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An interference between electric quadrupole and Stark-induced dipole amplitudes is observed
for the first time in calcium. From our measurement of the atomic polarization produced by this

interference we obtain A(4sdp 'P-4s3d 'D)=(3.68 £0.89 +0.11)x103s~ 1,
that the laser cooling of atomic calcium is feasible.

The intercombination lines of calcium have been con-
sidered possible optical frequency standards. For that
reason, various research groups have expressed interest in
being able to laser-cool neutral calcium through multiple
laser excitation of the 452 'S to 4s4p 'P transition.! The
feasibility of such an enterprise depends on the branching
of the 4s4p 'P state to the metastable 45s3d 'D level. Ex-
cited atoms, which decay to the 4s3d ! D level instead of to
the ground 45218 state, fall out of resonance with the
cooling beam and are lost as far as laser cooling is con-
cerned. Calcium atoms emerging in a beam from a 1000-
K oven will require, on the average, 4 x 104 photon absorp-
tions without a transition to the 'D state in order to be
brought to rest. For efficient cooling, the branching ratio
in question must therefore be less than about 2.5%x10 ~3,
or the A coefficient A(4s4p 'P-453d 'D) must be less
than about 5.5%10% s~!, since A(4s4p'P-452'S)
=2.18x10%s 712

In addition to determining whether calcium can be
laser-cooled efficiently, an accurate value for A(4sdp 'P
-4s3d 'D) is required for a good quantitative test of the
theory of pair absorption in calcium.® Without this value,
the results of the pair absorption experiment of Ref. 3 can
at best be combined with two experiments in barium to
yield a limit on 4(4s4p 'P-4s3d 'D).

Present theoretical values for A(4sd4p'P-4s3d'D)
differ by over two orders of magnitude due to a near can-
cellation between the contributions of different electronic
configurations to the relevant transition matrix ele-
ment.*"® The result reported in the present paper is the
first actual measurement of the rate. The measurement
was made using Stark-electric-quadrupole interference, a
technique recently developed and successfully applied to
dete;'mine the A(5s5p 'P-554d 'D) decay rate in stronti-
um.

Since the technique is described at length in Ref. 9, we
only briefly outline it here. A small, uniform electric field,
directed along y, is applied to the calcium sample, Stark
mixing the original eigenstates of the unperturbed Hamil-
tonian. A forbidden quadrupole transition from the per-
turbed 452 'S state to the perturbed 4s3d 'D level is then
excited with 458-nm light propagating along x. The am-
plitude of the corresponding transition matrix is the usual
electric quadrupole amplitude Q, plus a Stark-induced
electric dipole amplitude S. The latter is dominated by
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This result suggests

the 452 1S to 4s4p ' P transition term, for the main contri-
bution to the perturbation of the 4s53d ' D state is the mix-
ing of the 4s4p 'P level that is only 1802 cm ~! away.
The coefficient of this dominant term is proportional to
[4(4s4p 'P-453d 'D)]'2,

Solving the angular integrals involved in the expressions
for S and Q yields the relative transition probabilities to
the various magnetic sublevels of the 'D state shown in
Fig. 1. Although the interference terms between the
quadrupole and Stark amplitudes cancel in the total inten-
sity, they induce an asymmetry in the populations of the
4s53d 'D state’s magnetic sublevels (i.e., a polarization)
which is proportional to S. Because the 4s3d 'D level is
metastable, the atoms will depolarize long before fluoresc-
ing through collisions and the precession of their angular
momentum vectors about small, stray magnetic fields. To
remedy this problem, we immediately excite the atoms to
4p3d 'F with an analyzing beam at 535 nm propagating
along x. If the analyzing beam is polarized along z, the
asymmetry of the 'D state is transfered unchanged to the
IF level. The resulting asymmetry in the circular polar-
ization of the fluorescence, defined to be the difference in
the number of fluorescent photons which have plus or
minus one unit of angular momentum along the z axis di-
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FIG. 1. Relative excitation probabilities for the various mag-
netic sublevels. S and Q represent the Stark and quadrupole
amplitudes. The solid (dashed) lines represent the transitions
corresponding to a pump beam polarized along y (z). In both
cases, the analyzing beam is polarized along z.
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vided by the total number of detected photons, is
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where we have used the fact that the Stark contribution is
much smaller than that of the quadrupole term for the
electric field strengths used in this experiment. Here, K
equals 1 when the light that pumps the forbidden quadru-
pole transition is polarized along y and 3 when it is polar-
ized along z. The sum is over all P states. R, is the
relevant radial matrix element between states a and b as
defined in Ref. 9, and w,; is the angular frequency separa-
tion between these states. We note that Rpg has the di-
mension of length squared, while the other radial matrix
elements have the dimension of length. F is the magni-
tude of the electric field, e the charge of the electron, and
¢ the speed of light.

Experimentally, it is the above asymmetry that we mea-
sure. To determine the apparatus’ efficiency for detecting
this asymmetry, we create a known asymmetry in the pop-
ulations of the 'D state’s magnetic sublevels. This cali-
bration asymmetry is produced by applying a magnetic
field of magnitude 18.9 £0.1 G along z and tuning the
458 nm laser to the side of the atomic resonance, thereby
preferentially exciting one of the Zeeman-shifted magnet-
ic sublevels. From a knowledge of the quadrupole
transition’s absorption profile 7(v) one can predict how
large this Zeeman-induced circular polarization asym-
metry should be:

I(Vb —C[.loB/h) "I(Vb'l"C#oB/h)
I(Vb—C/.loB/h)+1(Vb+C,uoB/h) ’

A expected K

where v, is the frequency at which the laser is detuned.
Here, C =2 when the 458 nm light is polarized along y
and C=1 when it is polarized along z.

By methods described later in the paper, the 458 nm
laser was found to be well approximated by a Lorentzian
profile of width [full width at half maximum (FWHM)]
Av; =3.6 0.2 GHz. The absorption profile is therefore
a Voigt curve, the convolution of the laser’s Lorentzian
profile with the transition’s Gaussian frequency distribu-
tion:

+ exp{[2(In2) (v — v)1/Avp} 2
I o«
e, 1+4[(v—v))/Av,]?

where Avp =2.18 GHz is the Doppler width (FWHM) of
the quadrupole transition for a cell temperature of 860 K,
vi is the frequency at which the laser is tuned, and vg the
quadrupole transition frequency. A fit of the observed
calcium absorption scan in zero magnetic field to the anti-
cipated Voigt profile is shown in Fig. 2.

The 458 nm quadrupole transition is excited by a trans-
versely pumped dye laser. The nitrogen pump has a
(4 = 1)-ns pulse with an energy of 2 to 3 mJ. A 2.5 mm,
85% reflecting étalon (Burleigh model FG-6), and an
1800 lines/mm diffraction grating with a 340 nm blaze
(Instruments SA) define the laser frequency. A telescope
(Oriel, x40) is used to expand the beam to the dimen-
sions of the tuning elements. With a single-stage
amplifier, the dye laser output is typically 80 uJ per pulse.
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FIG. 2. Voigt fit of the 452'S-4s3d ' D transition in atomic
calcium.

The laser’s profile and bandwidth were determined us-
ing the cesium ground-state hyperfine structure. The
technique consists in scanning the laser across the two
transitions from the 62S),, ground state to either the
72P1/2 or 72P;; states. These two transitions, whose
respective resonant wavelengths are 459 and 456 nm,
nicely flank the 458-nm calcium quadrupole transition,
making it possible to test the laser’s behavior over a range
of wavelengths centered at the wavelength at which the
experiment is performed.

Each line was scanned over a range of 20 GHz, and the
intensity of the 852 nm cascade fluorescence was record-
ed. The data for each fine-structure transition are well
fitted by a pair of Lorentzians, strongly suggesting that
the laser’s profile, which is the main contribution to this
absorption profile, is also Lorentzian (Fig. 3). The known
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FIG. 3. Lorentzian fit of the cesium 62S/,-7 2P3/, absorption
profile.
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separation of the two ground-state hyperfine components
(F=3 and F=4) (Ref. 10) served as a means of calibrat-
ing the frequency axis of the fit plots. The averaging of
the deduced laser widths measured before and after the
actual experiment yields a Lorentzian laser width
Av; =(3.6 £0.2) GHz. This average value includes a
correction for a cesium Doppler width of 773 MHz. The
result is consistent with width measurements made with a
Fabry-Perot spectrum analyzer.

The 535-nm analyzing transition is excited by a flash-
lamp pumped dye laser that typically outputs 0.22 mJ in a
500-ns pulse. The output was attenuated by a factor of
about 10 to optimize the experimental signal to noise.
The dominant background contribution, which is associat-
ed with scattered 535-nm light, was usually less than 5%
of the signal. The other laboratory instruments, the basic
operating parameters, and the experimental procedure are
essentially those described in Ref. 9. A total of four days
of data are included here. The results are summarized in
Table I. The polarization of the 'D state is found to be
positive along z when E is along +y and k is along +x.
As predicted by theory, the measured asymmetry changes
sign as the propagation direction of the 458 nm beam is
reversed. The data are also consistent with the prediction
that the asymmetry, resulting from a geometry in which e
is parallel to the z axis, should be 3 of the asymmetry
produced by light polarized along y.

Once the appropriate factors of > and sign changes
have been taken into account, the normalized data from
these four days agree within the quoted experimental un-
certainties and may be combined. The results are shown
in Fig. 4, where the combined, measured, and normalized
asymmetry (i.e., the polarization of the 'D state) is plot-
ted versus the potential difference applied to the cell’s
electrodes. The slope and the intercept associated with
the best-fit line are, respectively, (3.87+0.14)x1073
V" 'and (—0.24 £0.37)x10 3. We note that the inter-
cept is consistent with zero: when no field is applied, there
is no Stark mixing of the atoms’ states and, therefore, no
interference and no asymmetry.

A value for the spontaneous decay rate
A(4s4p 'P-453d 'D) can be deduced from the above
slope through an equation which is derived from Eq. (1)
and from expressions relating the radial matrix elements
Rups, Rpnp, and Rps to their corresponding A coeflicients
(Ref. 9). We find, assuming that the entire measured

TABLE 1. Results of an independent analysis of each days
data. k is the propagation direction of the beam that pumps the
quadrupole transition and e is its linear polarization direction.
The analyzing power is defined to be the observed Zeeman in-
duced circular polarization asymmetry divided by Aexpected- Afuo
has been corrected for the analyzing power.

k e Analyzing power (%) Afvo (%/kV)
+x y 78.3%+4.7 3.48 +0.35
+x z 64.1 £10.7 2.40 £ 0.47
—-Xx y 82.1x4.7 —3.471+0.36
-Xx y 844+24 —4.15%0.18
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FIG. 4. The normalized polarization of the 'D state as a
function of applied voltage. The electrode separation is 6.96
mm.

asymmetry is due to the mixing of the 4s4p ' P, level,
A(454p 'P-453d'D)=(4.32+1.05+0.96)x103s ™! .

The first uncertainty is the combination of the one stan-
dard deviation, uncertainty in our measured asymmetry
with the uncertainties associated with the various other
experimental parameters used to deduce A(4s4p'P-
453d 'D). The main contribution to this uncertainty is
the 20% uncertainty associated with the measurement'! of
A(4s3d 'D-45s2'S)=(40=%8)s~!. The second uncer-
tainty represents the maximum modification the Stark in-
terference associated with higher 'P levels (n > 5) could
produce in our result.

This second uncertainty is deduced making the conser-
vation assumption that all of the higher P levels have the
same sign of the relevant radial matrix elements, but al-
low that this sign may be the same as or opposite to the
dominant (4s4p)'P term. The values for the 4snp 'P to
452 'S oscillator strengths (n < 17) used to determine the
magnitudes of the various radial matrix elements, are
those of Ref. 2. A(4snp 'P-453d'D), n=5 and 6 are
taken from Ref. 12, while n=7 and 8 are from Ref. 5.
For larger n, we assumed that the relevant A4 coefficients
continue to fall off with the anticipated 1/n > dependence.

A better estimate of A4 (4s4p 'P~4s53d 'D) can be ob-
tained if the signs of the various radial matrix elements
are known. The signs for the radial matrix elements R,ps
and Rp,p with n <9 have been generously provided by
George Victor. He predicts that all of these radial matrix
elements are positive except for Rpsp. With these signs
taken into account, our result becomes

A(4s4p 'P-453d'D)=(3.68 +£0.89+0.11)x103s ! |

In Table II, we list theoretical and experimental esti-
mates of A(4s4p 'P-453d 'D). The experimental limits
from Ref. 3 have been corrected to include the most re-
cent measurement of 4(6s6p 'P-6s5d 'D) in barium.!?
Our result suggests that the laser cooling of neutral calci-
um is feasible.
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TABLE II. Calculated (7) and experimental (E) values for the calcium 4s4p 'P-453d'D A
coefficient.
A(4s4p'P-453d'D) (s~ 1) Method Reference
4.6x10* T(velocity representation) 4
4.67x103 T 5
3.5x10° T(length representation) 4
2.3x103 T 6
7.8%x102 T 7
2.3%10? T 8
(0.2-6)x103 E 3
(3.68+0.89£0.11)x103 E Present result
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