
VOLUME 56, NUMBER 8 PHYSICAL REVIEW LETTERS 24 FEBRUARY 1986

Observation of an Atomic Stark-Electric-Quadrupole Interference
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An interference between electric-quadrupole and Stark-induced dipole amplitudes is observed for
the first time. Measurement of this interference in atomic strontium permits the first experimental
determination of the decay rate between the lowest 'P and metastable 'D levels in an alkaline-earth
atom. We obtain the result A (5s5p-5s4d ) = (3.85+ 0.94+ 0.53) x 10' s

PACS numbers: 32.60.+ i, 32.70.Cs, 35.80.+s

Stark-interference techniques provide powerful tools
for the investigation of weak atomic transition ampli-
tudes. Highly forbidden magnetic-dipole amplitudes in
cesium and thallium have been successfully deter-
mined by use of Stark —magnetic-dipole interfer-
ences. '2 Recently, atomic parity nonconservation due
to neutral weak currents has been observed with use of
Stark-interference methods. 3 ' Theoretically, interfer-
ence between the Stark and electric-quadrupole ampli-
tudes results in a polarization of the excited atomic
state in a direction orthogonal to both the propagation
direction of the exciting radiation and the applied elec-
tric field. By use of this interference term, it is possi-
ble to measure the relative strengths of the Stark and
electric-quadrupole amplitudes even on transitions
where the quadratic Stark effect is unobservably small.

We report here the first observation of an interfer-
ence between Stark and electric-quadrupole amplitudes
in an atom. Our measurements have been carried out
on the (Ss')tS-(5s, 4d) tD transition in strontium. By

I

observing the interference on this transition we are
able to determine the transition rate from the lowest
'P state to the metastable 'D states of strontium.
Present theoretical values for this decay rate differ by
over 2 orders of magnitude as a result of a near cancel-
lation between different electronic configurations. ~s
This decay is critical in the determination of the feasi-
bility of the laser cooling of Sr. In addition, it is of in-
terest in studies of energy pooling and two-photon and
anti-Stokes lasers. While upper limits on the decay
rates from the lowest 'P to the metastable 'D state
have been previously reported in barium and calci-
um, to the present work represents the first actual mea-
surement of such a decay rate in the alkaline-earth
series.

The (Ss2)tS-(5s, 4d)'D transition is excited by a
496-nm laser, propagating along x. The excitation oc-
curs in the presence of an electric field (F) along y
that modifies the original eigenstates of the unper-
turbed Hamiltonian:

l4D) = 14D) + X
g='P and 'F
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In the above expression the operator I'is the sum of the y coordinates of the atomic electrons, while E„represents
the energy of the n th eigenstate. The amplitude of an electromagnetic transition matrix element (EM) connecting
the perturbed SS and 4D states will then have an electric-dipole (El) amplitude in addition to the usual electric-
quadrupole (E2) amplitude:

«D l«15s& = (4D IE2lss& + eFX «D I 1'IlnP& (nP IEII5S& + (4D IEI lnP& (~PI y lss&
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The two dipole and the quadrupole transition matrices
here may be written respectively as

Im~„ps(n'Plx, l S)
—imt0„pD $,. ('D Ix, ln'P& e,

—,
'

m „k $, ('D lx, x, I' S) ',
where x, is the coordinate of the jth electron, cu,b is
the angular transition frequency between the states a
and b, and k and i are the propagation and polarization

meF y t0npDS=-
t~&~,p, ~ops

~nPS
+nPD ~nPS

vectors associated with the 496-nm radiation. Solving
the angular integrals yields the relative transition prob-
abilities to the various magnetic sublevels of the 'D
state shown in Fig. 1. The quantities S and 0
represent respectively the Stark-induced dipole and the
electric-quadrupole transition amplitudes and are given
by
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FIG. 1. Relative excitation probabilities for the various
magnetic sublevels. 5 and Q represent the Stark and quad-
rupole amplitudes. The solid (dashed) lines are the transi-
tions for the two beams polarized along y (z).
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FIG. 2. Experimental apparatus. The high-voltage elec-
trode is centered in the cell. A flat electrode held at V = 0
(not shown) rests on the cell tloor.

Q= —m~z RDs/2c J3O,

where the R,b is the relevant radial integral between
the states a and b. The energy separation between the
5P and 4D levels in strontium is particularly small
( = 1550 cm ), so that the infinite sum for S is dom-
inated by the mixing of the 5P level. Upon examina-
tion of Fig. 1 it is evident that the interference terms
between the Stark and electric-quadrupole amplitudes
cancel in the total intensity. The interference does,
however, result in a polarization of the 'D state along
z: PI =EQS'/iQl, where we have assumed )Si'(( ~Qiz and have introduced the parameter K that
has the value 1 for e along z and 2 for e along y. To
analyze PI, the 'D state is excited to the (5s, 7p)tP
level with a 533-nm laser, propagating along —x and
linearly polarized parallel to the polarization of the
496-nm laser. The resulting polarization of the 'P lev-
el (see Fig. 1) is analyzed by examination of the circu-
lar polarization of its decay fluorescence at 533 nm.

A schematic of the apparatus used is shown in Fig.
2. The experiment is performed in a stainless-steel
cross cell with about 0.1 Torr of helium present to
keep the windows from coating with Sr. The Sr densi-
ty is about 10 ' cm . Three pairs of rectangular
magnetic field coils are used to cancel the Earth's field
and to apply external magnetic fields for calibration
and diagnostics. The stainless-steel electrode structure
has been designed to minimize discharges and
scattered-light backgrounds. The spacing between the
parallel electrodes is 6.94 mm at our operating tern-
perature. High voltage is applied across these elec-
trodes in 1-p,s pulses in order to minimize discharge
effects and the resulting screening of the field.

A flashlamp-pumped dye laser excites the 496-nm
transition. The l-mJ, 0.5-ps laser pulse is carefully
overlapped with the electric field pulse. Approximate-

ly 20 mW of 533-nm radiation is generated by an
argon-ion-pumped dye laser. Two phototubes, orient-
ed along the + x axis and equipped with identical cir-
cular polarization analyzers and interference filters,
detect the 533-nm decay fluorescence from the 'P
state. The integrated current from these phototubes is
digitized and stored after each laser pulse. The differ-
ence of the phototube signals divided by their sum
yields an asymmetry (q) that is proportional to the po-
larization of the 'D level, and is independent of the
laser intensity and frequency fluctuations.

In order to determine the linear coefficient that re-
lates the observed asymmetry to the atomic polariza-
tion, a known polarization must be created along z.
This calibration polarization is produced by replacing
the electric field by a magnetic field (B) along z and
tuning the 496-nm laser to the side of the atomic reso-
nance. The preferential absorption by the magnetic
sublevels Zeeman shifted towards line center results in
a polarization of the 'D state: P, =4& ln2hyy, /y, .
Here y, =tu, &8/It is the Zeeman splitting of the 'D
state, y, is the FWHM of the Gaussian absorption
profile, and hy is the laser detuning from line center.
The expression for P, assumes that y, (( y, . The
magnitude of Ay is equal to —,'y, [ln(r)/In(2)]'~',
where r is the ratio of the absorption intensity at line
center to the intensity observed on the side of the line.

is determined through the equation y, = [(yo)'
+ (y&) ]'~, where yD and y& are respectively the
Doppler and laser widths. yD is determined from the
measured cell temperature to be 1.34 GHz. The laser
profile is observed by means of a Fabry-Perot etalon
and found to be approximately Gaussian with a width
of 750+ 100 MHz. The resulting absorption width has
also been measured directly and is found to agree quite
well with the predicted width. The effect of the optical
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isotope shift on I', was considered and found to be in-
significant.

Data are collected by summing the integrated photo-
tube voltages over ten laser pulses and constructing
the asymmetry q. The electric field is then reversed
and the asymmetry is constructed from the signals
averaged over the next ten laser pulses. Since Pl
changes sign with the reversal of F, the average differ-
ence of these asymmetries q is formed.

The normalization data are collected in an identical
manner except that (I) the reversing electric field is
now replaced by a reversing magnetic field along z
with a magnitude of 18.9+ 0.1 G; and (2) the 496-nm
laser is tuned to the side of the absorption profile so
that r = 4. Because the normalization asymmetry re-
verses with the sign of hy, the average difference is
taken between alternate data sets, collected with the
laser detuned to opposite sides of the line profile.
Between each data set the magnitude of the signal at
line center is measured so that r and the magnitude of
b y may be precisely determined.

%iih the analyzing laser polarized along y and a
magnetic field along z, the excitation frequencies asso-
ciated with the analyzing transition are different for
the various magnetic sublevels. If the frequency of
the analyzing laser drifts to either side of line center,
polarizations are induced in the 7P level. To avoid this
potential systematic error, only data with the laser po-
larizations aligned along z are included in our analysis.

A total of four days of data are included in our final
data set: two with k along x and two with k along —x.
The electric-quadrupole amplitude changes sign with
the reversal of k, resulting in a sign change in PI. If
this sign change is accounted for, the normalized data
from these four days agree very well and may be com-
bined. The results are shown in Fig. 3. While the data
are reasonably well fitted by a straight line, there ap-
pears to be some deviation from linearity at the
highest voltages. %e believe this deviation to be due
to partial shielding of the applied field at these voltages
by space charge. These charges are probably liberated
by the weak, pulsed glow discharge which is observed
at high voltage. The slopes (s) and intercepts (i) asso-
ciated with the best-fit lines found when successive
high-voltage points are eliminated are, in units of per-
cent per kilovolt and percent, respectively, 0-500 V,
s = 2.07 + 0.08, i = 0.38 + 0.10; 0-400 V, s = 2.22
+0.10, i =0.22+0.19; 0—300 V, s =2.46+0.14, i
=0.00+0.21; and 0-200 V, s =2.46+0.20, i =0.01
+ 0.24. Since the zero-voltage point corresponds to a

difference being taken between two identical
geometries, we expect that the correct line must pass
through the origin. On the basis of these considera-
tions we have decided to exclude the 400- and 500-V
data from our analysis. The slopes analyzed separately
for k along +x and —x are respectively 2.62+0.23

and —2.37 + 0.18, clearly exhibiting the anticipated
change of sign. With inclusion of the uncertainty asso-
ciated with the laser width, our results imply that at
7=1 kV/cm, S/Q=(1.71+0.11)'/o. The observed
polarization is in the + i direction when F is along j
and k is along x.

To deduce the spontaneous decay rate A (SsSp 'P
Ss4d'D) from our measured polarization we require
the radial matrix elements Agp and Ega. These are
obtained from the transition rates through the expres-
sions

A (5s Sp 'P-5s Ss 'S) = —,
'

ucos3pRsp/c

= (2.04 + 0.05) x 10 s

(experimental summary in Ref. 7) and

A (Ss 4d 'D 5s 5s 'S—) = ,', no—)ssDRsD/c = 44.7 s

(Ref. 8). In view of the excellent agreement between
theorys and experiment" on the comparable quadru-
pole transition in calcium, we assume that the predict-
ed quadrupole decay rate is in error by no more than
20'/0. Using these values, our results, the expressions
for Q and S, and the equation A (SsSp 'P-Ss4d 'D)
= —,ncup3DRD2p/c2 and assuming that our entire polari-
zation is due to the mixing of the 5'P level, we find

A (SsSp 'P-Ss4d 'D)

= (3.85 + 0.94 + 0,53) x 103 s

The first uncertainty represents the combined one-
standard-deviation statistical uncertainty and the
second represents the maximum modification of our
result that could be expected from the Stark interfer-
ence associated with all the other 'I' levels. In order to
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FIG. 3. The normalized polarization of the 'D state as a
function of applied voltage. The t~o circled points have not
been included in the linear fit sho~n.
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Reference Method

Semiempirical
HF/
HFv
MC HF/
MC HFv
Relativistic ~ith

core valence
correlations

Result (s ')

1.1 x 10'
4.8 x 10
1.0x 10

2770
800

TABLE I. Theoretical values for 3 (5s5p 'P S-s4d 'D) in

strontium. MC = multiconfiguration, HF = Hartree-Fock,
/ = length representation, and v = velocity representation.

knowledge of this important decay rate. We now hope
to use this technique to measure the comparable tran-
sition rates in Ca and Ba.
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'Reference 6.
Reference 7.

'Reference 8.

arrive at this latter number we use the oscillator-
strength measurements of Parkinson, Reeves, and
Tomkins" to determine the magnitude of A (Ssnp-
'P-SsSs 'S) and the corresponding Rs„p for
5 ( n & 22. Using the n'P lifetime measurements of
Jonsson et al. ' we place an upper limit on
A (Ssnp 'P-Ss4d'D) and the corresponding R„pD by
making the conservative assumption that the decays to
the ground and metastable states together account for
the total observed lifetimes. The contributions of the
states with n & 21 are calculated by taking the ob-
served rates for high n and assuming that they contin-
ue to fall off with the anticipated I/n' dependence.
The infinite sum is easily calculated and found to pro-
duce only a small effect. In arriving at this upper limit
we also make the conservative assumption that the
signs of all the contributing terms are the same, but al-
low that this sign be either the same as or opposite to
that of the dominant term of interest.

In Table I we list the previous theoretical estimates
of this decay rate. It is evident that our result
represents a vast improvement over the previous
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