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Measurement of the infrared 2F,,-2Ds/, transition in a single '*Yb* ion
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The ?F,(F=3)—-?Dg;(F=2) 3.43um transition in*’*Yb* has been measured to be 87 366 282253
kHz. This transition is of interest as an infrared frequency standard. A subsidiary measurement of ftae 3.43-
(F=4-F'=3) transition yields a frequency of 87 362 471 8800 kHz. Taken with a previous measurement
of the 2Dy, level hyperfine splitting, &F -, level hyperfine splitting of 362@) MHz and anA factor of
905.00.5 MHz are deduced. In addition, a 3.48n transition isotope shift of ;7,—vq7,= +4048(4) MHz is
obtained from these experiments and a known value for the transition in the 172 isotope. These measurements
taken with previous work give a value for th&s,(F=0)—2F,,(F=3) electric octupole transition of
642121497 30878 kHz, which will be used as a starting point in the search for this extremely weak
transition.[S1050-294{@9)04610-1

PACS numbgs): 32.30.Bv, 32.80.Pj, 06.30.Ft, 42.50.Lc

I. INTRODUCTION The 2F4/,-2Ds), 3.43um transition is unusual for an ion
trap standard since the transition is formed between two ex-
The ion trapping technique offers the possibility of fre- cited stategsee Fig. 1 To use this reference transition, the
quency standards of exceptional reproducibility. A singleion must be prepared in the lower of these states, prior to
laser-cooled ion, contained in the low perturbation environdnterrogation by the 3.43m laser. In the current work this
ment of an ion trap, allows good reproducibility to be at-iS achieved by driving the 411-n#8,,,-°Ds, transition, and
tained. The choice of ion also has an influence on the reproiubsequently populating théF, level by spontaneous de-
ducibility of the standard. The linear Zeeman shift of a state?ay- An alternative would be to prepare the initial state by
is given by AE=grugBme, and hence transitions from driving the 467-nm*S,,-F 7, transition. This transition is
me=0 to m.=0 states are free from this effect, making also under investigation at the National Physical Laboratory

e L n as a potential optical frequency stand@&d. This leads to
them much less sensitive to magnetic fields. B&tfHg the intriguing possibility of combining both an optical and

and *"Yb" have such transitions and the relatively Simple;tared standard in a single devif8]. Using the 467-nm
hyperfine structure given by a spin half-nucleus. This, anclransition for state preparation would also have considerable
the amenability of these ions to laser cooling makes thenpenefit to the infrared standard. Since, in this case, the ion is
attractive as potential frequency standdriis6]. Other ions prepared in thé?F,,, (m==0) state, it would then be pos-
are also of interest, for example 17,8] has a clock transi-  gjple to selectively drive the 3.48m m=0 tom.=0 tran-
tion insensitive to the effect of the quadrupole shift—anothersition. As mentioned, the insensitivity of such transitions to
important systematic effect in an ion trap standard. magnetic fields would improve the infrared standard’s repro-
Ytterbium is perhaps the most versatile of all the ion speducibility. In addition, the 467-nntS,,-°F, transition has
cies under investigation, having clock transitions in the mi-an exceptionally narrow natural linewidth, due to the 10-year
crowave[3], infrared[9], and optical4,5,10 regions of the lifetime of the excited state. This will allow an optical stan-
spectrum. This work investigates the infrared transition adard of unprecedented stability.
3.43 um for use as a frequency standard. Previous work on This work presents a measurement of the 3u43-
this transition[9,11] has used the technically easier 172 iso- 2F,,-°Ds, transition in the 171 isotope of ytterbium. This
tope, which has no hyperfine structure. Here the more diffimeasurement is part of an ongoing program to locate the
cult though metrologically advantageous 171 isotope is usedt67-nm S, ,-?F 7, transition in the 171 isotope of ytter-
The occurrence of hyperfine structure complicates both Iaséglum- When combined with a previous measurement of the

cooling and the observed spectra. Sy2-?Dsy transition[15], it provides a starting frequency
The 3.43um 2F,-2Ds, transition in Yb™ has significant for a search for the very weak 467-nm transition. Measure-

potential as a midinfrared frequency standard. One feature df€nt of a second r21yperf|ne transition also allows the hyper-
this transition is its proximity to the 3.3@m methane stabi- 1N Splitting of the“F 7, level to be deduced. ,
lized He-Ne laser frequency. Currently this laser system is '€ following section contains a description of the experi-
used in many frequency chains as a bridge between the minental arrangement and procedure. Next is a description of

i : ,
crowave and optical regions of the spectr[t@—14. Since the measurement itself, focusing on the metrology used to
the 2F,,-2Ds), transition in ytterbium is less than one tera-

determine the 3.43sn frequency and the errors involved.
hertz from this standard, it should be relatively easy to in-,

The final section concerns the hyperfine structure of the
corporate it into current frequency chains. A standard based|:7/2 level and the isotope shift of the 3.48n transition.

on the 3.43am transition in ytterbium should'hav.e improved Il EXPERIMENTAL ARRANGEMENT

performance over the 3.39m He-Ne due to its highe® of

4% 10 and the low perturbation environment of the ion  The aim of this experiment is to measure the frequency of
trap. the 2F,,-2Dg, transition at 3.43um (see Fig. 1 This in-
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lD[5/2] cayed back to theé?F,, level. In either case, no quantum

52 jump is recorded and the ion is quickly returned to the cool-
A ing cycle by driving the?F,,,-'D[5/2]s, transition at 638
3 / [} nm. A quantum jump profile is built up by performing a

DEE]I/Z ‘ number of 3.43wm interrogations and recording the number
| of on jumps at each frequency step.

In this experiment the’F-,, level is prepared by decay
from the ?Dg, level and hence it is impossible to control
which mg sublevel becomes populated. It is therefore impos-
sible to selectively drive themr=0-mg=0 component.
However, in order to simply observe the 3.4& transition
and measure its frequency at the part if®16vel, this is not
necessary. It is, however, expedient to work in a small mag-
netic field so that all the Zeeman components lie within the
laser linewidth allowing the transition to be driven with high
efficiency on resonance. A magnetic field is applied to the
ion using three pairs of orthogonal coils. The ion does not
fluoresce in zero magnetic field, due to coherent population
trapping [15]. This effect is used to null out the ambient
laboratory field. A singlé’?vb* ion is used to null the field
before the main experiment is started, since the fluorescence
null is about 100 times narrower in this isotope than in yt-
terbium 171[15]. In order to select thAmg=0 components
of the 3.43um transition, a small field of 14.T is then
QS applied in an appropriate direction. This field also selects the

172 Am=+1 components of the 411-nm transition during the

FIG. 1. Partial term scheme df%Yb*. The 369-nm, 935-nm, State preparation of théF,, level via the?Dg, level. Dur-
and 12.6-GHz transitions are used for laser cooling. The 411-nii"d the cooling cycle, a further large magnetic field of 1 mT
transition is used to prepare tRE,,, level. The 3.43xm reference IS applied so that appreciable fluorescence is observed. This
transition is being probed. The 638-nm transition is used to returdarge field, applied via a fourth pair of coils, is switched off
the ion to the cooling cycle, should the 3.48 transition not be  during the clock interrogation. The field is applied at 45° to
driven. the 369-nm laser polarization to ensure that batimz=0
and =1 transitions are driven.

. ) A schematic diagram of the experimental apparatus is
frared reference transition occurs between two excited state

Shown in Fig. 2. A single ion of’?Yb™ is confined in an
The lower of these, théF-,, level, has a lifetime of 10 years wnn g ing’e ! ! I !

. ; lectrodynamidPau) trap. The trap consists of a ring and
5] af“?' SO forms an effective grounq state for _the 'T‘frafe wo endcap electrodes with an ac voltage applied to the ring,
transition. A variation of the quantum jump technique is use

to detect the infrared reference. A single ion of ytterbium is orming a pseudopotentlal well. In.addmon, a dc voltage is
held in a Paul trap and laser-cooled by driving a strong tranf’lppl'e_d to the rng to make the axial and radial secular fre-
sition, from which fluorescence is used to monitor the statélU€NCies approximately equal atr1.1MHz. The rf-
of the ion. The2F, level is first populated by driving a photon correla.tlon teqhnlquELG] is us_ed to minimize the
visible transition. An absence of fluorescence for an exdON’s excess micromotion in the direction of the cooling laser
tended period indicates that the ion is trapped in this longP&am. Tight confinement of the ion in the Lamb-Dicke re-
lived level. Once prepared, the infrared reference is drivedime eliminates the first-order Doppler effect. The ion is
and detected by the return of fluorescence. If the fluorescend@ser cooled by driving théSy(F =1)-*Py,(F=0) transi-
does not resume, a further laser is used to quickly return thtion at 369 nm. ThéP, level can decay into the metastable
ion to the cooling cycle via a high-lying level. 2Dy, level, therefore to maintain the cooling cycle this level
In this experiment the ion is prepared in the,, level by  is depopulated by driving a transition at 935 ri¥]. To
driving the 411-nm?2S,,-?Dyg, transition. From the’Ds;,  depopulate the?S;(F=0) state, the ground-state micro-
level, the branching ratifL0] to the ?F-, level is 83%. The wave transition at 12.6 GHz is driven by the amplified output
2Dy, level has a lifetimg10] of 7 ms, thus if fluorescence from an HP83732B synthesizer. The fluorescence from the
has not returned after 70 ms, the ion is established to be inooling transition is collected with a high numerical aperture
the 2F,,, level with 99.995% certainty. Next the 3.48n  lens and detected by a photomultiplier.
laser is used to interrogate tR&,,-Dys, transition. If fluo- The 3.43um-light is generated by difference-frequency-
rescence returns after the interrogation cycle, the infrarethixing 1064- and 812-nm laser radiations in a crystal of
transition has been successfully driven and the event is réAgGaS. This system is described in more detail in R&f.
corded as a quantumn jump. If fluorescence does not re- The narrow-linewidth 1064-nm light is generated with a
turn, the ion is still in the?F, level. Either the transition Lightwave Nd:YAG laser and the 812-nm light by a grating-
has not been driven, or having been driven the ion has destabilized diode las€iSDL5422-H1. The frequency stability

369 nm

=
12.6 GHz

F=i
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ll. MEASUREMENT OF THE 2F4,,-2Ds;, TRANSITION
411nm state o | To record the absolute frequency of the 348 transi-
preparation laser Il | D tion, a quantum jump profile was taken of the relevant hy-
perfine transition. The 3.4am laser frequency was deduced
from individual measurements of the 812- and 1064-nm laser
638 nm F-level — AL frequencies. _
repump laser | AOM | > The frequency of the 812-nm diode laser was measured
by interferometric comparison with a 633-nm iodine-
T stabilized He-Ne las€r18], using the NPL 1-m etalon inter-
A p comparato19,20. The 812-nm laser was stabilized to an
Photomultiplier p==22227__ . —}:\*@Q ultralow-expansivity(ULE) glass reference cavity. The laser
A frequency was measured at the beginning and end of a data-
i taking session to record any temperature-induced frequency
g@‘ﬁ{&“&i‘e’? drift of the reference cavity and hence the 812-nm frequency.
(12.6 GHz) The frequency of the 1064-nm Nd:YAG probe laser was
measured by beating it against the fundamental output of a
Nd:YAG reference lasef21]. The reference laser has both
Cooling laser [aoM | 1064-nm fundamental and 532-nm frequency doubled out-
369 nm — 4 puts. The frequency doubled output is used to stabilize the
laser to thea,; component of the 32-0(54) line in *27,.
Repump laser The Bureau International des Poids et Mesu(BsPM)
935 am quotes the frequency of this iodine component as

563212 634 58810) kHz, when operated under the recom-
) _mended condition§22]. When this transition was measured
FIG. 2. Experimental arrangement. AOM denotes acousto-optic; he NPL[21], essentially the same frequency was mea-
modulator. sured but with a slightly larger error bar of 70 kHz. This
larger error is due in part to the slightly worse reproducibility
of the 3.43um output is improved by individually stabiliz- of the NPL system, and so this error is used in the analysis
ing the 812- and 1064-nm radiations, as described in the nesaresented here.

section. The overall frequency linewidth of the 3.48% The 1064-nm outputs from both the reference and probe
source, estimated to be a few hundred kilohertz, is dominateNd:YAG lasers were focused onto a fast photodiode to form
by the diode laser linewidth. the beat signal. This beat was downshifted by mixing it with

The experiment is controlled by a computer, which isa synthesiser and fed to an offset lock box. The offset lock
used to count fluorescence, scan the 3u#3-laser fre- box maintained the downshifted beat at 4.AQ0MHz, by
quency, and sequence the lasers, microwaves, and magneféeding back the integrated error signal to the 1064-nm
field. Acousto-optic modulators are used to switch the laseNd:YAG probe laser. Scanning the synthesiser frequency
radiations; in particular, the 3.43m radiation is switched scans the frequency of the Nd:YAG probe laser. The synthe-
by gating the 812-nm light. The large 1-mT magnetic field,siser frequency, and hence the beat frequency, was recorded
microwaves, 411-nm light, and cooling radiation arealong with the number of 3.42m induced quantum jumps
switched off during the measurement cycle so that the ion ishat occurred at each frequency step.
not significantly perturbed. The measurement of the 3.43n transition frequency is
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TABLE |. Measurement error€lo standard uncertaintfor the  hyperfine splitting, using the already measured values for the
3.43.um F=3-F'=2 transition. The entry entitled “determination 2D5,2 hyperfine splitting. Using this data and previous work,
of the mean” is the & standard uncertainty of the mean of the datat was also possible to deduce the isotope shift between the
shown in Fig. 3. 171 and 172 isotopes.

The frequency measurement of tke=4-F’' =3 hyper-

Error source MagnitudékHz) fine component was carried out in an identical manner to that
812-nm frequency intercomparison 53 of the preceding section, yielding a center frequency of
lodine-stabilized Nd:YAG(at 1064 nm 35 87 3624715000 kHz. The much larger error is due to a
Determination of line center 61 failure of the temperature control of the 812-nm cavity,
Asymmetry of profile 23 which caused a large frequency drift between the beginning
Acousto-optic offset 1 and end of the experiment. The error budget in Table | is

modified for this measurement by changing the determina-
Root sum of squares total 91

tion of the line-center error to 800 kHz.
Using the two 3.43zm transition frequencies along with

made up of a number of parts: the beat frequency betweeifi€ Previously mzeasure%DS,Z_ hyperfine splittind 15] yields
the two Nd:YAG lasers, the frequency of the Nd:YAG ref- & Value for the“F7,; hyperfine splitting of 362(2) MHz.
erence laser, and the frequency of the 812-nm diode laser. [{iS implies a hyperfiné\ factor of 905.00.5 lMHZ- There
was also necessary to take into account-89.0051)-MHz IS N0 hyperfineB factor as the nuclear spin= .
shift induced by the AOM used to chop the 812-nm radia-, Knowledge of the hyperfine splittings of théF 7/, and
tion. The quantum jump profile for the 3.48n 2F,(F Dy, levels allows the centroid frequency of the 346t
=3)-2D,,(F=2) transition is shown in Fig. 3. The reso- transition to be dgduced as 87 364 134.8 MHz. This can
nance consists of five unresolvédn.=0 Zeeman compo- P€ taken along with a previous measurement of the 2.#3-
nents, which have an end-to-end splitting of 90 kHz due tdransition in the 172 isotopf 1], to give a 3.43«m isotope
the 14uT field. The width of the resonance is therefore Shift Of Vizi—vi7,= +4048(4) MHz.
dominated by the spectral linewidth of the 3.483% source.
The relatively poor statistics of the data are in part due to the V. CONCLUSION
fact that the 3.43:m transition is observed only 20% of the ) ) i )
time on resonance due to k&, branching ratio. The beat 171Th$ F7F=3)-"Dg(F=2) 3.43um transition in
frequency for the line center is derived from the mean of ~YP has been measured to be 87,366 282958kHz. A
these data. The & standard deviation of the data is 390 Subsidiary measurement of tie=4-F'=3 hyperfine com-
kHz. The standard error of the mean is therefoleN—1  Ponent yields a value of 873624713800 kHz. From
with N=42. This is the “determination of line center” error €€ measurements and previous wor?<F_a,2 level hyper-
of 61 kHz shown in Table I. The remaining errors for the fine splitting of 36202) MHz is inferred, W.h'Ch |mpI|es_ an
measurement are also summarized in Table I. The entr{fictor of 905.00.5 MHz. A 3.43um isotope shift of
“asymmetry of profile” is an upper estimate of the possible V171 V172~ +4048(42) MHz has also been deduced.
systematic shift due to an asymmetric initial population of 1h€ “SyF=0)-"F7,(F=3) 467-nm transition fre-
the 2F,(F=3) level. The initial population of théF,, duency hasbeen deduced as 642 1221 49713@BkHz, from
state depends on which 411-nthm=+1 transition is € measurement of tha:7/2('::3)' Dgi(F=2) 3.43um
driven. Driving the 411-nm\m=+1 component populates transition and a previous measurement of th8y(F
the 2F,(F=3my=2,1,0) states and driving them=—1 =0)-“Dg(F=2) 411-nm transitiof15]. This value defines
component populates tHEF ,,(F=3me=—2,—1,0) states. & small frequengy region thglt can be searchgd to locate the
Hence the 3.43:m Am=0 line shape can be systematically €Xtremely .wel%k 51/2('::,0)' F72(F=3) electric octupole
pulled by up to*23 kHz (i.e., the separation of the means of fransition in “¥b". This traq5|t|70n Eafs previously been
the two groups of components, given an end-to-end splitiingfiven in the tec_hmcally_eaae_i' Yb isotope [5]. The
of 90 kH2). swﬂch tc_) the 171 isotope is desirable due to its metrological
The 3.43um F=3-F'=2 transition was measured on SUPeroriy. _ _
two separate days. The results from each day’s measure- N the present experiment, the preparation of ?“9/2
ments were consistent. The first day’s results had a mucffaté was performed via spontaneous decay from*hg,
larger error due to imperfect temperature control of thelevel. Thl§ rathe_r uncontrolled-means of state preparation
812-nm reference cavity. This temperature control was imMade it impossible to selectively populate tHé;(F
proved significantly for the second day’s measurement. Th& 3:Mr=0) level and hence drive the Zeezman-free compo-
weighted mean of the two measurements is therefore domPent efficiently. Once the 467-nm “S,;(F=0mg
nated by the second day’s results. The results of this mea= 0)-"F72(F=3mg=0) transition has been successfully
surement give a 3.4@m F=3-F'=2 transition frequency driven, this route could be used to populate the=0 level

of 87 366 282 25@1) kHz. with 100% efficiency prior to the 3.4am interrogation.
This leads to the possibility of a high stability and reproduc-
IV. HYPERFINE SPLITTING AND ISOTOPE SHIET ibility optical/infrared standard operating in the same device.

The ?Ds, state lifetime of 7.2 ms gives a natural line-
A second 3.43z:m measurement was performed, this timewidth of 22 Hz for theF,-°Dg, transition. Using a high
on the F=4-F'=3 hyperfine component. The purpose of spectral purity laser system and an interrogation time of, say,
this measurement was to deduce a value for4hRe, level 1 ms, a fractional frequency stability of>610™ 4712 s
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possible. Coupled with a likely reproducibility of better than ACKNOWLEDGMENTS

one part in 18, the 3.43um 2F,,-2Ds, transition in

17yph* could make a future replacement for the 3,39 Thanks are due to Stephen Lea and Helen Margolis for
methane stabilized He-Ne frequency standard. their critical reading of the manuscript.
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