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Observation of the hyperfine structure of the 2S1Õ2-
2D5Õ2 transition in 87Sr¿

G. P. Barwood,* K. Gao,† P. Gill, G. Huang, and H. A. Klein
National Physical Laboratory, Queens Road, Teddington TW11 0LW, United Kingdom

~Received 29 July 2002; published 8 January 2003!

The hyperfine structure of the2S1/2-
2D5/2 quadrupole transition at 674 nm in87Sr1 has been observed. The

ion was confined in a Paul trap and cooled using laser radiation at 422 and 1092 nm. The quadrupole transition
was observed by monitoring quantum jumps in the 422-nm fluorescence. The odd isotope of strontium has
‘‘clock’’ transitions independent of the first-order Zeeman shift and the2D5/2 state hyperfine structure constants
have been determined asAD5/2

52.1743(14) MHz andBD5/2
549.11(6) MHz. Standard uncertainties have been

added in parentheses. These values allow the second-order Zeeman shifts to be calculated. The88Sr1-87Sr1

isotope shift for the 674-nm quadrupole transition has been measured to be 247.99~4! MHz.
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INTRODUCTION

In recent years, there has been significant progress
wards the use of narrow optical transitions in cold trapp
ions as optical frequency standards. A number of candid
ions are being investigated worldwide and some have b
accurately measured with a femtosecond laser comb. At
National Physical Laboratory~NPL!, an optical frequency
standard based on88Sr1 is being developed. The frequenc
of the 2S1/2-

2D5/2 quadrupole ‘‘clock’’ transition at 674 nm
in this ion is a recommended radiation for realization of t
meter @1#. However, this isotope has zero spin and the
Zeeman components of the clock transition all have a lin
dependence on the magnetic field. The odd isotope87Sr1 has
a spin ofI 5 9

2 and so themF50 levels of the2S1/2 and 2D5/2

states are independent of the first-order Zeeman effec
partial term scheme is shown in Fig. 1. The hyperfine sp
tings of the 2S1/2 and 2P1/2 levels are experimental value
derived from measurements made in an ion trap@2# and a
fast beam@3#. Following on from earlier NPL work, where
cooled87Sr1 ion was confined in a 1-mm-diam Paul trap@4#,
this paper describes the interrogation of the2S1/2-

2D5/2

quadrupole transition and measurement of the2D5/2 level
hyperfine constants. The trap is mounted inside a vacu
system within a m-metal enclosure in order to reduc
magnetic-field changes inside the trap. The oven contai
compound of isotopically enriched strontium-87. Three
thogonal coils are also mounted around the trap in orde
reduce the dc magnetic field to'1 mT.

The cooling laser system is shown in Fig. 2 and compri
two frequency-doubled 844-nm diode laser systems@5,6#.
These diode lasers are offset locked at'2.5 GHz, which is
half the ground-state splitting. The two lasers are indep
dently frequency doubled and the beams at 422 nm rec
bined before input into the trap. Additionally, the 422-n
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laser driving the2S1/2(F55)-2P1/2(F855) transition needs
to avoid pumping into a dark state, which will arise in th
1-mT magnetic field. This problem has been discussed
detail @7# and one solution is to split the 422-nm laser in
two beams, onep polarized and ones polarized and fre-
quency separated by a few MHz. This is shown in Fig. 2 a
the frequency separation of 7 MHz is generated by the
quency difference between the two acousto-optic modula
AOM1 and AOM2. It was verified experimentally that thi
frequency difference optimized the observed fluorescence
predicted @7#. The second 422-nm beam, driving th
2S1/2(F54)-2P1/2(F55) transition can be switched usin
acousto-optic modulator AOM3. In addition to the lasers a

nd
d
1,

FIG. 1. Partial term scheme for87Sr1, showing the cooling laser
transitions at 422 and 1092 nm, together with the quadrupole t
sitions at 674 nm.
©2003 The American Physical Society02-1
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422 nm, a further laser is required at 1092 nm, tuned to
2P1/2-

2D3/2 transition, to prevent the ion being driven in
one of the2D3/2(F853, 4, 5, or 6) manifold of lines. This is
a distributed Bragg reflector laser, which is frequency mo
lated at a rate of 0.8 MHz over the few hundred MHz fr
quency range of the hyperfine structure. In addition, the la
is polarization modulated at 2 MHz in order to avoid the i
being pumped into dark states of the2P1/2-

2D3/2 transition.
This is the same technique as used previously with88Sr1 @8#.

The quadrupole2S1/2-
2D5/2 transition at 674 nm is driven

by a Al-Ga-In-P diode laser. This laser is optically narrow
@9# and then locked to a highly stable, and nontunable, hi
finesse cavity via a Pound-Drever lock, as shown in Fig
This ultra-low-expansion~ULE! cavity has a measured fre
spectral range~FSR! of nFSR51504.360(7) MHz and finess
of '23105. For this lock, the laser drive current is mod
lated at 2.2 MHz and laser linewidths of 200 Hz have be
reported for this system@4#. Laser tuning is provided by the
use of acousto-optic modulators, in order to bridge the
quency interval between the nearest mode of the nontun
ULE reference cavity and the strontium transition. When
terrogating88Sr1, a 370-MHz double-passed acousto-op
modulator is used, since the transition frequency is appr
mately 740 MHz higher in frequency than the nearest ca
mode frequency (nn). In order to drive the 2S1/2(F
55)-2D5/2 manifold of lines in 87Sr1, the probe laser is
locked to a frequencynn125nn12nFSR, two cavity modes
higher than the frequency for88Sr1. The frequencies of the
observed hyperfine structure for transitions from t
2S1/2(F55) ground state are then between 227 and 2

FIG. 2. Experimental arrangement for the87Sr1 cooling and
probe laser systems. The system of probe lasers is designed to
optical pumping into a dark state of the2S1/2(F55)-2P1/2(F8
55) transition@7#.
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MHz lower in frequency thannn12 . The 674-nm lines from
the F54 ground state are observed by locking the pro
laser to the frequencynn215nn2nFSR. The frequencies of
the hyperfine transitions from the2S1/2(F54) ground state
are around 754 to 774 MHz lower in frequency thannn21 .

HYPERFINE STRUCTURE OF THE 2S1Õ2-
2D5Õ2

TRANSITION IN 87Sr¿

Five transitions were observed at 674 nm from theF55
ground state, namely2S1/2(F55)-2D5/2(F853, 4, 5, 6, and
7!. These were observed and a sum of three scans ove
2S1/2(F55)-2D5/2(F854) transition is shown in Fig. 4. The
number of quantum jumps is plotted against the freque
offset from the (n12)th mode of the ULE cavity. In a mag
netic field of '1 mT, and with a probe laser linewidth o
typically a few hundred Hz, the individual Zeeman comp
nents are not resolved. The observed linewidths are there
determined by the frequency spread of the unresolved Z

oid

FIG. 3. Diode laser system at 674 nm, for probing the87Sr1

hyperfine structure.

FIG. 4. Scan over the2S1/2(F55)-2D5/2(F854) transition in a
1-mT magnetic field. The data comprise a summation of three in
vidual scans.
2-2
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man components due to the ambient magnetic field. From
usual selection rules for quadrupole transitions (DmF50,
61, and62! and the expected degeneracies of the vari
levels, it is possible to determine the maximum number
allowed Zeeman transitions. For transitions from t
2S1/2(F55) ground state, this number ranges from 35
transitions to the2D5/2(F853) state to 55 for transitions to
the F857 state.

In order to observe the hyperfine spectra, compu
controlled detection of quantum jumps and laser switch
was used, similar to that for88Sr1 @5#. The detection cycle
for observing the2S1/2(F55)-2D5/2 transitions begins with
the ion fluorescing in the trap, the 1092-nm laser and b
422-nm lasers on, but the 674-nm laser off. The two cool
beams driving the2S1/2(F55)-2P1/2(F855) transition are
then turned off and the probe laser switched on for, typica
3 ms. At the end of the probe pulse, the cooling laser
turned back on and the fluorescence level monitored to
whether the ion is in one of the2D5/2 hyperfine levels. The
422-nm repumping laser, driving the2S1/2(F54)-2P1/2(F8
55) transition and the 1092-nm laser, are kept on throu
out. For detecting the2S1/2(F54)-2D5/2 transitions, the
same cycle is used, although the repumping laser is tur
off during the probe pulse and the 422-nm cooling la
beams remain on.

The S1/2 state splits into two levels, withF54 and F
55, frequency shifted byn452 11

4 AS1/2
andn55 9

4 AS1/2
, re-

spectively. Here,AS1/2
is the ground-state hyperfine consta

which has previously been measured to be21000.4737 MHz
@2#. The frequency of each of the five transitions from t
2S1/2(F55) level can be expressed in the form@10#

n875
1

2
AD5/2

K1BD5/2

3
2 K~K11!22I ~ I 11!J~J11!

2I ~2I 21!2J~2J21!

2
9

4
AS1/22Dn87,881n88. ~1!

In this equation,K5F(F11)2I (I 11)2J(J11), AD5/2

and BD5/2
are the twoD5/2-state hyperfine constants. Th

88Sr1 2S1/2-
2D5/2 transition frequency is denoted byn88 and

the isotope shift byDn87,88. As already noted, the isotop
spin I 59/2. A second equation, similar to Eq. 2 but with th
term 2 9

4 AS1/2
replaced by1 11

4 AS1/2
, gives the transition fre-

quencies from the2S1/2(F54) level.
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In order to identify the components, sets of three of t
five observed frequency offsets from the ULE cavity we
used to calculate constantsAD5/2

andBD5/2
. These constants

were then used to evaluate the frequencies of the other
transitions. Only one set of constants could be found wh
correctly predicted the frequencies of all five hyperfine co
ponents and the hyperfine quantum numbers could there
be assigned unambiguously. The final values for the th
constants were determined from the five frequency values
a least-squares fit. This gave values for theAD5/2

and BD5/2

coefficients of

AD5/2
52.1743~14! MHz,

~2!
BD5/2

549.11~6! MHz.

The standard uncertainty of the determination is added
parentheses. These results are close to calculated valu
AD5/2

51(1) MHz andBD5/2
552(4) MHz @11#. The results

could also be used, together with the measured value for
ULE cavity FSR to obtain the isotope shift for th
2S1/2-

2D5/2 transition at 674 nm. In order to calculate th
shift, allowance had to be made for the ULE cavity isoth
mal drift of 2.5 kHz/day@12#. The isotope shift was mea
sured as 247.99~4! MHz, which compares with a calculate
value of 206 MHz@13#. The standard uncertainty comprise
contributions from the measurement statistics~25 kHz!, the
observed fluctuations in cavity length due to thermal fluct
tions during the day~33 kHz! and twice the measuremen
uncertainty of the cavity FSR~14 kHz!. These were then
added in quadrature to give the total standard uncertaint
40 kHz.

Results were also obtained on the2S1/2(F54)-2D5/2(F8
52, 3, 4, 5, and 6) transitions. This allowed determination
the ground-state splitting for comparison with previous
published data, which served as a check on our data.
results gave a value of 5002.30~5! MHz, which compares
well with the more accurate determination of 5002.3
365~55! MHz @2#. The uncertainty is similar to that for th
isotope shift, except that the uncertainty calculation for
ground-state splitting involves three times rather than tw
the ULE cavity FSR.

The values for theAD5/2
and BD5/2

coefficients, together
with the isotope shift and previously published values for
ground-state splitting@2# and 88Sr1 674 nm frequency
@14,15# may be used to calculate the absolute frequencie
TABLE I. Frequencies of allowed quadrupole transitions from the2S1/2(F55) ground state in87Sr1.

2D5/2, F85
Frequency difference
from F857 ~MHz!

Absolute frequency of the transition from
the 2S1/2(F55) ground state

2 244.126
3 252.336 444 781 031.58~4! MHz
4 257.553 444 781 026.36~4! MHz
5 254.867 444 781 029.05~4! MHz
6 238.138 444 781 045.78~4! MHz
7 0 444 781 083.91~4! MHz
2-3
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the 87Sr1 transitions. The frequencies for transitions from t
2S1/2(F55) ground state are shown in Table I.

QUADRATIC ZEEMAN SHIFTS

With the experimental determination of the2D5/2 hyper-
fine constants in87Sr1, it is possible to calculate the qua
dratic Zeeman shift for themF50→mF850 transitions.
These are potential optical frequency references, which
free from the first-order Zeeman shift. For these levels,
quadratic Zeeman shift is dominated by the shift of the2D5/2
levels, since the hyperfine constants are much smaller for
2D5/2 level than the2S1/2 ground state. From second-ord
perturbation theory, the frequency shiftDn in the presence o
a small magnetic fieldB is given by@16#

Dn~F8!5S gJeB

4pmD 2

(
F9~F9ÞF8!

z^IJF8mFuJzuIJF9mF& z2

~nF82nF9!
.

~3!

In this equation,gJ is the Lande´ factor for the 2D5/2 state
(gJ5 6

5 ) and e and m are the electron charge and mass,
spectively. For the six levels involved, the2D5/2 quadratic
Zeeman shifts for themF50→mF850 transitions are, there
fore,

Dn~2!52F 1.964

~3AD5/2
2 3

10 BD5/2
!G FgJeB

4pmG2

, F852 ~4!

Dn~3!5F 1.964

~3AD5/2
2 3

10 BD5/2
!
2

2.286

~4AD5/2
2 17

60 BD5/2
!G

3FgJeB

4pmG2

, F853 ~5!

Dn~4!5F 2.286

~4AD5/2
2 7

60 BD5/2
!
2

2.068

~5AD5/2
2 1

6 BD5/2
!G

3FgJeB

4pmG2

, F854 ~6!

TABLE II. Quadratic Zeeman shifts for the2D5/2(mF50) lev-
els, calculated from the experimentally determined constants o
hyperfine structure.

2D5/2, F5
Quadratic Zeeman

shift ~Hz/mT2!

2 67
3 56
4 2341
5 189
6 20
7 6.4
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Dn~5!5F 2.068

~5AD5/2
2 1

6 BD5/2
!
2

1.566

~6AD5/2
1 3

40 BD5/2
!G

3FgJeB

4pmG2

, F855 ~7!

Dn~6!5F 1.566

~6AD5/2
1 3

40 BD5/2
!
2

0.8654

~7AD5/2
1 7

15 BD5/2
!G

3FgJeB

4pmG2

, F856 ~8!

Dn~7!5F 0.8654

~7AD5/2
1 7

15 BD5/2
!G FgJeB

4pmG2

, F857. ~9!

FIG. 5. Scan over the2S1/2(F55)-2D5/2(F857) transition. The
data comprise a summation over two individual scans and h
been compared with the calculated profile expected in a 6.5mT
field and 1-kHz laser resolution.
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The numerical evaluations of the quadratic Zeeman shifts
the 2S1/2(mF50)-2D5/2(mF850) transitions are shown in
Table II. The uncertainty in the quadratic coefficients due
the uncertainty in the determination of the hyperfine co
stants is negligible.

For frequency standards applications, it is important
choose the level with the lowest quadratic shift and Table
shows that this is the2D5/2F857 level. Therefore, the pre
ferred transition for a87Sr1-based optical frequency standa
is 2S1/2(F55, mF50)-2D5/2(F857, mF850). This quadru-
pole transition is allowed whenF1F8 is even, as in this
case. The Zeeman structure of this line has been part
resolved in a magnetic field of 6.5mT and the result is shown
in Fig. 5. It is readily shown that the 55 Zeeman compone
are grouped into 19 sets, as shown in the calculated pro
However, in a 6.5-mT magnetic field and a 674-nm prob
scan resolution of 1 kHz, the individual components with
each group are not resolved. A higher magnetic field or n
rower probe laser and smaller frequency step are require
achieve this and an improved probe laser system is b
developed. The relative intensity of these groups depend
the orientation of the magnetic-field direction, linear 674-n
polarization and propagation direction. The calculation
sumed that the magnetic field was 45° from the laser pro
gation direction and that the 674 nm polarization was 45°
of the plane defined by the laser beam and magnetic-fi
directions.
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SUMMARY

The hyperfine structure of the2D5/2 level of the87Sr1 ion
has been observed. The hyperfine constants and the iso
shift for the 2S1/2-

2D5/2 transition at 674 nm have been me
sured. This was achieved by measuring the frequency in
vals of the2S1/2(F54)-2D5/2(F852, 3, 4, 5, and 6) and also
the 2S1/2(F55)-2D5/2(F853, 4, 5, 6, and 7) quadrupol
transitions in a single cooled87Sr1 ion, confined in a Paul
trap. The quadratic Zeeman shifts of themF50 components
have also been calculated, and the level with the lowest q
dratic shift identified asF857. The preferred transition fo
an optical frequency standard is therefore2S1/2(F55, mF
50)-2D5/2(F857, mF850). The reproducibility of an opti-
cal frequency standard based on87Sr1 is likely to be limited
by a number of factors, including the quadrupole shift. Ho
ever, the contribution to the uncertainty from the Zeem
shift will be considerably smaller than for88Sr1, amounting
to only 1 part in 1016 if the magnetic field is reduced to les
than 0.1mT.
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