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The blackbody radiation Zeeman (BBRZ) shift in the !So—Py, transition frequencies of ¥’Sr and '"'Yb atoms and an
51+ jon was theoretically estimated with the temperature of the surroundings between 50 and 300 K. The BBRZ shift
was confirmed to be negligible small also after the measurement uncertainty of 10~'% is attained. Its dependence on

temperature is more complicated than that for hyperfine transition frequencies in the microwave region.

1. Introduction

The measurement uncertainties of time and frequency were
reduced drastically using atomic clocks, but they cannot be
zero because the atomic transition frequencies are shifted by
atomic motion (Doppler shift) or interaction with electric and
magnetic fields (Stark and Zeeman shifts). For example,
blackbody radiation (BBR) induces a frequency shift at
an electric field of (E(r)?)'/? = (T/(300K))? x 8.3V /cm,
where T is the thermodynamic temperature of the surround-
ings. To measure the transition frequencies with uncertainties
lower than 107'4, the Stark shift induced by BBR (BBRS
shift) is required to be estimated and corrected to the
measured frequency. There are many theoretical and
experimental studies on this issue.!™® Using 8’Sr and "'Yb
atoms trapped in an optical lattice with kinetic energy of a
few uK, a measurement uncertainty of the 'So—>P, transition
frequencies on the order of 107'® was obtained after
suppression of the uncertainty of the BBRS shift.>?
Moreover, a change in the height by several centimeters
became detectable from the gravitational redshift.

BBR also generates a magnetic field of (B(r)?)
(T/(300 K))? x 0.027 G, which induces the Zeeman (BBRZ)
shift. As the BBRZ shift is much smaller than the BBRS
shift, there are only a few theoretical studies of the BBRZ
shift in the hyperfine transition frequencies of alkali atoms
and alkali-like ions.*!3 Porsev et al. estimated the BBRZ
shift 87Sr'Sy—P, transition frequency with 7 = 300K to
be five orders smaller than the BBRS shift.” However,
measurement uncertainties lower than 107'° might be
obtained using !Sy—P, transition frequencies of alkali-earth
atoms in the near future,'® and it is also useful to estimate
frequency shifts of less than 10™'® more in detailed with
different conditions. In this paper, we estimate the BBRZ
shift in the 'Sy—"Py transition frequencies of 8Sr and '"'Yb
atoms and an 'In* ion'> with T = 50-300 K.
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2. BBR Stark Shift

The BBR energy per volume in terms of the electric
and magnetic fields at each frequency component is given
by

pW)dv = eo(E(v, 1)*) dv
-1 (B(v, )%y dv
Ho

8rhi?

where v is the frequency component of BBR, # is the Planck
constant, ¢ is the speed of light, and kg is the Boltzmann
constant. The peak frequency of the BBR is proportional to T
and it is 31 THz with 7= 300K. The BBRS shift in the
O-state induced by the couplings of the electric dipole force
with i-states (i = 1,2,3,...) is given by
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where vo; = (€0 — €;)/h (¢;: the energy at the j-state) and do;
is the matrix element of the electric dipole moment between
the 0- and i-states. BBRS is induced by the coupling with
other electronic states and |vg;| > v. The BBRS shift is
proportional to [ p(v)dv and the fractional BBRS shift in
the Cs hyperfine transition frequency was obtained to be
—1.71 x 10~"(T (K)/300)*> The detailed calculation of
BBRS shift in the 'Sy—3P, transition frequencies of neutral
atoms and ions have been performed by Porsev et al.” and
Safronova et al.,® respectively.

dv

3. BBR Zeeman Shift

The BBRZ shift in the O-state induced by the couplings of
the magnetic dipole force with i-states (i =1,2,3,...) is

given by
B i
st = X [

pop(v )VOZ

=2 H /h(v —y ®
where pug; is the matrix element of the magnetic dipole
moment between the 0- and i-states. p; is given by the sum
of gxupMyx for angular momentums X (= electron orbital
angular momentum L, electron spin S, and nuclear spin 7).
Here, ug is the Bohr magneton (ug/h = 1.4 MHz/G), gx is
the g-factor (g, = 1, gg = 2.003, g; < 1073), and My is the
0 — i matrix element of the component of X parallel to the
magnetic field. The BBRZ shift in the hyperfine transition
frequencies of alkali atoms is induced only by the coupling
between the hyperfine states. |vo;| is in the microwave region
(lvoil < v), and fp(y)/u2 dv is proportional to T2. The
Zeeman shift on the Cs clock transition frequency 2S, )
(F,Mp) = (3,0) — (4,0) is induced by the coupling between
hyperfine states (F: hyperfine state). Using [Mg, M/] states,
the (3,0) and (4,0) states are given by ([1/2,—1/2]—

= Slexplw/keT) =11 & (D [=1/2,1/2))/¥2 and ([1/2,~1/2]+ [=1/2,1/2])//2, re-
spectively. po; = pup(gs — g7)/2 is then derived, and the
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Fig. 1. (Color online) Dependence of the fractional blackbody-radiation

Zeeman shift in the 'Sy—°P, transition frequencies at the temperatures
between 50 and 300 K.

fractional BBRZ shift in the Cs clock transition frequency
was estimated by Itano et al. and Han et al. to be —1.30 X
10717(T (K)/300)*® and —1.94 x 10~'7(T (K)/300)2,'® re-
spectively. The BBRZ shift is negligible for the Cs clock with
a current measurement uncertainty of 10719,'® but it may be
significant when a lower uncertainty is attained in future.
For the !Sy—P, transition frequencies v. of ®'Sr (429
THZz*!'9) and "'Yb (518 THz!"“!?) atoms and an !'"In*
(1265 THz') ion, the BBRZ shift is induced by the energy
shift of the *Py M; = 0 state [Aez(°Py)] by the coupling with
the 3P; M; =0 state. Then vp; = —vy, where vy is the
transition frequency between the *Py M; = 0 and °P; M; = 0
states (5.6 THz for %7Sr,>'9 20THz for '"'Yb,!"!? and
39THz for 'In*!). Using the [M;,Ms] states (here, we
ignore the effect of the nuclear spin), the Py M; = 0 and °P,
M, = 0 states are given by ([0,0]—[1,—1]—[-1,1])/+/3
and ([1,-1]-=[-1, 1])/«/5, respectively. The BBRZ shift
was estimated by numerical integration of Eq. (3) taking
uo1 = pup(gs — g1)(2/3)1/?. Figure 1 shows the dependence
of the fractional BBRZ shift on temperature. Porsev et al.
estimated the BBRZ shift in the ¥'Sr transition frequency
with T=300K to be 2.4 x 107> Hz (fractional shift of
5.6 x 10729),” which is consistent with the present calcu-
lation (5.3 x 1072°). The dependence of the BBRZ shift on
temperature is more complicated than that for the BBRS shift,
because the effects from the BBR frequency components
with v < vg (giving a negative shift) and v > vy (giving a
positive shift) are both significant. The fractional BBRZ shift
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in the 'S;—>P, transition frequencies is on the order of 10720
with 7 = 300 K and it is less than 2 x 1072! with 7 < 100 K.

4. Conclusion

The uncertainties of the order of 10~!° might be attained
with the 'Sy—P, transition frequencies of alkali-earth atoms
or alkali-earth like ions. Therefore, it is useful to confirm that
the BBRZ shift in the 'So—°P, transition frequencies is
negligible also after the measurement uncertainty of 107! is
attained. The fractional BBRZ shift is less than 107! (10~2!)
with 7= 300K (< 90K), which corresponds to the change
of the gravitational redshift by the change of the hight of
I mm (10 um).
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