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PTB’s Transportable Strontium Lattice Clock

Jacopo Grotti, Silvio Koller, Stefan Vogt, Sebastian Hifner, Sofia Herbers,
Uwe Sterr, and Christian Lisdat

Physikalisch-Technische Bundesanstalt, 38116 Braunschweig. Germany

Email: christian lisdat@ptb.de

Optical lattice clocks have currently reached remarkable performances that exceed the stabil-
ity and uncertainty of the Cs fountain clocks. In particular optical lattice clocks based on *'Sr
hold the record for accuracy and stability [1. 2]. The scientific community is working on a
possible redefinition of the second based on this kind of clock [4]. leading to the need of
clock comparisons in the optical regime that cannot be achieved with satellite links. Further-
more, applications of such a good frequency reference include among others chronometric
leveling-based geodesy with a precision in

the order of centimeters [3]. 0™
A transportable clock at this level of accu- i
. . . 151 Sy M
racy enables such applications. Especially  _ .| s 1 L
chronometric leveling strongly benefits & -q'"""-'-.'."_:;,.;__,.--J =
from the ability to operate optical clocks at g )
remote locations. which are interesting for 3 .« I b
] =
geodesy. € 'H-ﬁlw‘l\ i
Here we present the progress on our trans- ‘
?orr:{ble lattice clock based on the fermionic L e ‘m.\i
Str. To characterize the system. we have —s— stationary 57 - Amatng siiizaion
i i i i

performed a series of comparison measure- e P ™ e o
ments (Fig. 1) of the transportable clock to averaging time (s

our stationary strontium clock at PTB [3]. Fig 1: Allan deviation for the comparison measure-
We measured the Stark-shift-cancellation ment between the two strontium lattice clocks at
wavelength for the transportable clock and PTB. We reach an instability of 3 = 1077 after
investigated the uncerfainty budget of the 1000s of averaging The stability is limited by the
system at the low 107" level We will also instability of the transportable clock laser.

present the results of the first transportation

tests of the system as a whole.
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Abstract 4 transportable optical clock based on the
4528, 5-34%Dsp electric quadrupole transition at 72% nm
of a single **Ca* ion trapped in a mini Paul trap has been
developed. The physical system of the *°Ca* optical clock
is re-engineered from a bulky and complex sefup fo an
integration of two subsysterns: & cormpact single ion unit
including ion trapping and detection modules, and a com-
pact lazer unit including lazer sources, beam distributor and
frequency reference modules. The systematic fractional
uncertainty has been evaluated to be 7.8 107", and the
Allan deviation has been rescaled to be 2.3 % 10'14/«\/? for
a gingle clock by self-comparizon with a probe pulze time
of 20 ms. Apart from the electronics, the whole setup hasz
been constructed within 2 volume of 0.54 m® This size is
to our knowledgs currently the best achieved compactness
with any type of optical clock. Moreover, this transportable
clock iz planned to be used for high precizion measure-
ments and it's the first step to a space optical clock.

1 Introduction

Due to the impressive progress in recent years, optical
clocks are deemed for the redefinition of SIsecond in future
as they have surpassed the performance of the current pri-
mary frequency standard of Cs clocks in both accuracy and
stability [1-4]. At the same time, these ultra-precise opti-
cal clocks offer new possibilities for high precision tests of
fundamental physics [3-8], geophysics [9, 10], improved
timekeeping and gatellites navigation [11, 12]. On the other
hand, a more accurate and direct mean of optical frequency
cormparizon i3 required for today's best clocks over quite
long distance. However, the uncertainty of satellite links iz
limited and dedicated equiprnent should be emnploved [13,
14], and optical fiber links are also not feasible enough
especially for intercontinental comparison [15, 16]. For
theze reasons, it iz quite necessary to develop the applicable
optical clocks on ground and even in the space.

Tt ie feacihle tn dewelan a tranennrtahle antical clack in
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Sr optical clocks
H. Katori et al. 2011
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HR scheme. Excitation prob., error signal and shift.
The excitation probability depends on the phases of all the three

pulses:
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FIG. 4. Frequency offset of the probe laser stabilized at

Ar — Ag relative to the fully compensated caze Ag = Ap,
for conditions (a) T =36 ms, 7 = 9 ms and (b) T = 144 ms,
7 = 36 ms. The zolid red line indicates the predicted depen-
dence if the discriminator signal of the stabilization is gen-
erated by alternately stepping the phasge of the initial pulse
by £7/2. The dashed line in {a) shows the position of the
central minimum of the HRS spectrum. The inset in (b) iz
an enlarged view showing the frequency offset in unita of the
frequency v of the Yb™ octupole transition.
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Generalized Ramsey Excitation Scheme with Suppressed Light Shift

N. Huntemann,* B. Lipphardt, M. Okhapkin, Chr. Tamm, and E. Peik
Physikalisch-Techrnische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany

A. V. Taichenachev and V.1. Yudin

Institute of Laser Physics SB RAS, Novosibirsk 630090, Russia, Novosibirsk State Universiry, Novosibirsk 630090,
Russia and Novesibirsk State Technical University, Novesibirsk 630092, Russia
(Received 10 September 2012; published 21 November 2012)

We experimentally investigate a recently proposed optical excitation scheme V.1 Yudin et af. [Phys.
Rev. A 82, 011804{R) (2010)] that is a generalization of Ramsey’s method of separated oscillatory fields
and consists of a sequence of three excitation pulses. The pulse sequence is tailored to produce a
resonance signal that is immune to the light shift and other shifts of the transition frequency that are
correlated with the interaction with the probe fisld. We investigate the scheme using a single trapped
Y1¥b* jon and excite the highly forbidden 25, o= ’F, 12 electric-octupole transition under conditions
where the light shift is much larger than the excitation linewidth, which is in the hertz range. The
experiments demonstrate a suppression of the light shift by four orders of magnitude and an immunity
against its fluctuations.
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Single-Ion Atomic Clock with 3 x 10~1® Systematic Uncertainty

N. Huntemann,m C. Sanner, B. Lipphardt, Chr. Tamm, and E. Peik
Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
(Received 27 November 2015; published 8 February 2016)

We experimentally investigate an optical frequency standard based on the QSl/Q (F=0)— 2F7/2(F =3)
electric octupole (E3) transition of a single trapped '7'Yb™ ion. For the spectroscopy of this strongly
forbidden transition, we utilize a Ramsey-type excitation scheme that provides immunity to probe-induced
frequency shifts. The cancellation of these shifts is controlled by interleaved single-pulse Rabi
spectroscopy, which reduces the related relative frequency uncertainty to 1.1 x 10718, To determine the
frequency shift due to thermal radiation emitted by the ion’s environment, we measure the static scalar
differential polarizability of the E3 transition as 0.888(16) x 107 Jm?/V? and a dynamic correction
17(300 K) = —0.0015(7). This reduces the uncertainty due to thermal radiation to 1.8 x 10~'8, The residual
motion of the ion yields the largest contribution (2.1 x 10718 to the total systematic relative uncertainty of

the clock of 3.2 x 10718,

DOI: 10.1103/PhysRevLett.116.063001
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FIG. 1. (a) Error of the Yb™ clock frequency vy in the

realization of the unperturbed transition frequency vq as a
function of an error §; in the estimate of the light shift for Rabi
and for hyper-Ramsey spectroscopy (HRS). Here, Ramsey pulses
of 30.5 ms and a free evolution period of 122 ms are assumed
according to the experimental conditions. The very different
sensitivities of o to 67 allow one to engage a servo that uses
the difference ¢ between v Obtained for Rabi spectroscopy
and HRS as the discriminator signal. In (b) the instability (Allan
deviation) of experimental & data is shown that follows
230 Hz/7 (s) (dashed line) for 7> 1000 s. The green solid
line indicates the expected quantum projection noise limited
combined instability of the wvgu, and pyrs measurements of
7 Hz/\/7 (s).

TABLE 1.  Fractional frequency shifts 6v/vy(107!%) and related
relative uncertainties u/vy(107'8) in the realization of the
unperturbed 2SUQ(F =0) — QF?/Q(F = 3) transition frequency
1o of a single trapped '"'Yb™ ion.

Effect ov/vy (10718) u/vg (10718)

Second-order Doppler shift —3.7 2.1
Blackbody radiation shift —70.5 1.8

Probe light related shift 0 1.1

Second-order Zeeman shift -40.4 0.6
Quadratic dc Stark shift -1.2 0.6
Background gas collisions 0 0.5
Servo error 0 0.5
Quadrupole shift 0 0.3
Total —115.8 3.2




A Table of Generalized Ramsey methods
[Zanon-Wilette et al., Rep. Prog. Phys (2018) and other refs.]

Theory/Proposal Experimental realization

HyperRamsey (HRYudinet al., PRA Huntemannret al., PRL (2012), E3Ybt;
(2010). Best singlaon optical clock- PRL (2016)

Modified HR, Hobson et al., PRA (2016) Hobson et al., PRA (2016), MIS k8%r

Generalized HRZanonWillete et al., PRA No
(2016)

Synthetic frequency protocol in Ramsey No
and HRYudinet al., PRA (2016)

AutobalancedRamsey (ABRyanneret Sannetet al., PRL (20183 inYbt;

al., PRL (2018) Boudotet al. APL (2018), R&7 CPT clock
Generalized ABRudinet al., PR Applied No

(2018)

Combinederror signal Ramseyudinet Shukeret al., APL (2019), cold 8@ CPT
al., New J. Phys. (2018) clock

Displaced frequency jump Rams8fjuker Shukeret al., PRL (20190ld R87 CPT
et al., PRL (2019) clock
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Spectroscopy Using Quantum Logic

P. O. Schmidt,*+ T. Rosenband, C. Langer, W. M. Itano,

J. C. Bergquist, D. ). Wineland

N=1 — — — e
M = — — N B
Spectros- RSB (Al') RSB (Be’)
copy (Al')
‘\L) N=1 e— — E— = -.- e
=0 =@= =@ - =@ =@ =@ == =@=

S L S L S L S L

Fig. 1. Spectroscopy and transfer scheme for spectroscopy (S} and logic {L} ions sharing a common
nermal mede of motion, the transfer mode, with excitation #. {Only the ground and first excited
states of the transfer mode are shown.) {A} Initialization to the ground internal and transfer-mode
states. {B) Interrogation of the spectroscopy transition. {C} Coherent transfer of the internal
superposition state of the spectroscopy ion into a motional superposition state by use of an RSB #
pulse on the spectroscopy ion. {D) Coherent transfer of the motional superposition state into an
internal superposition state of the logic ion by use of an RSB n pulse on the logic ion.

TABLE I.  Systematic effects that shift the clock from its ideal
unperturbed frequency. Shifts and uncertainties given are in
fractional frequency units (Az/#). See text for discussion.

Effect Shift (1071%) Uncertainty (10718

Excess micrommotion -9 6

Science 309, 749 (2005)

o = P—_
?p, F'=3me=3 -

A ;=313 nm A=167 nm
2 Raman 3P1—|T)s
Piat— F=7/2
Doppler spectros
cooling+ copy

detection

Fig. 2. Partial ®Bet and Z7Al™ energy level dia-
grams {not to scale). Shown are the relevant
transitions for Doppler and Raman coeling on the
®Be™ ion, the spectroscopy transition, and the
difficult-to-reach Doppler cooling transition at
167 nm en the #7Al* ion.

Blbody mdsion it 5 : Chou et al. PRI104, 070802 (2010).

Cooling laser Stark shift —-3.6 1.5
Quad. Zeeman shift —1079.% o7
Linear Doppler shift 0 03
Clock laser Stark shift 0 02
Background-gas collisions 0 05
AOM freq. error 0 02

Total —-1117.8 8.6
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Combined atomic clock with blackbody-radiation-shift-induced
instability below 10—1° under natural environment conditions
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Abstract

We develop a method of synthetic frequency generation to construct an atomic clock with
blackbody radiation (BBR) shift uncertainties below 10~'? at environmental conditions with a very
low level of temperature control. The proposed method can be implemented for atoms and ions,
which have two different clock transitions with frequencies v, and 1/, allowing to form a synthetic
reference frequency vy, = (v, — cv2) /(1 — £), which is absent in the spectrum of the involved
atoms or ions. Calibration coefficient £ can be chosen such that the temperature dependence of the
BBR shift for the synthetic frequency v, has a local extremum at an arbitrary operating
temperature Tj. This leads to a weak sensitivity of BBR shift with respect to the temperature
variations near operating temperature Tj. As a specific example, the Yb™ ion is studied in detail,
where the utilized optical clock transitions are of electric quadrupole (S — D) and octupole

(S — F) type. In this case, temperature variations of +7 K lead to BBR shift uncertainties ofless
than 107", showing the possibility to construct ultra-precise combined atomic clocks (including
portable ones) without the use of cryogenic techniques.



plssd3dz” 4 UYUOM" dz

BOc dzd IstsH d {f ts dz-

f jtcj R BHBO dBdzsct
d sdzts o

10 fklsd € Orio¥sHHshqls | d dzets? dzj S5 to









e M

e TP




Magneto-dipole optical hyperfine transition for hydrogen-
and lithium-like highly-charged ions (N.=1 and 3)

le m=+1
= < m=0
m=1
clock
transition
F =0
[sotope || Np | Ne | Z; 4+ 1| Aclock (p#m)|vsp/27 (Hz)
TPh |82 1| 82 0.886 6.2 Hyperfine  transitions in
20571 ||81] 1| 81 0.335 114.2 hydrogen and lithium-like
2051 |81 3| 7€ 277 277 highly-chargedions (Ne=1, 3)
2031 g1l 1 | 81 0.338 111.2 with Wavelgngthé clocl_<<3 mm.
2031 |1 g1 3 = 299 297 H_ere we list _stable Isotopes
199 : _ with nuclearspinl, =1/2.
“"Hg ||80 1 &0 1.15 2.8
195pg |78 1| 78 1.08 3.4
ypb (70l 1| 7 2.16 0.43




Magneto-dipole fine transition 3P~ 3P,
for single valence p-electron (N,=5,13,31,63)

F=5/2
P, F=3/2

T——F=12

clock
transition

P, F=3/2
a— Ay A V)

To suppresshe quadrupoleshift we should use isotopeswith nuclearspin
| =1,3/2.

The residualion chargeZ is determinedby requiring that | . IS in the
opticalregion Forexample for Al-like ions (numberof electrondN_=13) our
calculationsshow that for 20< Z <30 | ,,~0.51 3 mm. For the 3P,,- 3P
transitionthe linear Zeemanshift can be eliminatedby averagingover two
clock transitionswith opposite magnetic quantumnumbersm, which are
shiftedoppositely



Magneto-dipole fine transition Py~ 3P,

for two valence p-electron (N.=6,14,32,64)
C) : F=5/2

——F=3/2

F=3/2

(ns) (np) o F=1/2
clock

In=1 1) i transition
- F=1/2
By choosingisotopeswith |, =1/2, 1, 3/2 one may also either eliminate or
substantiallysuppresghe quadrupoleshift. Indeed.for thel =1/2 isotopesthe
proper choice of the clock transition would be PP,,F=1/28 -]*P,,F=1/28 with
Identically vanishingquadrupoleshift. For thel =1 isotopesoneshouldusethe
’P,,F=10 -]*P,,F=008 transition, and for the 1,=3/2 isotopes i the
I’P,,F=3/20 -|’P,,F=1/28transition Comparedo the single p-electroncase(see
previous page), an additional benefit of such HCIs is the simple single
componentstructure of the ground state which simplifies the initial state
preparation
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Experiment Munich -2016 with 22°MTh

L.v. d. Wense, P. Thirolf et al., Nature 533, 47 (2016)
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MNuclear Experiment

Laser spectroscopic characterization of the nuclear clock isomer 229mTh

Johannes Thielking, Maxim V. Okhapkin, Przemyslaw Glowacki, David M. Meier, Lars von der YWense, BEenedict Seiferle, Christoph E. Dillmann, Peter G. Thirolf, Ekkehard Peik

{Submitted on 15 Sep 2097)
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MEPhI -LPI: excitation of 22°"Th nuclei in laser
plasma by inverse electronic conversion

Pioneering worKV.E Strizhovand E.V.Tkalyg Sov Phys. JETP 72, 387 (1991)]

Whenintenselaserradiationis appliedto thorium-
containing targets, the electrons of the laser
plasma from states of the continuous spectrum
with energyE populate the levelsof the Th + ion,
that is, they enter the states of the discrete
spectrum with energy Eh The nucleus is then
excited by a virtual photon, which is produced at
this transition. The processin considerationis the
inverse of the processof decay of the isomeric
nuclear state through the internal electron
conversion channel of gamma rays and has an
extremelyhigh crosssectionascomparedto direct
excitationby electronsor plasmaphotons

~ 1@ 229Th nuclei
Per one laser shot
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Excitation of the low-energy ***”Th isomer in the electron bridge process via the continuum

P. V. Borisyuk,! N. N. Kolachevsky.>!** A. V. Taichenachev.*> E. V. Tkalya® >"" . Yu. Tolstikhina®,> and V. I. Yudin*>-"-'
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2P.N. Lebedev Physical Institute of the Russian Academy of Sciences, 119991, 53 Leninskiy Prospekt, Moscow, Russia
3Russian Quantum Center, 143025 Skolkovo, Moscow, Russia
*Novosibirsk State University, 2 Pirogova St., Novosibirsk, 630090, Russia
> Institute of Laser Physics SB RAS, Prospekt Akademika Lavrent’eva 13/3, Novosibirsk, 630090, Russia
®Nuclear Safety Institute of RAS, Bol'shava Tulskava 52, Moscow 115191, Russia
"Novosibirsk State Technical University, Prospekt Karla Marksa 20, Novosibirsk, 630073, Russia

M (Received 8 July 2019; published 10 October 2019)

The paper studies the excitation of the **’Th nucleus to the anomalously low-lying isomeric state 3,/2%(8.28 +
0.17 eV) in the electron bridge process via the continuum of the electron spectrum. Resonant excitation of the
nucleus was found to be always possible in the scheme, no matter where the electron levels of an atom or
ion were located. Formulas for the excitation cross section by narrow and wide laser lines are obtained. In the
resonance, where the process under consideration turns into laser photoionization followed by nuclear excitation
in electron capture, the cross section of the process was shown to be comparable in magnitude with that of the
photoionization of the thorium atom. Experimental schemes for testing the effect were proposed, which would
allow measuring the frequency of the nuclear isomeric transition 3/2% — 5/27 to a high precision, which is the
first-priority (and still unresolved) task for creating a nuclear clock.
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which are the four new values from Sikorsky and co-workers. The

blue line indicates the weighted mean of the eight most recent

values, 8.12 +0.11 eV, corresponding to a wavelength of

152.7 & 2.1 nm.
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Laser systems for Mg frequency standaro

Laser system for laser cooling Clock laser system at 457 nm
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RamseyBordk resonances with Mg atoms in MO
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