to obtain the

zero pressure lifetime.

* 2
Including terms only to first order introduces an error of ~(k, %)
or less than 10%. The dataare insufficient to warrant inclusion of
higher order terms. ’
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APPENDIX B
Effect of System Response on Decay Curves

The work reported here involves determinations of extremely fast
radiative decays. Since our detector with its associated electronics
has a finite response time, it is necessary to consider the validity

of the data in light of this experimental limitation. As was previously

'stated, the response function of the phototube was approximately gaus-—

sian in form with a FWHM of 1.8 nsec. This was determined via fluor-

escence timing measurements employing off-resonant excitation of the

sample gas. Thus, only Rayleigh scattered photons were dbserved.
Because the time scale of the Rayleigh scattering event is so short,
the measurement is a direct determination of the system's_response
fime. If a signal, I(t), is broadened by a systematic response,
r(t-t'),.theﬁ the observed signal,'IobS(t), is given by

00

Iobs(t) = I(t') r(t-t")de! ’ (B1)

-0
In our experiment, the signal is a simple one-exponential decay,

starting at t = 0

0, t <0 _
I(t) = ‘ - (B2)
expl-t/t], t 2 0

and we assume that the responée function is given by a gaussian
. 275 24
r(t-t') = exp[-(t-t')"/20"] (B3)

where o is related to the FWHM of the gaussian by



_ %n 2 Y
=t (34)
. : L
implying that o = 0.62 nsec ° for this work. Substitutihg (B2) and
(B3) into (Bl), then performing the.integrafion,vone obtains
(negiecting conétant factors)
' 02 2 !
I ps(t) = [exp(-t/T)]- {lerfl(t - f;)(Zo ) ?]J+1} , (B5)
where.
| A 2 _
_ 2 -u
erf(x) = — e du . (B6)
. e -
)
2,

Because erfl[(t - 3;9(20 ) °] approaches a constant as t + «, we

conclude that Iobs(t) approaches I(t) as t -~ « (again neglecting

%

constant factors). Quantitatively, for t = 5 nsec, o = .62 nsec °,
and T = 3.5 nsec, we find (by expanding the error function) that the
observed intensity traces.out the real intensity to an éccﬁracy
exceeding one part in 108. Since all of the data were fitted for

t 2 5 nsec to eliminate contributions~fr§m Rayleigh scattered photons,
the results quoted have not been significantly perturbed by instrumental

response artifacts.



Table }. Compilation of lifetimes and oscillator

strengths for the two transitions

3 o
P1->1s and 1l>l->]'s in Krypton.

"multiple conf. appr.

0 4]
*t(ns) 3¢ (1263A) Lt tns) le(11e5A) method authors
4.14 0.166 resonance imprisonment Turner:4 - (1965)
-4.31 t 0.33 0.159 4.52 c.35 0.135 0.01 total absorption wilkinson6 (1965)
3.3 %.0.8 0.21 2.9 0.7 0.21 0.05 linear absorption ' Chashchinavand Shreider9 (1966)
3.37 £ 0.33 0.204 3.32 £ 0.36 0.184 + 0.020 | optical line broadening vaughan'® (1968)
3.67 £ 0.12 0.187 3.16 + 0.15 0.193 £ 0.009 total absorption Griffin and Huﬁchersonlz (19¢9)
‘4.6 + 0.8 0.173 3.5 0.7 0.173 0.035 electron energy loss Geiger13 (1970)
4.2 0.4 0.142 * 0.015° self-absorption deiJongh and van Eck15 (1971)
3.18 £ 0.12 . 0.208 3.11 % 0.12 0.197 0.006 reson;nce fluorescence preseﬁtlﬁork
4.08 0.138 4.49 0.136 nonrel. Hartree-Fock Dow and Knox'® (1966)
3.43 0.20 3.05 0.20 intermediaté coupling calc. éruzdev19 (1967)
3.61 0.190 3.45 0.177 Gruzdev and LoginovZ] (1975)

61




Table 27 Con\pilation of lifetimes and oscillator strengths for the two transitions 3p1*lso and 1Pl-']'s0 in Xen;xon.
2t tns) 3£(14708) Lt tns) 1¢(12064) method authors
3.79 & 0.12 0.256 t 0.008 3.17 £ 0.19 0.238 * 0.015 zero field level crossing I\ndex:son5 (1965)
3.5 % 0.6 0.28 * 0.05 3.3 0.7 '0.23 £ 0.05 linear @sorption Chashchina and shr'e.i.der.8 (1965)
3.74 £ 0.25 0.260 * 0.20 . 2.80 * 0.20 0.270 % 0.020 total absorption wilkinson7 (1966) ‘
4 3.89 £ 0.10 | 0.194 * 0.005 | total absorption Griffin and Hutchersonl? (1969)
3.73 £ 0.75 0.260 % 0.052 4.0 0.8 0.190 % 0.038 electron energy loss Geiger,lo (1970) .
3.57 0.272 3.99 0.189 low-energy electron impact | Lu'} (1971)
4.6 * 0.5 0.213 % 0.020 4.2 0.9 0.180 0.040 resonance imprisonment Wwieme ‘and Mortier'® (1973)
5.31 0.183 4.47 0.169" low-energy electron impact Deiage and Carette” (1976)
.-‘3.46‘1 0.09 0.263 t 0.007 3.44 % 0.07 0.229 * 0.00_’I resonance fluorescence present work
'5.00 0.194 5.13 0.147 nonrel. Hartree-Fock pow and Knox'® (1966)
3.47 0.28 3.02 0.25 intermediate coupling cale. Gruzdeym (1967)
4.53 0.212 3.99 0.189 nonrel. Hartree-Fock Kim, et a1t (1968)
(S L ]
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Figure Captions

Schematic representétion of experimental apparatus.
Fluorescence decay curve of Kr.

Lifetime vs pressure for Kr.
e 5s[3/2]11
~w 5s[1/2]1

Lifetime vs pressure for Xe.

e 6s[3/2]1
s 6s[1/2]1

A 5d[3/2]11
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" Chapter 3
Fluorescence Decay of the 0u and lu States of Xe2

I. Introduction

‘There hasAbeen a great deal of recent interest in the use of eléc—
tronically exéited systems as ultraviolet lasing media.1 ‘For the
continued development of these lasers, a detailed knowledge of the
dynamics- of the lasing transitioné is desirable. In particular, the
lasing efficiency is dictated by the population inversion, which depends

strongly on the lifetime of the upper level.

The lasing transition in Xez, centered at 1700 A, involves radiative

‘decay of both the (vibrationally relaxed) O: and lu excited states to
the O; ground state (see Fig. la).2 Many attempts have been made to
understand the salient dynamic processes of this system By the use of
electron,z__-'8 alpha—particle,9 andvopticallo—la excitation at a number of
sample pressures. The electron énd élpha—particle excitation modes .
involve indirect excitation mechanisms; e.g., the formation of Xez(Q:)
via three-body collisions.2 In the case of optical excitation the‘situ-
ation is rather confused éince previous workers have used a variety of
excitation energies. Most of the energies chosen would allow the for-
mation of excited states in Xe2 via creation of Xe(3P1’2) atomic states,
as well as by population of the O: ahd lu manifolds directly from the
0+ ground state. This cpmplication may well vitiate the conclusions
that have been made abOuf the O: and 1u lifetimes, even though photon
excitation should in principle yield the least ambiguous results. In

fact, previous work on Xe2 has led to the proposal of several decay

ry
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mechanisms and has yielded a wide range of T and T + values,
' u 0"
summarized in Table 1. v

In an attempt to clarify the situation we have used puléed mono-
chromatized synchrotron radiationbto bopulate the upper vibrational
levels of the 0: and 1u electronic stétes of_Xe2 directly from the XO;
ground stg;e. birect_population df the lower levels is not possible
because of their negligible Franck-Condon ovérlap with the bound portion
of the XO+ manifold. Three types of timleesolved experiments were
employed. The first involved monitoring.the monochromatiéed fluores-
cent decay from the uﬁper (first continuum) and lower (second continuum)
vibrational levels of the 0: and 1u states.  The secoﬁd was concerned
with fhe measurement of total fluorescent decay at various sample
pressureé. The same sample pressures were used in the third type of
experiment with interference filters in the fluorescence channel, which
were qsed to émphasize fluorescent decay from the upper, and the lower
vibrational levels of Xez(O:,lu). Section II describes the apparatus
and the measurements that were carried’out. In.Section II1 the results

obtained in the monochromatized (ITIA), total (IIIB) and filtered (IIIC)

" fluorescence experiments are described and compared with calculations

\

based on a simple kinetic model. The overall conclusions of this work

are presented in Section IV.

I1. Experimental.

The characteristic synchrotron pulse structure at the Stanford
Synchrotron Radiation Laboratory (SSRL) (0.4 ns width, 780 ns repetition
period) was utilized as a time base for time-resolved spectroscopy.

Monochromatized radiation (8.7 K FWHM) from the 8° branch line at SSRL

was used for excitation.
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A schematié diagram of ourvépparatus is shown in Figure 2. Mono-
chromatized radiation epteré a bakeable UHV chamber befbre passing thfough
a LiF window into a gas cell. Fluorescent radiation can then be detected
below the cell. To-enéure that no significant amounts of impurities
were present in the sample, absorptién épectra were measured using an
optical photomultiplier (fMT) placed along the beaﬁ axis. A sodium
salicylate film on fhe adjacent pyrex window served és a scintiliator.

Thé monochromator experiment.employed a highly polished, Pt-coated
quartz toroidal mirror16 to focus fluorescent radiation onto the
enfrance slit of a GCA/McPherson 218 monochromator (operated at 50 A
band pass). Because of the very low counting rates (Zsfl) éncquntered
in the monochromatized fluorescence measureﬁents, it was impractical
to collect decay data at more than one pressurevusing this apparatus.

However, pressure dependence of the non-monochromatized, total fluor-

escence decay was measured. In addition, broad-band interference

filters were used, chosen to emphasize the two fluorescence continua

separately: 1325 = 92'K, and 1710 = 110 K (Acton Research Corporation).

o . » . N
(The 1325 A filter was chosen because wings of transmission stressed

the vibrationally unrelaxed levels.) In this arrangement both the

filter and the PMT window could be placed within 1 cm of the interaction

region,.15 resulting in typical counting rates of 1500 s—l. In all

experiments an EMR SiOG“photomultiplier tube was used to detect the
fluorescence. This PMT has a uniform response over the wavélength
range under study. Using Rayleigh (prompt) scattering the overall time
resolution was found to be 1.6 ns (FWHM).

All studies were carried out at ambient temperature (294 K). The

sample pressure of the 99.995%7 pure xenon was 68 torr in the monochromator

experiment and 5, 11, 25, 65, and 125 torr in the total fluorescence and

s

=

4 T
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filter experiments, as measured using a calibrated transducer (I.C.
Traﬁsduceré, Inc.). Under these conditions the partial pressure of Xe2

varies about a mean of =0.001% of the total pressure.
I1I. Results and Discussion
A. Monochromatized Fluorescence

Absorption of monochromatized radiation by van der Waals' molecules
in the ground state yields the upper excimer state(s). At the resolu-
tion used for this study (8.7 A FWHM in excitation) it is possible to
irradiate selectively below, at, or above the dissociation energy of a
given excimer state. However, resolution in thé fluorescence spectrum
of fine structure within a vibronic manifold is not possible. others 0>11
have found the fluorescence spectrum, recorded with resolution 220 K
FWHM, to have two broad bands centered at ca. 1510 K and ca. 1700 K.

These are termed the "first continuum; and "second continuum', respec-
tively. They are thought to arise from transitions from the top and
bottom of the 0: and 1u manifolds (see Fig. la). We qualitatively
reproduced these spectra, though our excitation wavelength was 1508 A

and our fluorescent band pass was 50 A FWHM (see Fig. 1lb). By exciting
at 1508 K (>2 kT below the 3Pz— 1SO atomic resonance at 1491 K), we were
able to avoid much of the complexity associated with atomic metastable
production10 and extfact the relevant lifetimes reported below. - Figure 3
shows time-resolved fluorescent decay curves taken at fluorescence
wavelengths that emphasize the two continua separately.

A pseudo—poténtial calculation by Ermler, Lee, and Pitzer18 pre-

-+ .
dicts a change in Ou radiative lifetime from ca. 3 ns at the top of the

manifold to ca. 5 ns at the bottom. The corresponding values for the 1u
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radiative lifetime are expect to be ca. 40 ns at the top, and ea. 160 ﬁs
at the bottom of the manifold. This véfiation in lifetimes arises for
three reasons; firstly, a change in coupling from Hund's case (a) at
short internuclear distance to case (c) coupling at large iﬁternuclear
disténce.lsa Secondly, épin—orbif couplingbmixes a lnu state into the
lu manifold at large values of internuclear distance, which serves to
increase the lu-O; transitiﬁn moment. The third reason for the varia-
tion in.radiative ;ifetime with internuclear distanée is the well-known
v3 dependence of dipolé transition probability.

Only a single, short-lived (T.= 2.1 * 0.1 ns) component is observed
at the first continuum wavelength of 1514 25 A (Fig. 3a). The calcu~
lations of Ermler, Lee, and Pitzer18 indicété that the O: state will be
preférentially populated on excitation (by a facﬁor of 10 over iu
production); hence it is likely that fluorescence at the first continuum
arises mainly from the_decay of the 0: state. VFurthermoré, at 68 torr
lthe decay 6f upper vibrafional levels of both states is strongly in-
fluenéed by collisional effects. Very short lifetimes (<1.6 ns, our
instrumental-fesponse) are therefore expected for both states, and it is
.unlikely‘that the relgtively'weak 1u-fifst qoﬁtinuum component Qould be
resolved in our experiment.

| Fluorescence at the second continuum enefgy‘yields two decay .
components (Fig. 3b; the shorter componenﬁ is depicted more clearly on
an expanded time scalevin Fig. 3c). We assign these two components to
decay of the lowest vibrational levels of the 0: manifold19 (6.9 0.3
ns) and of the lu leQel (112 + 2 ns), respectively, in approximate

agreement with other workers.
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All but the lowest vibrational levels of the 0: and 1u'manifolds

can decay either radiatively or via collisions. The lifetime of either

the Oﬁ or 1u state obtained at the first continuum is a composite of

these two processes; i.e.,

-1 -1
Tl = Trl + kP
where Tfl“is the radiative_lifetime 6f the upper levels, k is the. rate

constant for collisional decay and P is the Xe pressure.
. . . .
The lowest vibrational levels of the 0u and 1u manifolds are popu-

lated collisionally from upper levels. Hence, in the high-pressure

"limit the derived lifetimes approach the true high-pressure radiative

lifetimes at the second continuum energy. The rate equations governing
this system are just those of two radioactive decay series decaying

independently in cascade (assuming no intersystem crossing), with only

“the first of each species initially present. This problem was solved

analytically by Bateman.20 While it is completely straight-forward to

apply the Bateman equation té a decay chain of any length, we shall for
brevity consider:the case of two consecutive decays for each manifold,

to compare our O: and lu lifetimes with those of Bonfield, et’al.21

The decéy rate from the boffom of each electronic manifold, following a

single~-step collisionally-induced deactivation mechanism from the top

of the manifold, is given by

1

dN, [—t/'l’rz —(Tr1+kP)t]
—— = Cje -e.
dt
where Tré is the lifetime in the second continuum; i.e., at the bottom

of the manifold, Trl and kP are as defined above, and C is a constant.
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The fluorescence intensity from the second contiﬁuum, sz/dt, rises

through a maximum then decreases with time with a behavior approaching
exponential decay in the limit t - <, If we choose a reference time T
well beyond the maximum intensity, and if the conditions T;% + kP >>

-1, -1 o
Trz,(Trl + kP)T >> 1 are satisfied, then the characteristic time inter-

~val 1, over which dNZ/dt decreases by a factor of e will quite closely

approximate the true decay time T_oe We may relate our measured value
-1 : )
of T, to T, and (Trl + kP) by the expression
-T/t QRSOSSN C S Yt ey (ra,)
r2 rl [ 27 r2 rl 2
e - e = ele - e

(1)

Bonfield, et al.,21 working at PXe 2 500 torr, found, at the second
continuum, lifetimes of 4.8 ns (O:) and 100 ns (lu) and a feeding rate,
(T;i + kP), of 0.179 ns_l. Usipg Eq. (1) thesevvalues suggest measured
lifetimes 1, at 68 torr of ca. 8 ns (0:) and 101 ns (1u)'A The remaining
discrepancy between our results and theirs probably arises from several
factors. For example, at 68 torf a multi;level model is required to
describe the deca& kinetics, i.e.,.the two decay model is an oversimpli-
fication. 1In addition, the 1ifeti;e T.o may actually be pressure-

dependent at high pressures, especially for the long (lu) component.

It is pertinent at this point to compare our results with those of

14 , . .
Dutuit, et al., who investigated the second continuum fluorescence of

Xe2 using the ACO storage ring. They also utilized a monochromator in
the fluorescence channel, set at 1750 + 20 A and 1730 + 20 A. At their
longest excitation wavelength (1493 R) they observed a two-component
decay, with the first lifetime‘inéreasing from 6.0 ns at 50 torr to

10.8 ns at 200 torr and the second being ca. 500-700 ns over the same

pressure range.  There is a large discrepancy between our respective
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results for the long component. The origin of this discrepancy probably
resides in the short (73 ns) repetition period of ACO, which in this
case will give rise to a poorly determined background. Additionally, it

could be due to the use of an excitation wavelength (1493 &) which is

within 2 kT of the Xe 3Pz--Xe 1SO

agreement with our results for the short component.

absorption line, though there is fair

B. Total Fluorescence

In general, least-squares fi;ting of the total fluorescence data
yielded a three—cdmponent exponential decay. The results of. the data
analysis are shown in Table 2. The reciprocals of the long and inter-
mediateilifetiﬁe components are plotted against pressure in Figures 4
and 5. It is clear that they deviate from the Stern-Volmer type of
behavior expected if the models used previously to describe’the system
were valid in this pressure regime.11 Generally, these models have
involved the radiative decay of the upper populated levels of the 0:
and 1u states (first continuum) as well as non-radiative dgcéy to the
lowest levels followed by radiative decay of these lower levels11 (re-

sponsible for the second continuum). A more rigorous model is outlined

below which allows for fluorescence from all vibrational levels in the

0: and lu manifolds, as well as for collisionally induced relaxation.
Excitation of Xe2 at 1508 A will populate vibrational levels of
the 0: and 1u states near the top of their ménifolds (see Fig. la).
Following excitation, these levels can decay either radiatively (to the
XO+ ground state of Xez) or via collisions to lower vibrational levels,

+ X
Intersystem crossing between the 0u and 1u states is possible. However,

‘Keto et al.17 found that the rate constants of intersystem crossing are
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small_(llo-24 - 10_22Acm3.ns_1) and tﬁey.weré not included in our
éalculation.

The decay of each manifold was represented.in our model by the

following reactions:

+ . i .
XeZ(Og) + hv > Xe2 v=:50(1nstantaneous)
K v
i 50 o+
Xe2 v =50 >Xe2(0g) + hv
k'
R S 50 i
Xe +>Xe2 v=50 >Xe+Xe2 V=49
k .
i 49 +
ng v =49 >Xe2(0g) + hv
k, . :
i 49 o 1
Xe+Xe2 v =49 >Xe+Xe2 v =148
k
i 0 +
Xe2 v=0 _— Xez(Og) + hv
i =,O+ or 1
u u

The radiative decay constant of the 0: manifold was varied linearly with

v from k_,. = 0.3861 ns'.1 to k., = 0.1859 ns_l,'the corresponding values

50 0
for the 1u state being 2.564 x '10-'2 ns—1 and 6.212 x 10“3 ns—l. These

reciprocal radiative lifetimes were taken from the pseddo—potential
v . ‘ . |
calculations of Ermler, Lee, and Pitzer. 8 They are values found at
+ ' _
points on the 0u and 1u potential curves, and Franck-Condon effects

were not included in the calculation. The non-radiative decay constants
18

were also varied linearly, from k;o = 4.4 x 10".1

10_19 cm3 ns—l.v These values were used for both excited state mani-

cm3 ns_1 to ki =1.76
X

‘folds; they were estimated from values found for the ng system.
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" The differential eéuations pertaining'fo the reacﬁion scheme (2)
were integrated numerically using a computer program which has been_
described elsewhére.23 When the caiculated total fluorescent intensity
is plbtted as a function of time after excitation, one would expect the
resulting decay curve to contain 50 compdnents, one for each vibrational

level involved in the calculation. However, it was found that this

. curve could be quite accurately described by only two effective decay

_ _ -kt -kzt ‘ :
components; i.e., by a curve of the form Ale + A2e . The varia-

tions of Ky and Koy for both the O: and lu'stateé are shown in Figures
6 and 7. This was found to be true for both the simulated 03 and iu
decay schemes.

It seems clear that the long decay component (Fig. 4) is due to the
fluorescent decay of the 1u manifold, because its lifetime is consider-‘

ably longer than that found for other components (both measured and

calculated). The variation of this component with pressure (Fig. 4)

is followed quaiitatively by the calculated curve (Fig. 7) and it can
be théught of as arising from the change iﬁ the population distribution
of 1u vibrafional levels as a function of pressure and time after ﬁhoto-
excitation. The variation of the short component of the calculated 1u
decay (Fig. 6) can be ascribed to a decrease in hon—radiative lifetime
with increase in pressure (Stern-Volmer behaviof). Similar effects are
apparent in the calculated fluorescent decay of the 0: state (Fig. 6).

The behavior of both the intermediate and short lifetimes found
experimentally (Table 2 and Fig. 5) are rather more difficult.to
rationalize. It seems likely that the intermediate lifetime represents
a measured average of the calculated short 1u gnd long O: component

(Fig. 6), the averaging being an artifact of the least squares fit. To
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illustrate this point we compare, in Fig. 8, the experimental decay

curve obtained at 65 torr (Fig. 8(3)), and the calculated 0: and 1u decay
curves for PXe = 65 torr (Fig; 8(b)). The éalculated'fluoreécence decay
from each manifold was summed, with equal Qeighting and adjusted to give
the same peak height as the experimental cufve. This was fitted to a
three exponential decay, the resulﬁing lifetimes being 157.7(5) ns,
4.78(1) ns, and 1.903(8) ns.

"The short lifetime (Table 2) is assignea‘to the short component of
the calculated O: decay (Fig. 6). The variation of the experimental
short lifetime with pressure (Table 2) is somewhat similar to that
observed for both the intermediate and long lifetimes, although this
measurement is subject to the most error because it iies near the limit
of our timing capabilitieé (1.6 ns). The calculated short component of
the Ot decay does not exhibit the marked increase in T—l at low pres-
sures present in the experimental curve. This probably arises because
of the relatively large Franck-Condon overlap befween the vibrational
levels aF tHe ;op of the 0: and 1u manifolds and the ground vibrational
level of the 0 manifold.

Overall, the simple kinetic model used is in quélitative agfeement
with ouf measurements. However, our results at 5 and 120 torr, which
should approximate the radiative lifetimes of the upper and lower levels
respectively, indicate that the radiative lifetimes calculated by Ermler,
Lee, and Pitzerl8 are somewhat too large. It should be noted, héwever,
that Franck-Condon effects, which were not included by these authors,
may play avsignificant role;vthe favorable ovéflap'between wavefunctions

: +
of the upper vibrational levels of the O: manifold and the Og ground

state (mentioned previously) is one such example.

]
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C. Filtered Fluorescence Measurements .

As a further test of the 0: and 1u fluorescent decay model, life-
time measurements were also made with broad-band interference filters
.in the fluorescehce channel. These were chosen to emphasize fluores-
cence from the first and the second continuum.  The decay;curveé_

. obtained were again fitted té three components..

At pressures lower than 125 torr the T, Vs PXe curves ohtained

u .
with and without a filter in the fluorescence channel, tend to diverge

(Fig. 4). This illustrates the deviation from a high pressure limit
where fluorescence from only the lowest levels of the 0: and lﬁ mani-
folds are observed, because the filters effectively weight fluorescent
decay from vibrational levels centered around their peak transmission.
Some fluorescence from the lower levels is obsgrved (at ca. 1700 A)
with the 1325 A filter because the tail of its pransmission function
extends into the second continuum region.

Siﬁilar effects occuf in the variation of intermediate reciprocal
lifetime with pressure (Fig. 5), although because of the nature of this
component the dispersionAéf the curves pertaining to measurements

obtained with and without filters is expected to be more complex.
IV. Summary

In conclusion, we have removed some confusipn‘regarding the decay
dynamics of the O: and 1u states of Xez, and have made a consistent
_analysis of their fluorescent decay. To achieve this, an excitation
wavelength >2 kT below the 3P2--150 absorptioﬁ line was employed, thus
avoiding formation of XeZ(OI, lu) by‘three-body collisions. The study

was strengthened by utilizing both a monochromator and interference
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filters in the fluorescence channel. By utilizing the theoretical life~
time calculations18 we were able to model qualitétively the fluorescent
decay of tﬁe 0: and 1u states of Xez. The décay dynamics can be
summarized as follows:
(1) At PXe > 100 torr, the O: and 1u statgs; pqpulated in their
upper vibrational 1evels, decay rapidly and only the lower
- level of each-manifold fluoresces.
(2) At Pre S 100 torr the relaxation data of others11 were
interpreted'previously simply on the basis of a two-state
(lSt and an continuum) model; however, a detailed study of
tﬁe fluoréscent lifetimes indicates that the true sifuation
is too complex for this model to be valid.A Intermediate
vibrational levels of the O: and 1u states participate in
the kinetic‘scheme,bgiving rise to a measured three-component
total fluorescent decay. All components exhibit a decrease
in lifetime at PXe < 20 torr and each can be assigned to the
composite decay of vibrational levels of the O: and lu
manifoldsf
At very low pressures we expect, of course, to . observe just
the radiative decay of those vibronic levels which were
populated by photoexcitation.
A more complete study, using a high degrée of monochromatization in
the fluorescence channel, is clearly requiredAin order to elucidate
further the decay dynamics of this system and improve on the model

proposéd. When much higher intensity pulsed synchrotron radiation

sources become available, such a study may be feasible.

k]

13



Table 1. Compilation of lifetime measurements of lasing manifolds of Xe
(e.s.d.'s in parentheses) '

2

r,(ﬁs)a

Tot (high vy (08) | ot 0w vy (M8) | T,y (ns) Reference
u - u u
5.5(10) - 196.5(50) 2
50(20) 3
130(20) 4
2000 (500) 5
4(1) 16(2.5) 60
| 16 (2) 7
2 60 12
102(2) - 9
6.0 770 14¢
a) Unspecified. . : .
b) Observed 280ns decay and assigned it to a lifetime of a highly
excited state. : ‘ S
c)

At 50 Torr.

184



Table 2.

no f£ilter.

lifetime is due to decay of Xe, 0:, the intermediate lifetime is due to Xe

Experimental values of =

0

+, T .+
u ou'lu

All data were collected using kex =

Xez 1u (see text).

, and T

u

at various P

e using 13258 and 17108 interference filters, as well as
15088 and e.s.d.'s are shown in parentheses. It has been assumed that the short

2 0:’lu' while the long lifetime is due to decday of

Pm"“rexep Tok (ne) Tot,1, () Ty, (08
(Torr) no filter | 13258 filter | 17108 filter | no filter | 13258 filter | 17108 filter | no filter | 13258 filter | 17108 filter
5 1.73(2) S — 7.4(4) S 6.4(8) 53.2(7) — 75.2(2)
11 1.96(3) 1.44(5) 1.51(5) 13.6(5) —_— 8.6(6) 61.5(8) _— 75. (1)
25 2.57(2) 1.86(1) 2.02(6) 17.0(2) _ 18.5(6) 120.11(8) J— 103. (1)
65 2.64(3) 2.21(3) 3.1(2) 8.3(2) 5.9(3) 10.9(7) 105.3(3) 78.2(9) 83.1(4)
125° 2.15(11) 2.38(6) —_ 6.7(2) 6.2(6) —_— 107.5(2) 108. (1) 102. (1)

(A4
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Figure Captions

Figure 1. (a) Potential curves for the‘relevant'eleétronic lévels in
Xe, after Fink and Comes. 0
! - "-(b) Fluorescence spectrum of Xe,.
Figufe 2. Schematic diagram of the monochromatized flubfescence apparatus.
Figure 3. Decay curves follo&ihg excitation of Xe2 at'1508 K; (a) in

the first continuum; (b) and (c) in the second continuum.

In (c) the time scale is expanded to show the O: lifetime.

3 -1

Figure 4, 107 x T, (ns_l) vs PXe (torr), with values of T taken
u u

from Table 2. (The lines connecting the'déta points were

i v ' . included for clarity.)

ﬁ Figure 5. 102 T L (ns-l) vs P (torr), with values of 1

/ - : _ Xe : +

; : ,1 : 0,1
: u’u _ : u’u

{ ' taken from Table 2. :

i Figure 6. Calculated fluorescent decay of the 0u manifold both short

! and long, and the short component of the 1u manifold as a

function of Xe pressure.
Figure 7. Célculated fluorescent decay of the long component of the 1u

manifold as a function of Xe pressure.

Figure 8. Experimental decay curve obtained at 65 torr (a), and

?ﬁ . calculated decay of the 0: and 1u manifolds at PXe = 65 torr

(b). The calculated curve was scaled to give the same peak

height as the experimental curve.
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Chapter 4

) States

» , ' X 2 + x 2+ 2
Decay Dynamics of the CN (B"Z ) and XeF (B"I and C H3/2

I. Introduction

" The radiative lifetimes of CN*(B22+) and_XeF*(BZZ+ and CZH) have
been the subjectsvof intense study. CN(B - X) transitions are observed
in many astrophysical systems,la’b arid calculations of CN radical con-
centrations are dependent on accurate vaiues for the strength of this
tranéition. In addition, there have been many determinations of the
CN*(B22+) 1ifefime,‘yielding different values. Lifetime measurements
on the XeF*(B22+) state are motivated by two reasoné.v Firstly, the
XeF(B -+ X) transitions contain several lasing lines, and the lasing gain
is dependent upon the lifetime of the upper level. Secondly, the elec-
tronic structure of XeF has been a topic of current interest due to its

relatively deep ground-state potential.well.z’3

The radiative lifetimes
of excited states of XeF serve as stringent tests of theoretical wave-
functions used to compute the electronic strﬁcture of this radical.
Synchrotron radiation can be useful for the study of radiative
decay following photodissociation. 1In particular, the pulse structure
at SSRL allows one to follow the radiative decay on a nanosecond time
scale. Recent studies on en:omic,’l}a“c moleéulaf,5—7 and solid-state
systems have exploited the timing characteristics of synchrotron radia-
tibn9 to study dynamic processes in excited states. One can also photo-
dissociate a molecule using a synchrotron radiation pulse, produce elec-

tronically excited fragments, and stﬁdy the rédiative decay of the

fragments. This is the nature of the work reported here, where excited

[
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CN and XeF radicals were prbduée& via fhe photodissociation of ICN and
Xer, respectively.

Section II contains a description of the experiment; Sectibn I11
discusses the data reductién,and states the results. Straightforward
kinetic modeling of the data is présented in Section IV. Section v

contains conclusions of this wotk.
I1. Experimental

The experimental setup has been‘described in a p:eviouS»publica—
tiop,4a so only a brief description is given here. A échematic diagram
of the experimental arrangemenf is showﬁ in Figufe,l. Radiation at the
Stanford Synchrotron Radiation Laboratory (SSRL) is pulsed Witﬁ a 0.4
nsec pulse width and a 780 nséc repetition perioa. On the 8° branch
line of beam line I, where this work was peiformed, photons with 4 eV <
hv £ 36 eV are transmitted. A LiF window separated our chamber frém
the ultrahigh vacuum of the beam line optics, limiting our usable photon
energy range to 4 eV < hv € 11.8 eV. The wavelength bandwidth of the
excitation radiation was 2.5 R, providing a npminal photon flux of 1010
photons/sec. |

Pressure measurement was done using a capacitance manometer (MKS
#315 BHS-10) while the samples were in a flow system. In the case of

the XeF, sample, the pressure measurement was not absolute because a

2

"conductance-limiting valve was placed between the capacitance manometer

and the interaction volume. Thus, collisional quenching rates could not
be determined absolutely although the intercepts from the extrapolation

yielded reliable zero-pressure radiative lifetimes.
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The‘ICN sample (299.52 pUre) was obtained from Eastman Kodak and
was used without further purification. ICN sampleApressurg was varied
between 4.7 x 10f3‘torr ahd 0.486 totrr. |

The Xer sampie was 299.97 éuré for the voiatile components. Our
measurements used Xer pressures between 1.75 X lsz and 1;21 torr. The

fluoreséence'detection photomultiplier tubé (RCA C31000 M) was blaéed
pérpendicular to both the propagation vector and the g vector of the
Iexéitiﬁg radiétion.

A fluorescence excitation spectrum of ICN waé.recordéd at a sample
pressure of 8 x 10_3 torr. The fluorescence photons were time-gated
such that only photons arriving within 60 nsec of the excitation pulse
. were counted. This was done to ensure that the excitation spectrum
would not contain significant contributions from the Azﬁ system, which
is much longer-lived (TCN*(Az%j 26 USec)ll than fhe B22+ state of CN#.

Fluorescence decay curves were taken at the following excitation
wavelengths: 1698 R, 1575 K, 1480 K, and 1402 X. . A discussion of tﬁe
timing electronics is contained in Ref. 4. The present meaSufements
employed an interference filter (Microcoatings, Inc., #3850 BBC, peak
transmiséion at 3850’K, FWHM = 200 K) to pass only the CN(B - X) émis—
sions.1b At each wavelength, decay curves were obtained at four sample
pressures to extrapolate out collisional effects.

. : , . o
For XeF the excitation wavelength was set at 1690 A, exceeding

2’
| * 2 + ) .
thresholds for XeF (B"Z ) and XeF (C H3/2) production.

All experiments were carried out at ambient temperature, ~294 K,
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ITI. Results

A. ICN

The fluprescence excitation spectrum is shown in Figure 2. Spectral
assignments are discussed in Reférences 12-14,'but are not of direct - .
interest here,'since the present study is concerned with fragmen£ fluor-
escence. There is a strong similarity betwéen fragment fluorescence
yield and absorptionvspectra. The arrows in Fiéure 2 denote wavelengths
where decay curves were recorded. All the CN* decay curves discussed
to this.point were obtained with én interference filter (passing only
CNB~-+X fluoreécence) in ffont of the fluorescence detector.

It was found that all decay curves which utilized the interference

filter could be fitted well by Eq. (1).

I(t) =C

0 + c,Lexp -t/"F] ()

A typical CN*(BZE+) decay curve is shown in Figure 3.‘ At each wave-
lengfh a plot of T—l vs pressure yielded a straight line; i.e., Stern-
Volmer quenching behavior was observéd.15 A linear least-squares fit

of T_l vs pressure was done at each exciﬁation wavelength, and the
results are shown in-Figure 4 and summarized in Table 1. 1In addiﬁion,

a linear 1east—squares fit of T_l vs pressure was done using data points
from all four excitation wavelengths. This fit is shown in Figure 5 and
the results are given in Table 1. When the filter was not in place,
two-component decays were obéerved, consisting of the CN*(B22+) decay
component and a very fast component with T < 2 nsec (see Fig. 6). - The

lifetimes of this short component were not accurately determined because

our instrumental response function was too long (approximately gaussian



58 .

in time.with ~4 nsec'FWHM). However, the integratedAinteﬁsities qf the
short components were obtained by fitting the long (CN*(B22+)) compon- .
ents, subtracting oht‘their contributidns,(as well as the coﬁstant back-
grounds), and summing the photon cbunts reméining (which are attributed
to the fast decay) Then, the 1ntegratéd intensity of the long compon-

ent is obtained simply from Eq. (2)

tt ' 00 ’ .
1° = [ T g = et NG

2+
CN(B"Z ) o

The results of these calculations are given in Table 2. The validity

of these results Are discussed in Sgctidn iV.
B. XeF
The XeF* decay curves yeré fitted to an equatién of the form
I(t) C + C1 exp( t/T ) + 02 exp (- t/Tz) 3)

A typical‘decay curve with itskleast-squares fit is shown in Figure 7.
- Plots of both TIl and 151 vs pressure yielded stfaight lines (see Fig.
8). Each set of data was fifted withllinear least—sqﬁares and the re-
sults are T 14.2-: 0;2 nséc‘and T, = 98 £ 10 nsec. These fits yield
decay parameters w1th larger relative uncertainties than the CN (BZZ+)

data which is attributed to the correlatlon between a large background

parameter'and the exponential decay parameters.
IV. Discussion
A. ICN

The kinetic analysis of the ICN data is quite straightforward. The

o , 16 »
photodissociation can be viewed as instantaneous; 6 thus, the 0.4 nsec
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excitation pulse defines the time zero of CN*(B22+)'p£oduction. At this
jungture, ﬁe note that.the predissociation event is'not'beingvanalyzed
and will not be discussed at length, but the photodissociation event is
significant in that it is much faster than the fluérescence prqcess-of
CN*(BZZ+). Quantitatively, wéknote,thét the convolution infegral

2

S - .
1°°%(¢) = j exp[-(t-t')/t ,, 1 £(£') de' = (4)
o B

. . * ‘
given the intensity of CN (B22+) fluorescence as a function of time,

where f(t') is the convoluting function, the function describing the

1.

* o :
production of CN (BZZ+) as a function of time. If we equate f(t') =
§(t -t'), then the trivial result is obtained that I(t) « exp[-t/t
o : o SR : (B22+)
The results of Section III-A can thus be rationalized using
the following kinetic scheme
. instantaneous'I(2P - CN*(322+)
v | 1/2,3/27 7
1(%p y + N @l (5a)
1/2,3/2 _ o
2 2+
I( P1/2,3/2) + CN (X"2)
-1, 2 + :
x 24 T BT 2+
CN (B"Z') —— > CN(X"L ) + hv (5b)
Lo
* .
o + on (825t —— onex®st, A%m o+ 1w (5¢)
which yields the fluorescence intensity given by
0 : S
I(t) = T expl-t/t(P)] (6a)
where
(et = 7t + 12N L p, (6b)

% 9
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-. o % + oo % .
Production of CN (BZZ ) by collisional conversion of CN (AZH) has been’
neglected in this analysis for reasons noted by Duric et al.ll Thus,
'the_intercepts derived in Section III—A (see Table 1) are estimates of

-1 . , - ICN . .

T o 4 and the slopes are quenching constants, kq . The lifetime

B™X :
values vary with excitation wavelength. It is likely that this is caused
by population of different rotational and vibrational distributions in

* 2+ , '
the CN (B"Z ) manifold.
Radford and.Broida have shown17 that selected vib-rotational levels

-+ . ’ :
22 ) are strongly mixed with vib-rotational levels of the

in the CN*(B
A?H system due to "L-uncoupling" terms in the molecular Hamiltonian.
Jackson ﬁeasured lifetimes of the individual rotational levels in the
CN#(B22+, v' = 0) manifold and found that the perturbed rotational levels
have lifetimes longer than the unperturbed rotational levels. However,
many rotational levels are populated by the photodissociation.2 Since
the measured lifétime is a weighted average over the manifold of popu-
lated rotational levels and the density of perturbed rotational levels
is small, it is unlikely thaﬁ the variations in our measured lifetimes
are due to perturbations of isolated rotational levels.

A more likely explanation is that the vibrational distribution
changés with the excitation waveleﬁgth. This results in a change in.
the lifetime because of.variations of lifetime with vibrational level
(see Ref. 11, for example), Therefore, the present results suggest.that
an investigation of vibrational distributions obtained with well-defined
excitation wavelength be performed (as opposed to tﬁe work of Melé and

23 : . . o ;
Okabe, ™ where more than one discrete line was present in their

resonance -lamp ‘excitation source).
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Since our work cannot be unfolded to yield lifetimes of individual

vibronic levels, we simply report the nominal lifetime of the CN (B22+)

_ state asv70.5 * 1.6 nsec (see last line of Table 1), and a quenching

constant of 1.15.x 10_9 cm3 - s_l, which is in good agreement with the

work of Jackson and Faris.24 The lifetime that we report. result is
laréér than most of the results listed in‘Table 3. A possible reason
for this discrepancy is that our work did not utilize a monochromator

. , N .
to analyze the fluorescence wavelength., The CN fragments have a great

deal of. translational energy following photodissociat_:ion23’2 and the

same is presumably true of electron~impact dissociation. As shown by

Mele and Okabe,23 the CN fragment has approximately 1 eV in transla-

~ tional energy, and will move distances on the order of millimeters

during its radiative lifetime. Dépeﬁding on the position of the mono-
chromator entrance slits and focusing optics leading to them, an
excited CN* fragment might be out of the field of view of the moﬁo—
chromator if it fluoresces many nanoseconds after excitation. Thus, an
apparent shortening of the lifetime will be observed due to the high
degree of translational energy imparted to the CN*(322+) f?agment.

This reasoning draws support from other investigators. The work
of Luk and Bersohn16 utilized both ICN and BrCN as CN*(322+) sources.
One expects that the CN* fragment obtains more momentum (velocity) when
it is fragménted from the heavier partner, i.e., the I.atom. If the
reasoning of the previous paragraph is.correct, then the'lifetime'deter—
mined by Luk and Bersohn from the ICN sample should be shorter than that

obtained from their BrCN sample. In fact, they observed that T 9 +
(B°r)

59.9(21) nsec when ICN was used and 7 2 4. = 61.7(9) nsec when BrCN
- (B°z ) .
* v : .
was the CN (BZZ+) source. Although the use of an interference filter in
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the fluorescence channel might yield less detailed information about
specific rovibronic lifetimes, it won't introduce the artifact of a
short 1ifetime‘since the excitation region and the fluoresciﬁg region
are both in tﬁe field of view of the detector. For completeness,.it is
noted that the work of Jackson18 was performed with thermalized CN
fragments, thus 'these arguments in no way invalidate'his conclusions.
Some of our work did not utilize\interference filters as discussed
in Section III-A. A two-component decay was then observed. The addi-
tionalvcomponent is attributed to fluorescenee of 'ICN molecules. that
de not predissociate. Because our phototube could not detect the
resonance fluorescence of ICN,.butvonly fluorescence to high vibrational
levels of the ICN ground electronic state manifold, the ratios listed
‘in Table 2 are lower limits to the true branchihg ratio of fluorescence
to predissociation. No effofts.at calibrated ectinometry were performed,

but the present results provide impetus for further work.

B. XeF,

’ * ’ .
Decay of XeF (BZZ+ and Czﬂ 2) can be modeled simply using the

3/

following scheme:

x
XeF (B2r%) + F

Xer i " ‘XeF*(Czn ) + F
' 3/2
(instantaneous) ' . (7a)
* 2 + k3 * 2
XeF (B“Z") + XeF > XeF (C°M,,,) (7b)
ARy T 3/2’ -
X F*(CQH ) + XeF “4 > XeF*(B22+) ' (7¢)
O T3’ TR T _
X 2 4 kg 2.+
XeF (BI") + XeF > XeF(X“L') + XeF (7d)

2 2
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. - ‘ k
XeF (G211, ,.) + XeF > XeF(X2r') + XeF (7e)
3/2 e 2 » e i e 2 4e
R
2+ k7(_T322+) 2 4. v ‘
XeF*(B°5T) ——325 XeFrx%s™) + hv g (7€)
K (=t f )
| 8% 2,
%, 2 3/2 2 o
XeF (CTly,,) XeF(A"I) + hv , , (7g)

where Egs. (7a) refer to excitation, (7b) and (7;) £o collisional con-
version, (7d> and (7e) to éollisional quenching, (7£) and (7g) to
radiative decay. As iﬁ the precediﬁg subsection, éhe formation of the
excited state radicals is assumed to be instantaneous..‘This kinetic

model yields the following simultaneous differential equations:

-3C,

B _ _ .

5 - Lk, F (k3*'k5)CXeF2]CB k, CXer*Cc (8a)
-3C, :

St " kgt (k44-k6)CXeF2]CC - kg CXeF2 Cq (8b)

PR . . th . .
where Ci denotes the concentration of the i species. - (For brevity, B

: * 2.+
and C denote the XeF (B 21/2

tions to these equations are

* .
) and XeF (C2H3/2) respectively.) The solu-

c. =kiet +1x7e” - (9)
where

ok 24k D
i = XeF (B°% ), XeF (C n3/2)

and

. : . -
\ - —(a+c):t[§a—c) +'4bd]* (10)

m
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where

a =k, + (ky+kg) Cxer - (11a)
b=k, cger. ~(11b)
é = k8.+.‘k44-k6?'CXeF2 o | | (11ic)
d = ky “er, (11d)

which can easily be eqﬁatéa with coefficients of the concentration vari-
ables in Eqs. (8a) and (8b). One can see from Eq. (10) that m, = -c
and m_ = -a when = 4bd << (a-c)z. This.condition is met, and can bev
verified by using our values qf a and ¢ (t§ be dérived shortly)‘and

using nominal values of transfer rates, b and d, from the literature.

Thus; Eq. (9) can be written as

. o _
Cy = kiAexp{--[k8 + (k4+k6), Cxer Jt}

| 2 (12)
+ k, exp{-[k7 + (k3ﬂ-k5) Cxer]t}
The light intensity, I(t), can be written
aC aC : : _
- B _C \
1e) =By 50 * B 5t B

where the Ei's represent the efficiency of the photomultiplier tube de-

tector tb,radiations from the B and C states. Since our phototube had

an uncalibrated spectral response,

I(t) = ky exp{-lkg + (k,+kg) Cy o It}
| 2 Q)

+ k2 exp{-[k7 + (k3'+ ks) CXeFZJt}
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_ where k1 and_k2 do not provide any information since no detector cali-

bration was pefformed. This in no way detracts from the information

contained in the arguments of the exponentials as a function of pressure.
We note that Eq. (14) implies-that a_twé—exponential decay will be

Vobserved and that both decay components will Vary linearly with pres-

sure, as was observed. Thus, we conclude that'rlbaﬁd.Té (see Section .
. . : ," ] - E .
III~B).are equated with k7 + (k31-k5) ¢XeF2 and k8 f (k44Tk6) CXeFZ ,
respectively. Theréfofe Ty = 14.2(2) nsec and Tt é = 98(10) nsec,
_ , B X : Cm :
which are in good agreement with previous 3/2

investigations, as seen in Table 4.  As was previously noted, the pres-

sure was uncalibrated for'the'X'eF2 measurements, so the absolute values

of the slopes of T;l VS pressure plots are unreliable.  The radiative

lifetimes obtained are reliable, since>they are derived from the inter-

cepts, not the slopes of the extrapolations.

'V. Conclusions

_ The lifetime and iCN quenching-constaﬁt»of CN*(B22+5 have #een
determined to be 70.5(16) nsec and 1.15(45‘X lQTglcm3/sec, respecﬁively,
This lifetime is in»fair—égfeéménf Qith earlief investigations although
éome discrebancy,geméins; i;,iS'possible thétAthé'high translational
temperature of CN‘fqllswiﬁg dissdciatién led to artifacgs in fhe pre—.
'vious'investigations. | .

and Czﬂ states have been measured

3/2

as 14.2(2) nsec and 98(10) nsec, in good agreement with calculations of

* 2 +
The lifetimes of the XeF B}
Dunning and Hay2 and in good agreement with previous investigations.

This work illustrates that synchrotron radiation shows promise as

a tool for generating and probing these excited state radicals., However,
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‘the nonspecificity of the photodissociation event implies that many ro-

vibfoﬁic levels of the fragment will bé populated. If one wishes to do

detailed studies (e.g., monochromatized fluorescence for staﬁe distribu-
tioné); iﬁtensityvconSideratiohs~preclude the use of synchrotron radia-

tion fo; many systems due to intensity considerations.

The timing characteristics of some synchrotron radiation facilities

‘are sdperior to any exisfing VUV lasers and allow the study of electronic

relaxation processes occurring on a nanosecond time scale.
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10

Table 1. Results of Linear Least-Squares Fits
of r*} vs P (Stern-Volmer plots, see Figures 4
and 5). . '
o rad ' ICN, 3 -
Aex(A) TCN(B22+ (nsec) qu (ecm™-s )
1698 70.1(10) 1.15(2) x 1077
1575 66.9(15) 9.8 (4)x 107
1480 ©71.8(20) 1.15(5) x 1077
1402 73.3(14) 1.31(3) x 107
, ) S
% - 70.5(16) 1.15(4) x 10

% : v
_ Data from all four wavelengths used in
a single fit of =1 vs P, .
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Table 2. Ratio of Integrated Inten-
sities of CN Decay Components

: o tdt ,-tot 2
Aex(A)_ short/ICN(BZE+)x 10
1698 28
1575 3
1480 7

1402 | 9




% .
Table 3. - Summary of CN (B22+) Lifetime Measurements

CTon® (825H) (nsec)

Method Remarks Ref.
65.6(10) - Pulsed laser-induced fluorescence’ vl =0 18
60.8(20) Pulsed VUV photolysis (broadband) of ICN and Several vibrational -
BreN® ’ states of CN probed 16
85(6) Pulsed electron—bombardmenta ’ Several vibrational
' : states of CN probed 19
59.3(60) Phase-shift technique with electron bombardment ‘
excitation ‘ v =0,1,2 20
61.1(76) Photon-photon delayed coincidence following E
electron bombardment excitation. v' = 0,1 21
63.8(6) Pulsed electron bombérdment excitation® vt =0 11
82(9) Phase-shift using electron impact v' = 0,1,2,3,4 22
70.5(20) See text’ Several vibrational Present
states of CN probed Work

@Fluorescence decay directly observed.

.69



Table 4.

Compilation of XeF Lifetime Results

TXeF*B22+(nsec)TXeF*Czne/Z(nsec) Method Remarks Ref.
14.25(20) XeF2 photolysis at 1750 A 26
19.4 (10) Laser-induced fluorescence a 27
16.5 (50) Pulsed electron bombardment

excitation of XeF2 28
18.8 XeF, photolysis at 1930 A a 29
15.0 (8) 30
13.5(10) 100-150 31
12 113 Calculation (Hartree-Fock
' with CI, semi-empirical
inclusion of spin-orbit
effects) 2
14.2(2) 98(10) See text Present
Work .

25t

1/2 was denoted as the C state.

2At time of these references, the A2n3/2 1/2 were denoted as two states and the
b

0L
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Figure Captions.

Experimental schematic.

ICNlexcitation'spéctrum (fluorescence intensity vs excitation
wajelength; uhcqrrected for vériations in incident
radiation flux): : |

ICN decay curve (CN*(B22+) deéay only).

Individual ICN Stern-Volmer fits.

Stern-Volmer fit (all four wavelengths).

Unfiltered decay curve with ICN as sample gas.

XeF* decay curve,

x .
XeF Stern-Volmer fits.
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Chapter 5

Polarized Fluorescence from Photodissociation
Fragments: A Study of ICN Photolysis

I. Introduction

The last chapter illustrated that syﬁchrotron radiation can be
used to study fragments produced in the photodissociation process.

In thié chapter, it is shown that the fragmentAfluorescence is a prbbe
of the photodissociation event itself. Specificélly,Athe correlation
. between the excitation and fluorescence polarizatibné may elucidate
the dynamics of simfle photodissociative systems. It appears that thé
fluorescence polarization is related to the symmetry and lifetime of
the photoexcited parent molecule, two parameters éssential for an

- understanding Qf a photodissociative process.

The basis for such experiments was first discussed by Van Brunt
and Zare.2 The experiment is related to photolysis mapping experiments
of Solomon3 and photofragmentation spectroscopy experiments of Wilson4a
and Bersohn.4b All of these experiments depend on an anisotropic inter-
action.of the radiation field with the target moleculé (i.e., there are
preferred directions of the molecule leading to photodissociation)
coupled with an anisotropic distribution of the fragments. Since the
expériment discussed in this chapter deals with the triatomic reaction
ICN + hv »~ T + CN*(B22+), the remaindef of this.chapter‘conéiders an

idealized triatomic system:

ABC(A,) + hvl(gl) ———>ABC*(A2) | (D
K % '
ABC (A,) —>A + BC () ' (2)
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* kz .
BC (Ay) ——>BC(A)) + hv,(g,), : (3)

where Ai denotes the pfojgction of the orbital angdlar momentum (or

symﬁetry species, for triatomics of_Co or sz symmetry), and £ the
polarization. The radiative lifetime of BC” is k;l, and the dissociative
1ife§ime of ABC*(AZ), k; » is assumed to equal zero unless otherwise
noted (i.e., the dissociation event is assumed to occur instantaneously).
In most experiments, Al’ A3,‘A4, and £ are'known. .52 is determined
through the fluorescence polarizatioﬁ measurement; thus, the only
unknown in the process is A2, the symmetry of the photoexcited surface.
Synchrotron radiation is ideallf.suited for the pdlarization experi-
ments for several reasons.
1) The degree.of linear polarization is usually quite high.
Iﬁ the caée of the 8° branch line atvSSRL, the polari-
zation, Pex’ is greater tﬁaﬁ 0.95.
2) The pulse structure allows for décay curves to be taken
and the polarization can be analyzed during the decay
process. Thus, dark counts not occurring during the
decay process are not collected and do not degrade the
accuracy with which Pfl is determined.
3) The radiation is tunable.
The last point is significant if one wishes to sort out the effects of
competing dissociation channels. Aséuming a single dissociative chanhel
exists in a certain.energy;range,vthe polarization measurement of the
fluorescencé at one excitation wavelength would suffice to characterize

the symmetry of the dissociative surface. However, real systems fre-

quently have many competing channels operating simultaneously, and
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require measurements at a number of excitation wavelengths to decon-
Volute Franck-Condon effects that might emphasize a state of one
symmetry (or equivalently, polarization) at one wavelength, the opposite
polarization at another wavelength, and iitrle or no polarization at
intermediate wavelengths. Thus, the tunability of synchrotron radia-
tioﬁ as well as its high degree of linear polarization afford an
excellent opporfunity for discerning the various channels and states
involved.

The iack of excitation wavelength tunability is a drawback of the

related technique, photofragment spectroscopy. In a photofragment

spectroscopy measurement, one determines the symmetry, A2’ and lifetime,

-1
k., by pulsed laser excitation of a molecular beam containing the

1

parent molecule. The fragment intensity is monitored (by a mass
spectrometer) as a function of the fragment flight time and the angle

between €, and the velocity vector of the fragment. Because the molec-

1

ular beam density is frequently low and small collectibn angles must be

A

used (for a meaningful angular dependence), the use of laser excitation

is essential for obtaining photon fluxes adequate for good signal-to-—

.noise-ratios. Tunable lasers in the UV and VUV wavelength regions with

suitable photon fluxes are not available at the present time. Thus, the
polarization technique reported iﬁ this chapter cen extend our capabil-
ities for studying the.pﬁotodissociation'process.

In addition, there are differences in the kinds of dinformation
gained from photofragment spectroscopy and polarization experiments.
As opposed to photofragment spectroscopy, measurement of the flueres—
cence polarization yields infermation regarding the orientation of the
diatomic rotational angular momentum5 (the MJ value, in a quantum-

mechanical sense). Perhaps some of the puzzling questions regarding

Gy
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the high rotatioﬁai excitatioﬁ of moleculér photolysis products,6’7 as
-well as the.possible‘explanations of tﬁis rotational excitation,8 can
be addreSSed with simple polarization studies. |
' Theré ié a technical'ad?antagé to thg polarization analysis tech-
nique, as well.; The apparatus is not dependent oﬁ a colliméﬁed molec-
ular beam (as is.the case in photofragment specfroscopy). This

simplifies the experiment comsiderably, a real "plus" for an experiment

performed at a synchrotron radiation source.
II. Classical Description of the Process

The fluorescence polarization,»Pfl, is defined as

L -1,
| " .
P = > ’ (4)
- fl I"-i—I_L ‘

where I" and Il_represent the intensities of fluorescence with EZ

~ parallel and pérpendicular to gl, respectively. If it is assumed that

10 the fluorescence polarization is

5

a classical description is valid,

related to the fragmentation process by Eq. (5).

. 2
P = 3_<_01§__Y_>_:_1_ ] (5)
<cos y> + 3

Here, vy is the angle between Rabs and Keq (the absorption and fluores-
~ cence dipoles, respectively), and <> denotes an ensemble average.
Equation (5) is derived>in the appendix to this chaptef.

To‘clarify the arguﬁent, the absorption and transition dipole
moments are ''tied" to the molecular frame, which is rotating in the
space-fixed coordinate system. For example, consider the ICN cése.

* .
The CN (B~ X) transition is a I -+ I tramsition, or parallel transitionm,
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indicating that the fransition dipole moment lieé along the internuclear
axis. The groundvelectronic state of ICN is linear, and let us suppose
that the éxcited dissociétive state is bent‘gnd that Eabs.lies in the
plane of the bending motion. Theh»the CN*(BZZ+) fragments will rotate

in the plane of the bending motion,'implying.that Bobs and Bem lie in the
same plane.* ‘Because the radiative lifetime of CN*(B22+) is so much
longer than the rotational périod of the CN*.fragment, there is no cor-
relation between Bobs and Beq in the plane ("like the minute and hour
hands of a clockll") so the average angle, Yy, is 1/4, or Pfl =1/7.

The various possible cases applicable to direct dissociation have been

catalogued11 and are not reproduced here.
III. Experimental

Because of the excellent timing parameters, poiarized fluorescence
was measured as a function of . time following the pulse, i.e., decay
curves were genérated for both the parallel and perpendicular flubres—
cence components. Thus, collisional and time-dependeﬁt depolarization
could be investigat_ed.1

The experimental apparatus was similar to that of Chapter 4. Thé
traditional right;angle geometry was employed for excitation/observation.
(see Fig. 1). An interference filter (Microcoatings, Inc., #3850 BBC) .
was placed in front of the polarization analyzer (Melles Griot sheet
polarizer, #03FPG003) and phototube (RCA #8850) to reject all radiation

except CN(B-X) fluorescence. The interference filter (200 A FWHM) has

¥ . . . .

It is implicitly assumed that the photodissociation is impulsive,

and that the rotational angular momentum of the parent molecule is much
smaller than that of the product diatomic molecule.
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ité peak trénsmission»at 3850 & to transmit principally the Av = 0
sequence.13 Low fluorescence inténsity.necessitated the use of a large
band-pass (8.7 A FWHM) on the monochromator used to select the excitation
wavelength. Extensive checks were made for spurious poiarization
signals., 1In particqlar, the stray light level was fouﬁd to be
negligible.

- Data were collected at ICN pressures from iO to 100 millitorr,

measured using a capacitaﬁce manometer (MKS. 315 BHS-10) and held constant

by a servo-driven leak valve to pressure deviations of 0.5% or less.

IV. Results

The data analysis revealed no effects éf pressure on the polari-
zation; only the 50 millitorr results are presented here; The data-:
were analyzed by subtracting the dark count background from both the
parallel and perpendicular decay.curves, then summing counts between
t1 = 6 nsec and t, = 50 nsec (seé Fig. 2)._ It was found that other

2

choices for‘t1 and t, yielded the same value for the fluorescence

polarization, but with poorer signal-to-noise ratios. We chose t1 to
be 6 nsec rather than O nsec to exclude Rayleigh-scattered stray light.

The observed time-independent behavior suggests that the collisional
qﬁenching cross-section is so largem’15 that the éollisional depolari-
zation (alignment destruction) is not coﬁpetitive. The 50 millitorr
results are shown graphically in Figure 3 and are summarized in Table
1.. Corrections resulting from our finite acceptance angle (0 = 11°
half-angle) were fqund'to be insignificant16 (£1%) injcomparison to the

variations in reproducibility of the results, which are given as error

bars. in Figure 3.
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V. Discﬁssion

Several interesting trendé can be noted in the results. First,
thebdegree of vibfational excitatiéh of the pdrent ICN, which subse-
queﬁtly predissociateé, appears to héve a profdund effect on the degrée
of polarization bbServéd in the neighborhood of 1400 A. ,Sécond, popﬁfb
lating the first three members of the lowest-lying Rydberg series:

(Aéx = 1698 K, 1331 R, 1247 X) all led to vanishing values of pélari—
zation in tﬁe diatomic fragment fluorescence. Finally, we note that
the observed polarizations were ali positivef Ouf results imply17 that
the transiﬁion dipole moment , Eabs? 1ie$ in the ;riatomic plane or
along the triatomic axis if the equilibrium geometry of the ICN dis-
sociative stéte is bent or 1linear, respectively.

_'One sees from Figure 3 that all polarization measuremeﬁts were. done -
at wavelengths corresponding to peaks'in.the fluorescence excitation
spectrum. This was done Because the signél was low and the background
(dark cﬁfrent from the phototube) was of comﬁarable intensity. While
simplifying the experiment, these choices of excitation wavelengths
complicéted'thé analysis of the data. This is because the states of -
iCN*(AZ) that are populatéd are not simply (directly) dissociative but
predissociative. Using the reasoning of Section Ii, one conéludes that
the.measurement is sensitive not only to the symmetry of the dissocia-

tive surface but also to the symmetry and lifetime the predissociating

* : %
state; i.e., absorption takes ICN (Ai) to a bound state ICN (AZ) which,

‘after rotating for the length of its dissociative lifetime, undergoes

. ’ * ' .
a non~radiative transition to ICN (AZ)’ which is the dissociative

electronic state. This rotation of the parent molecule prior to
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dissociation will reduce the anisotropy of the‘fragment and the

polarization,

So, the comparison of the reported. results with Table 1 of Ref. 11b
is not strictly valid. More recent measurements in the region of
1650 A (no predissociating resonances are present; see Fig. 3) have
Thus, the claim

yielded positive polarizations with values of P = 0.09.

that Eobs involves a parallel transition appears to be correct.
. VI. Conclusions

These results are preliminary, but are extremely encouraging, none-
theless. It appears that the polarization of fragment fluorescence is
indeed avsensitiQe probe of the photodissociation event. Qualitative
insight has been gleaned from simple classical modeling; but a full
quantum treatment would be mﬁch_ﬁore satisfying. In particular, a

treatment of the predissociation process and its relation to <cos y>

and P

£1 would be most desirable.
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APPENDIX
e . 5
‘Derivation of Equation (5)

In Section II, it was stated that

o 2 ,
p = 3%cos y>-1 : (A1)

‘.fl' <Coszy> + 3 .
To prove fhis, we must first clarify the nature of the coordinate systems
employed in the derivation. The space-fixed coordinate system has
cartesian axes X, Y, and Z; the macroééopic observables are usuaily
referenced to this coordinate system (e.g., polarizationvof excitation
and fluorescence radiation, propagation vector of the radiation). The
microscopic variables are attached to the molecule-~fixed cartesian axes,
X, v, and z (e.g., z is ftequently chosen as the internuclear axis of
linear molecules.) Probability of electronic excitafion (or fluores-
cence) involves polarization of the radiation (in the space-fixed
frame) és_well as the electronic transition dipole (in the molecule-
fixed frame). Thus, a préscription.is necessary for the tranéfprmatidn
between the molecule-fixed and space-fixed coordinate systems.

Since all of the quantitites that will be discussed are vector
quantities, the discussion will be limited. One can describe a vectof,
U5 by the magnitude of its three cartesian components ux, uy, and uz,
or its magnitude (|E|),and three direction cosines, pX/|E|, uy/|g‘,
and uz/|E|. Since we are concerned with relative and not absolute
fluoreséence intensities, I" and Il’ the latter deécription is appro-
priate. For brevity, we define Ag = ug/lgl, where g = x, y, 2. Thus,

a vector Y can be expressed as
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p=lul I, 8 ' (a2)
24

&

where g is an index running from x to z, and g represents a unit vector

in the g direction.
X o 18 ,
Using the Euler angles, (o, B, Y), we can view the vector, Eaps®
in the space-fiked coordinate system using Equation (A3) and Table 1 of

Ref. 19.

abs

Bope = I8l L1 op 2270 F, (43)
abs abs Fg Fg g

o 19
where the QFg are direction cosine matrix elements. For simplicity,

the molecule fixed coordinate system is usually chosen so that

S Xabs “
Eabs z

the parent molecule angular orientation comprises an isotropic distribu-

(There is no loss in generality in doing this, since

tion and all orientations are averaged over.) Equation (A3) then
simplifies to

. abs a
J‘l'abs = |'Habsl ; ¢Fz Az F (Ad)

-1f the excitation radiation is polarized along the space fixed Z axis,

. : : v 2
the probability for absorption of radiation is proportional to ®Zz' Let

~ the fluorescence transition dipole lie in the direction g. Then the

probability for the molecule fluorescing with the g-vector parallel to

Z is proportional to @;q. Conseqdently, the probability for emission

of radiation with g‘vector parallel to £ is given by'

2 2 | ’

I, « <¢Zz ¢Zq>’ (A5)

and similarly, the probability for emission of radiation with g-vector
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perpendicular to g

1 }s
2 2
I a.<®zz ®Xq>' (A6)
'Here; the averages denoted by <> refer to all initial orientations of
the parent molecule; i.e., one averages over da sithde/Sﬂz, where y
is the Euler angle and not the'variable in Eqgs. (Ai).
lecast Eqs. (A5) and (A6) into a more useful form, we note that.
e =Yoo o A7
Fq ) Fg gq’ (A7)
g
where F repfesents Zor Xand g = x, y, and z. Squaring, we obtain
éé =) L ey o o o (A8)
q 81 82. 819 8,4

~where B = % Y and z, 8y = x,vy, and z, but they are indépendent indeces.

Substituting Eq. (A8) into Eqs (A5) and (A6), we obtain

2 : '
I, =<) ) o, 9o, o  © & > (A9)
I 8, & Zz "lg, I8, 819 8,4
and
1 =< 2 @éz O Oyo B o O 7 (A10)
To change these equations into usable forms, note that averages are
over the initial orientations of the mdlecule, meaning factors such as
o and ¢ are pulled out of the average sign (but left in the sum).
Formally, Eq. (A9) is rewritten as
I, =<) } 92 o o, > @ o, (Al1)
Il Zz Zg1 Zg2 814 8,4

g1 &
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and Eq. (Al0) can be rewritten in a similgr fashion. Zare has shown20

that the only nonvaniéhing terms occur when-g1 = gz. Following Ref. lla,

Sl g2 L2 32
5 = <3 ¢xq *'1s qu + 15_¢zq

2 2 2
-+ ‘qu) + 15 (I)_Zq>

1,2 .2
<15 (qu + ¢yq

= _1_. +‘_Z_ <(I)2 > . ' (A12)

where use has been made of the identity

‘Similarly,

1, =2 - L %, o (A13)

At this point, we note that

<¢2 > = <coszy>, , (Al4)
zq

" where vy is the angle between Eobs and Beqo (This is really just the.

.definition of <¢§q>;) Substituting Eq. (Al4) into Equations (Al2) and

'(A13), and using the definition given by Eq. (4) the desired result is
obtained.

2 :
p = 3%cosy>-1 (A1)

f1 <coszy> + 3



94

Table 1. Polarization Values at
Various Resonance

Wavéiengths

A (3) P_.(x 102) vy (degrees)
ex fl _ '
1698 . -0.26 . 54,9
1575 2.66 | 52.9
1464 8.23 49.2
1402 407 52.0
1400 5.47 . 51,0
1394 6.40 50.4
1387 7.53 49.6
1331 0.09 54.6
1247 -0.08 . 54.7

1149 3.03 52.6
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Figure Captions:

Schematic diagram of the experimental setup.

Fluorescence decay curves of the polarized
emission (background subtracted). The horizontal
bar indicates the time period in which data were

analyzed (see text).

Degree of polérization énd fluérescent,intensity
of the CN fragment as a function of excitatidn 
wavelengtﬁ. (Fluorescencé ekcitation spectrum
is uncorfectéd for variations of incident photon
flux with wavelength; this does not affect the

polarization measurements.)
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Chaptef 6 .
Conclusions

‘It has been showp that the capabilities of synchrotron radiation
are both diverse and promising. The timing and polarization properties
have ‘proved extremely useful for gas-phase VUV Studiés below 11.8 eV
(the lithium fluoride cutoff energy). Timé—of—flight (TOF) photoelectron
bspectroscopy of gases has also shown great promise at higher photon
energies,

This thesis is by no means exhaustive or comprehensive; rather, it

gives a glimpse of possibilities the future holds. Attempting a broad

view of any growing experimental technique is usually self-indulgent

instead of visionary, but a few ideas are proposed anyway.
The polarization method described in the last chapter could also

be applied to the photoionization process. In this case, one would be

. sensitive to the alignment of the molecular ion produced in the photo-

ionization process. Prelipinary,studies by Caldwell and Zare2 using a
Hel resonance lamp have-already demonstratedAthe feasibility of such
experiments.

A considerably refined version of tﬁe monochromatized fluorescence
apparatus described in Chapter 3 could be applied to study vibronic

distributions of fragments populated by either photodissociation or

Again, resonance lamp studies have shown the feasi-
bility of such projects3 (for the photodissociation case), but little

has been done with synchrotron radiation to exploit the many existing

possibilities.
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One pafticularly appealing experiment would utilize'the'tunability

to study.effects of resonance excitation (e.g., the Rydberg transitions
-of ICN) on state distributions of the products through_monocﬁromatized
fluorescence measurements. Perhaps such measurements will be dome in
the future.

Technical progress aléo facilitates.scientific progress. A
"windowless" differentially-pumped branch line is currently under design
for use at SSRL. The photon energy range will be 5 eV < hv < 160 eV.

I am waiting with bated breath...

All things considered, the scientific promise of synchrotron
radiation for gas-phase research in physical chemistry is tremendous.

A small fraction of this pqtential has been realized and discussed in
this thesis. The most natural corollary to this conclusion is that

there is a large fraction left to our collective imagination.
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