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Lifetime measurement of the Mg I intercombination line
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The lifetime of the 3s 'So —3s3p P& intersystem transition of magnesium has been measured by
different authors; however, a noticeable discrepancy appears mostly between two groups of measure-
ments. We have measured the P& decay time constant in a metastable atomic beam with a combined
laser-microwave excitation technique, based on the 1.5-m downstream detection of the fine-structure
transition 'P, - Po (at 601 GHz) with and without laser optical pumping. Due to the decay of the P&

state, a population difference between 'P& and Po levels arises before the interaction of the microwave
radiation with the atomic beam allowing the observation of the P

&

- Po magnetic dipole transition', its in-

tensity is then related to the P& decay time constant. Afterwards, the P& state is entirely depopulated
through optical pumping just outside the beam exit. The microwave-induced transition intensity in this
case is independent of the P& decay constant, with all of the other parameters of the experiment being
unchanged. The ratio between the microwave-induced transition probabilities in the two cases is sensi-

bly dependent on the P, lifetime, allowing a determination of its value unaffected by the knowledge of
absolute parameters such as atomic Aux and detection efficiency, whose evaluation at a sufficient degree
of precision may be unreliable. The result of our measurement is ~('P& )=5.1+0.7 ms, which is in good
agreement with a group of experimental data previously reported in the literature and with theoretical
predictions.

PACS number(s): 32.70.Fw, 32.80.Bx

I. INTRODUCTION

The intercombination lines of alkaline-earth metals
have been widely considered in the literature due to their
spectroscopical and astrophysical interest [l]; the metro-
logical interest for Mg and Ca intersystem lines is more
recent: They have been recognized to be good candidates
as reference transitions for highly accurate frequency-
wavelength standards in the visible region of the elec-
tromagnetic spectrum [2]. Moreover, a submillimetric
frequency standard, based on the P, - Pp hm =0 transi-
tion has been developed [3], where the decay of the Pi
level to ground state along a metastable atomic beam is a
natural mechanism for state selection as well as a highly
efficient way of detection.

In the fields considered above the P
&

- Sp decay time
constant r( P, ) plays an important role and its value has
been estimated theoretically and/or measured experimen-
tally for different alkaline-earth atoms; a problem exists
for magnesium: Several authors have measured the P,
Mg lifetime, but the reported data lead mainly to two
different values, the first centered at about 2 ms [4] and
the second at about 5 ms [5].

The deviation from the pure Russell-Saunders coupling
(LS coupling), due to magnetic interaction that mixes
different LS states with the same J quantum number, is
the main origin of the weakly allowed Mg intersystem
transition as well as of the Lande anomaly observed for
the fine-structure transitions in the P' ' term. Even if
the Lande anomaly is known with high precision from
the frequency measurements reported in [3] and [6]

vi P2 Pi i/vi Pi Poi =2.0-29971, -

it is not easily linkable to r( P, ), at least for the Mg case;
an ab initio full quantum-mechanical treatment is then re-
quired for the theoretical estimation of the r( P, ) value
(see, for example, [7] and references therein).

In this paper, we report an experimental technique to
measure the P& decay time constant well suited for the
Mg weakly allowed transition, based on a combined
laser-microwave excitation method in separated zones of
a metastable atomic beam. As will be shown in Sec. II,
this technique provides a result that is strongly indepen-
dent of various parameters such as laser and microwave
intensities, radiation patterns, atomic flux, and detection
efficiency and sensibly dependent mostly on the r( Pi)
constant, allowing an unambiguous determination of its
value.

II. THEORETICAL DESCRIPTION

Let us consider the measurement system shown in Fig.
1. An Mg metastable beam interacts in two separated
zones with the radiation of a laser tuned to the S&- P&
transition frequency and with the submilhmetric field in
resonance with the P~- Pp magnetic dipole transition;
further downstream, a photomultiplier is used to detect
the fluorescence light at 457.1 nm corresponding to the
spontaneous decay of the P& level to ground state. We
consider now the following cases.

(i) No radiation applied to the atomic beam. In this
case a background signal is observed at the photomulti-
plier (PM) output due to the Pi 'So natural decay. -

(ii) Only the laser radiation interacts with the atomic
beam. In this case the atoms in the P] state are optically
pumped into the Pp and P2 states whose transitions to
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FIG. 1. Schematic representation of the system used for the measurements; relevant Mg energy levels are also reported.

ground level are strongly forbidden: As a consequence,
the background signal observed in case (i) is reduced de-

pending on the pumping efficiency.
(iii) Only the submillimeter radiation interacts with the

atomic beam. In this case, just before the interaction re-
gion a population difference between the P& and Po lev-

els exists due to the P, spontaneous decay: A popula-
tion inversion is then induced after the interaction with
the submillimeter field that increases the fluorescence sig-
nal observed at the PM output by a quantity related to
the preexisting population difference.

(iv) Both the laser and the submillimeter radiations in-

teract with the atomic beam. In this case the background
signal is reduced as in case (ii) and the signal induced by
the submillimeter radiation increases with respect to case
(iii) due to the larger population difference produced by
the laser optical pumping.

The ratio between the two signals induced by the sub-
millimeter radiation in cases (iv) and (iii) is related to
r( P, ) in a definite way; the relation between the two
quantities is deduced in the following part of this section.

Let us consider the change S(Q) of the fluorescence
signal induced by the submillimeter radiation; it may be
expressed in the following way (see also [8]):

S(Q)= ,'ri@vkrvF—W (P(Q) &,
6

where 6 is the photocathode observation solid angle, g is
the efficiency of production of metastable atoms, No is the
atomic flux (atoms s ') in the ground state at the collima-
tor output, AcoF is the energy of the fluorescence photon,
A is the PM responsivity (V W ), (P(Q) & is the transi-
tion probability induced by the submillimeter radiation,
and Q=cu —coo is the detuning between the submillimeter
frequency co and the atomic transition frequency.

The ratio between the signals observed in case (iv),

S2(Q), and in case (iii), Si (Q), is given by

S,(Q) (P(Q) &,

S,(Q) (P(Q) &,
(2

The left-hand-side ratio of Eq. (2) may be measured
with good resolution in the experiments (better than 5%)
and depends only on the induced transition probabilities
evaluated with and without optical pumping. The ex-
pression of (P(Q) & may be written as follows [9]:

(P(Q) &
=f f f f(8)f' (u )p (v )

—)'z& )/(rv ) —(z& )/(rv)A JP
)

XA(R'3 '+R~ ')d &do dv, (3)

where f(8) is the normalized angular profile of the atom-
ic beam; 1 v(v) is the deformation function [10], which

takes into account the possible angular dependence of the
velocity distribution; p (v) is the velocity distribution of
the metastable atoms [11];

b(R'3~'+R'~')=(R'3~'+R' ')co (R3 '+R' —')~

with co„ the Rabi angular frequency; R3 ', R4I' are two

components of the Block vector as defined in [8] and [9]
just at the end of the interaction region; and A is the sec-
tion of the atomic beam.

The expressions of the Bloch vector components for
the submillimeter interaction in the Ramsey cavity have

been derived in [8] and [9] in the case Q=0 and omitting
the effect of the decay constant ~ in the single interaction
zone; the first hypothesis is of no importance for our ex-

periment while the second one requires r( P, ) »2pvlu,
with Zpo the e ' diameter of the Gaussian Geld intensity

inside the electromagnetic cavity.
The two cases of interest for this work, laser optical

pumping "on" and "ofF;" deGne two different "initial con-
ditions" before the interaction region; starting from ex-

pression (3), with the use of the formalism reported in [9],
a straightforward computation leads to the following ex-

pression:
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&P(0)),
& P(0)),

f f f f(8)I e(u )F (v)(1+—,'e )sin (d8 do du
8 A v

f f f f(8)I ()(v)F (v) (1—e ' )sin g+4e " '
tanh sin d8do dv

e A 4rv 2

(4)

where

and
—(1/2)(Ppotan())

7TCOgPp

cos8

—~'»po 2~
e cosPx, P=

zA, z&,I.,zi, and zL are defined in Fig. 1.
The expression of g is written for a TEMoo Gaussian field inside the cavity with a standing wave along the x direc-

tion. A Boltzmann distribution for the metastable levels has been assumed in deriving Eq. (4). Expression (4) simplifies

in the low-field case ((vii ~0) and for I ()(u)-1 (we will reconsider this hypothesis in Sec. III), leading tof,F (u)[1+(1/2)e " ]du
0

(5)

F u 1 —e ' 1 —tanh
0 U2 p 47U

Equation (5) is independent of the submillimeter field
coupled to the cavity and of the laser field, when applied,
provided the optical pumping completely depletes the P&
state before the interaction region; Eq. (5) depends only
on the geometrical parameters of the experimental setup
and on the metastable atom velocity distribution F (u);
the two factors enclosed between square brackets in the
numerator and denominators are related to the popula-
tion difference between the P& 0 and Pp levels withj
and without optical pumping, respectively.

III. EXPERIMENTAL SETUP AND RESULTS

The source of metastable atoms used in this experiment
is the same described in [11];the Mg atoms effuse from
an oven operating at 520'C and are excited to the meta-
stable triplet via collision with low-energy electrons. The
total beam divergence after collimation is 68=10 mrad,
the total atomic flux in the beam is 40-4 X 10'
atoms s ', and about 40% of them are in the P states at
the optimum discharge current. The velocity distribution
of the metastable atoms is given by

r

p (v, I}=A — e ' ' ' ' sinh
U ~ 2. KI

(6)
CX V

where A is a normalization constant; a is the most prob-
able velocity in the oven; y is a positive number higher
than 3, which takes into account the elastic collision
effect; I is the discharge current; and H and K are con-
stants dependent on the excitation and deexcitation cross
sections of Mg and on the discharge geometry.

For our source the following values apply:
a=736 ms ', y=4. 5, H=2200 ms 'A ', K=1540
ms 'A '. The wavelength of the optical pumping tran-
sition, in resonance with the S,- P, Mg transition, is

)(,=517.4 nm (v=19 326.935 cm '); it is generated by a
Coumarin 6 ring dye laser, pumped by the 488-nm emis-

sion of the Ar+ laser, and frequency locked to an external
reference cavity. The laser interaction region is at a dis-

tance zL =0.5 m downstream from the atomic source;
further details regarding the polarization of the laser
beam and the efficiency of the optical pumping of the
metastable states of Mg may be found in [12].

The interaction between the Mg atoms and the submil-
limeter radiation is obtained via a Ramsey cavity (doubly
folded open resonator} with a spatial selector of the atom-
ic trajectories as described in [3]; the distance between
the first interaction region and the atomic source is
z& =1.11 m and the Ramsey cavity length is L =30 cm.
The submillimeter source is a backward-wave oscillator
(BWO) phase-locked to a high spectral purity quartz os-
cillator via a low phase-noise frequency multiplication
chain, ' the Pi- Pp ANlj =0 transition frequency of Mg
is (vo/2m. =601277157860+20 Hz [3]. The PM detects
the intercombination fluorescence light Q, =457. 1 nm)
emitted in the region between z„=0.5 m and zz =0.7 m
from the second interaction zone.

The record of the Mg S,- P& transition is shown in
Fig. 2: It is the PM output when the laser frequency is
scanned in the absence of the submillimeter radiation
[case (ii) of Sec. II]; the Mg transition and some Mg
hyperfine-structure transitions are observed as well. The
decrease of the P, fluorescence light for the Mg atoms
corresponds to a nearly full optical pumping of thp P,
state, as required to derive Eq. (5); the laser power densi-
ty is 15 mW/cm . In Fig. 2 the baseline level of the reso-
nances is the fluorescence signal due to the natural decay
of the P, atoms when no radiation is applied.

When the dye laser is tuned to the S,- P2 transition
frequency, the Mg fluorescence signal is enhanced by a
factor of 2.1, in agreement [12] with the hypothesis of a
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FIG. 2. S,- P& Mg transition observed through the 457.1-
nm fluorescence light; horizontal 200 MHz/div; vertical, 200
mV/div; video bandwidth, 10 kHz.
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FIG. 3. P&- Po 3 m, =0 Ramsey signal for Mg. (a)
Without optical pumping; (b) with optical pumping. The verti-
cal axis is normalized to the peak value of curve (a)
0/2m =0~vo=601 277 157 860 Hz.

Boltzmann distribution of the atomic population in the
metastable triplet, as assumed in the derivation of Eq. (4).
The Ramsey signal, detected at the PM output, corre-
sponding to the P&- Po hm =0 transition of Mg is
shown in Fig. 3 with and without optical pumping [cases
(iv) and (iii) of Sec. II, respectively]; the above signals
have been tested to be proportional to the submillirneter
power coupled to the cavity, in order to satisfy the hy-
pothesis co+ ~0 required to obtain Eq. (5). The vertical
axis of Fig. 3 is normalized to the peak value (Q=O) of
the signal in the absence of the laser pumping power and
then coincides with the left-hand-side ratio of Eq. (5); the
discharge current is I=300 mA.

The experiment has been repeated for difFerent current
settings: The ratio between the peak amplitudes of the
Ramsey fringes versus the discharge current is reported
in Fig. 4, where each point is the mean of nine measures
with an absolute standard deviation of +0.2. The con-
tinuous curves are obtained from a numerical evaluation
of Eq. (5), having assumed for the parameters of the ve-
locity distribution the values reported in this section; the
curve corresponding to ~=5. 1 ms represents the best fit
for the experimental data.

100 200
I

300 400

FIG. 4. Ratio between the peak amplitudes of the Ramsey
fringes with and without optical pumping vs the discharge
current. , experimental values;, theoretical evaluation.

IV. DISCUSSION OF THE RESULTS

The value of the decay time constant r( P
&

) is deduced
from the experimental results via Eq. (5), which relies on
the following main hypotheses: Submillimeter low in-
teraction field (co+ ~0); full optical pumping of the P,
state; Boltzmann distribution for the Po, z states; atom
transit time negligible with respect to the P& decay con-
stant in each interaction region: 2pp/v ((I( Pi ); and ax-
ial velocity distribution uniform in the atomic beam sec-
tion: I'8( U ) = 1.

As far as the first four hypotheses are concerned, they
are widely satisfied by the experimental arrangement, as
noted in Sec. III. In order to satisfy the last hypothesis,
we have avoided operating at high discharge current lev-
els (I(500 mA) to reduce possible velocity-dependent
diffusion processes in the region of production of the
rnetastable beam, moreover, no significant change in the
experimental results has been observed changing the
beam divergence from 10 to 25 mrad.

Furthermore, quenching effects of the PJ states have
not been observed in the pressure range 1 —5 X 10 Torr,
in agreement with the collision deexcitation cross section
reported for the metastable Mg states (cr~ ( 1 A at 300 K
[13]). The absence of systematic quenching eiFects, more-
over, is also proved by the measured eSciency of produc-
tion of metastable atoms (40%) in agreement with the
theoretical value expected from the excitation and deexci-
tation cross sections of the P states [11). Our result is
then unaffected by the vacuum level of the experimental
apparatus or from Mg gas in the 'So ground state due to
partial reAection of the atoms from the collimators and
from the end of the vacuum chamber.

The main source of uncertainty in the application of
Eq. (5) to derive the r( P& ) value is then related to the
knowledge of the metastable atom velocity distribution:
Allowing a fluctuation range of +10% for the parameters
H, E, and y around the nominal values reported in [11],
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an uncertainty of +0.5 ms turns out for the estimated
value. Taking into account the experimental uncertainty
and reproducibility of the measurements, we assume a to-
tal conservative uncertainty of +0.7 ms; then

r( P, }=5.1+0.7 ms

current I, giving rise to a "significant decrease in the
measured lifetime when the current changes from 75 to
250 mA", as noted in [4].

At the relatively low current values used in [4], relation
(6) gives

or

A =r '=(1.9+0.3}X100s

U 2/ 2

p (u)=A — ea

This result is in good agreement with the theoretical [7]
and experimental [5] values reported in the literature.

Furthermore, it must be remarked that the experi-
ments for the magnesium atom reported in [4] are not in
contrast with the present value if they are refitted with
the velocity distribution reported in [11]. In fact, in [4]
the following velocity distribution has been guessed
(modified Maxwellian) for the metastable atoms:

P
Vp(u)=c — e (7)

with P=5 —7, instead of (6). The above relation (7) does
not take into account the dependence of the velocity dis-
tribution of the metastable atoms on the discharge

corresponding to (7) with P=y —1 =3; if this value is in-
serted in Eq. (5) of Ref. [4], the lifetime turns out to be
~=4.2+0.3 ms, in much better agreement with our mea-
surements.

As a concluding remark, the main feature of the tech-
nique described in this work is that the final result is

strongly independent of absolute parameters such as
atomic flux, field intensities, atomic and electromagnetic
beam profiles, detection system, stray light from
discharge or laser, etc., whose evaluation at a sufficient

degree of precision may be difficult from an experimental
point of view, or unreliable, and relies mainly on the
knowledge of the velocity distribution of the metastable
atoms, which has been measured with a precision level

high enough for this purpose.
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