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ABSTRACT
Oriented staﬁes of.atomic‘krypton and xenon have been,pioduced and -
found to exhibit guantum beats in fluorescence, using pulged vacuum-
ultraviolet synchrotron radiation. This experimenﬁ_demonstrates for
the first time the feasibility of studying a number of atomic and mole-
cular properties usiné synchrotron radiation, in direct analogy with

in-beam accelerator based angular distribution studies of nuclei.
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I. INTRODUCTION

Directional correlation of radiations was treated byeHemiltqn'in
1940,l and perturbations of correlations by electromagnetic fields were
discussed by Goertzel in 1946.2 Since thelfirst successful obsefvation
of gamma-ray angular correlations in nucleaf decay by Brady and Deutsch
in 1947,3 a great deal of information about nucleer structure has been
. obtained from angular eerrelation studies, which yield spins and multi-
polarities, and from perturbed angular correlatione, thch yield electro-
magnetic moments.4 In recent yeaps nuclear spectroscopy has shifted

frdm laboratory studies of decay schemes to acceleratof—based work. with
systems created by nuclear reactions.s For these "in-beam" expefimentsf'
the‘beam axis substitutes for the first radiation, and tiﬁe—dependent>.
correlations are detected by pulsing the beam and measuring.fluoreecent
radiation in coincidence.

In this Letter we point out that the availebility of time—structured
vsynchrotron radiation, together with fast timing and single photon counting
>techniques, makes "in—beem" studies_of'angular correlations and pertu;bed

angular correlatiéns possible for ‘atomic ana molecular systems af energies
from the wacuum ultraviotet and beyend. Both the repetition rate and the.pho—
ton energy available with synchrotron radiation far exceeds,the present capa-
bility of UV lasers.‘We report the first perturbed angular correlatioﬁ.experif
ment based on synchrotron radiation, performed ae a test_ef the feasibile

ity of this technique, Finally, we conclude thatvspins; multi?olarities,

and electromagnetic moments, as well as dynémie propertieé, should be
accessible to study by in—beam.methods in a;omic and molecular systems.

Quantum interferenee measurements in the vacuum ultraviolet (VUV)

have been severely limited in the past for lack of narrow pulse, tuneable
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light sources in this energy region. The continuoﬁsly variablé phbﬁoﬁ
energy and excellent.time structure (0.4 nsec pulse width, 780 nsec
repetition rate) of the synchrotron radiation produced at the Stanford
Positron Electron Accelerator Ring (SPEAR) is ideally suited for suéh
'experiments. Utilizing these time characteristics, énergy separétions
from a few MHz to about 1 GHz can bé measured. In the experiments
reported here, a short VUV photon pulse coherently excited the magnetic
sublevels of the nps('n+l)sl 3Pl excited state of a rare-gas atom. The

: 1 .
subsequent fluorescence decay to the ~S ground state was modulated at-

twice the Zeeman frequency.

II. THEORY

Two conditions must be met to produce an anisotropic angular dis-
tribution of radiation: an oriented state must be formed, and it must
decay anisotropically. The first condition requires Jex 2 1. The
second condition is usually satisfied for radiation of a single multi-
polarity, though with an anisotropy amplitude thatvdepends on Jex and

4 > > . . .
Jgr' If kl and k2 represent the beam and detector directions, respec-

tively, the intensity of fluorescent light observed at time t after

excitation can be written6
‘ -> > : ]
t) = Tr[p(kl,t)e(kz)] . - (1)

Here, p(kl,t) is the density matrix describing the ensemble of excited
> ' '
states, and the efficiency matrix e(kz) characterizes the detector

system. In terms of statistical tensors pz, £2’ Eg. (1) can be written
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a,A 1 .
Synchrotron radiation is linearly polarized and resonance absorption
prepares thé excited ensemble in a strongly oriented (polarization and

. A . >
alignment) state, which means pq has no. rotational symmetry about k

1
at t = 0. If the detector system is polarization sersitive, the same
. Ao >

statement applies to Eq with respect to kz. In the experiments reported

below, however, the detectors were not sensitive to linear polarization
-

and hence the efficiency tensor was rotationally symmetric about k2.

This implies that only terms with g = 0 contribute and Eq. (2). simpli-

fies accordingly. Since only dipole radiation contributes, A will be

restricted to 0 and 2. The general expression for the angular correla-

tion intensity becomes

e-t/T

w(o,t) = AO 1+ A2P2(C°S@)] - _. (3)

> > )
where O is the angle between k., and k2 and T is the excited-state life-_

1l
time. For J =0, J =1, A_ has the value 1/2.
gr ex 2
: >
Application of a magnetic field (z-axis) perpendicular to k2 (see

Fig. 1) mixes the states with respect to this representation and the

density tensor becomes time-dependent:

A ey }E:' A * -igq'w_ t (A) % > >
= . 0" - D z>k ' (4)
OO(t)kl pq,(O)% e q'0 ( l)
’ q,
where wo = gTuBHO/h is the (Larmor) interaction frequency. Transforma-
> > . . .
tion of the representation from kl into the z-axis is described by the
(")

.4
rotation group D, ' (§1—>Z). A detailed calculation® of Egs. (2) and

0q
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(4) leads to a simple periodic modulation of the fluorescence intensity

_aA T | _ - ,
W(0,t) = AO e 1+ A2P2 {cos (0O wot})] . o v - (5)

Direct observation of this modulation in fluorescent decay is possible
’ .

if two additional conditions are satisfied. The substates must be

coherently populated (in time) to insure a well defined.phase relation

in their time evolution (this in turn requiresvshort light pulses, of

-1
width T < W, ). Also, the level splitting must not be energetically

resolved by the detectors.

ITI. EXPERIMENTAL

The experimental geometry is shown in Fig; 1. A detailed descrip~
tion of the gas cell and detection apparatus will be given elsewhere.
Briefly, monochromatized synchrotron radiation enters a gas flow cell
through a LiF window isolating the SPEAR vacuum. The fluorescence decay
cufvés were generated usiﬁg standard single photon counting (with an EMR
541-G photomultiplier) and photon coincidence techniques which measure
the fime interval between the excitation pulse and a single fluorescence
photon event. 'Sample pressures were kept in the 2-5 X 10'.6 torr range
" to avoid resonance radiation trapping, which would cause a dephasing bér
tween the fluorescence event and its detéction, washing out the time
modulation. Counting rates, exclusive of Rayleigh scattering events,
were 15-20 sec-l, necessitating accumulation times of 2-3 hours.

The external magnetic field was produced by an air-cooled Helmhéltz
coil pair around the gas cell, yielding field strengths up to 40 gauss. The

application of larger external fields was precluded by the 1.8 nsec time
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resolution of the detection apparatus.

IvVv. RESULTS
. ' : 3
Figures 2 and 3 show the modulated decays of the P1 states of Kr

and Xe, respectively, for two magnetic field strengths. The large peak
centered near t=0 (channel 760) arises from Rayleigh scattering events and
its shape reflects the response function of the detector. The increase
in modulation frequency with increasing magnetic field strength is clear-
ly seen. The large difference in apparent modulation amplitude in Kr
and Xe is a result of the hyperfine interaction in the abundant isotopes
129 131 .

Xe and Xe. Table I lists the abundances and expected Zeeman fre-
quencies for the various isotopes of Kr and Xe. Of course all even-
even isotopes of each element have the same frequency in an external
field. For Kr this includes 88.5% of all isotopes but in Xe only 52.4%.
In addition, the Zeeman beat frequencies of the hyperfine components
. 83 , '
in Kr are small compared to the dominant frequency. For Xe, however,

. ) . 129
the Zeeman frequencies of the hyperfine levels in Xe and Xe are
comparable to or larger than the gJ—frequency in the J = 1 state of the
even-even isotopes. This superposition of frequencies in Xe attenuates
the modulation.amplitude  as shown in Fig. 3. In contrast, Kr exhibits
: . .
one dominant fregquency.
To extract the observed lifetimes and Zeeman beat frequencies, -

the modulated decay curves were fitted to Eg. (5), but with the detector

response function and chance coincidence background taken into account.

The results of the least-squares fit for the Zeeman beat frequencies and

values are given in Table I. The A values have been corrected for

A 2

2

the finite solid angle of acceptance and for even isotope abundance. 1In
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most cases, the derived frequencies and A2 values agree within our experi-
mental errors with the calculated values based on the gJ'factors given in

. . .8 . . :
Moore's compilation and the theoretical a_ value of 1/2, respectively.

2
The derived A2 value for Kr at HO = 34G differs from the tﬁeoretical value . -
by more than the assigned error. Because the other three values show

excellent agreement with theory, we do not regard this disagreement as being
significant. In addition, the derived lifetimeé of 3.0 and 3;7 nsec for

the 5s{3/2] J = 1 state of Kr and 6s[3/2] J = 1 state of Xe, respeﬁtively .

are in reasonably good agreement with those obtained at similar pressures

in a previous study.

V.  DISCUSSION

In this work we have demonstrated for the first time‘the feasibility
of producing oriented atomic states (angular correlations) and of observ-
ing quantum coherence effects in their decay (perturbed angular correla-
tions), using pulsed synchrotron radiation. The technical problems of
fast timing and of obtaining sufficient fluorescent intensity at low
“enough pressurés to preserve coherence have been solved. Detecfors with
faster time response, such as channel plates, would facilitate the measure-
ment of quantum beats with considerably higher accuracy. The formalism
used for in-beam experiments in nuclear spectroscopy has been shown to
-predicﬁ our observed results.

It should now be feasible to employ synchrotron radiation at energies
up .through the VUV range and beyond to select;vely populate excited stafés
in atoms and molecules and observe their fluorescent decay. This will
provide a general method for measuring lifetimes, spins (through AZ)’ and

multipolarities if different from dipole, through higher-order terms.
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As in nuclear spectroscopy, it will bé possible to determine 95 factors
even when the substates are unresolved in energy. Atomic and moleculaf
excited-sztate quadrupole moménts are also éccessibie, éxtending fhe
recent Stark quantum beat studies with lasers9 to the VUV rangé, in
analdgy with nuclear guadrupole-moment determinations by perturbed
angular correlations.4 Finally, dynamic processes such as gas-phase
rotational relaxation can be studied through the apparent decay of the

. . . . . 10
A2 coefficient, in analogy with previous nuclear studies.
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TABLE I. Zeeman Frequencies in Krypton and Xenon

b
A
. a Zeeman frequency (MHz) expt. (MHz) 2 o
Kr ISOTOPES abundance (%) angular momentum g-factor HO =.34G HO = 27G HO = 34G 'HO = 27G Ho = 34G Ho = 276
’ . . : ' N
78, 80, 82, 84, 86 88.5 J 1 1.242 59.10 46.93
S 10
83 11.5 F =5 0.226 10.75 8.54
59.4(9) 47.0(5) 0.60(6) 0.52(5)
F % 0.050 2.38 1.89
F Z -0.276 13,13 10.43
2 . T ) J
Xe ISOTOPES
124, 126, 128, 130, :
132, 134, 136 52.39 J 1 ;.204 57.29 45.50
129 26.4 F % 0.803 38.20 30.34
L .
i3 3 1.605 76.39 60.66 .
: 57.9(7) 45.9(7) 0.51(5) 0.47(5)
131 21.2 F % 0.482 . 22.92 18.20
- 3
F 5 0.321 15.28 12.13
1
F 7 -0.80 38.20 30.34

a)Reference 8.
b)Experimental ay values

corrected for isotope abundance and finite solid angle. Geometrical considerations including a line source yield an approXimate

solid angle correction of 0.89 % .03.
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FIGﬁRE CAPTIONé
Experimental geometry.
Zeeman beat measurements for the Kr 55[3/2]1 state. Doté éfe'
real data points with backround subtracted. The lineé represent
the least-squares fit to equation (5). Note that the fits do not
include the prompt response function (centered at channel number
775) and begin at channel numbérs 675 and 700 fér the low and
high field measurements, respectively.
Zeeman beat measurements. for the Xe 65[3/2]1 state. Dots are
real data points with backround subtracted. The lines rgpresent
the least;squares fit to équation (5). Note that thé fits do not
include the prompt response function (centered at chanpel number
783) and begin at channel numbers 686.and 707 for the_low and

high field measurements, respectively.
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