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The differential polarizability, due to near-infrared light at 1128 om, of the TAIF 15, — 3P,

transition is measured to be Ao = dmeg 2 (1.8 £0.5) = 1077 m

3': where Ao = ap —agz is the

difference between the excited and ground state polarizakbilities. This measurement is combined

with E\'.pﬂ':ln'l.ﬂ'l.‘tﬂ] ascillator ntr\ength: bo :r.l::r!a].p-cr]

transition as Ao} = dreg x| L3057 = 107

ate the differential static polarizability of the clack
m”. The resulting room temperature bladehody shift

of e fi = —B(3) x 107" is the lowest known shift of all atomic transitions under consideration for
optical frequency standards. A method is pressnted to estimate the differential static polarizability
of an cptical transition, from a differential light shift messurement.

The blackbody radistion shift [1] is o significant
shift in all room temperature atomic frequency stan-
dards, as can be ssen in Takls 1. It ranges from
[ foe] 22 2o 107 fiog 08 to |Aw| 2 8w 10718
for *TA1T. ag reported here. In arder o reach o sys-
tematic uncertainty of & fi| < 107%, the transi-
tions with 4 large room tempsrature blackbody shift
may require a oryogenic operating environment, whila
2T Al merely requires knowledge of the room temper-
ature background with 5 K uneertainty.

We begin with a brisf explanation of the blackbody
shift, followed by an estimats of the shift in 27AI+
basad only on published cecillator strengths. The un-
cartainty in this estimate motivated us to measure the
differential polarizability of the clock transition due to

TABLE I: Room temperature blackbody shifts and uncer-
tainties of various species in use, or under consideration,
as atomic frequency standards. Where no uncertainty is
given, it is unkoown, The “*Hg™ optical transition is
not listed, because this standard operates at 4.2 K, where
the blackbody =hift is reduced by 107 from the room
temperature value,

species| transition || Aw i = 107 2% reference
AlT 15, —3Py E(E this work
In+ 15, =Py < 70 [2]
Yht |80 —20g .|  @E0730) 3
Sr* |®Syn—Dge|  GTO(ZB0)([4]
Ca g, —3Py ER10{50) b
Yh g, 5Py 2400{250) [ﬁ]
Sr 1gy —3Py A100§120) [7]
Ca F=4—F=3| 2120/ (&
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near-infrared light. This measurament allows a deter-
mination of the blackbody shift with reduced uncer-
tainty.

A.  Bloackbody shift

The blackbody shift resulis from off-resonant cou-
pling of thermal blackbody radiation to the two statas
comprising the clock transition. The scalar polariz-
ability a, of an atomic state a driven by an electric
fiald at frequency w is

2 G [ _|r=' Py
g (W) = o E e (1}

with summstion over all transitions connecling to
state a with resconant frequency w,, and oscillator
strength f;. For monochromsatice radiation Bh ooawt,
this polarizability resulis in a dynamic Stark shift of
AE, = —1Bfas(w). The cock transition is subject
to & blackbody radiation shift of

]

-1 [== . w Py
= m}ﬂ &ul_m_lmdu, (23
where wea integrate over the power spectral density of
the blackbody electric fisld, and Aaiw) = apiw) —
aglw) is the difference between excited snd ground
stats polarizabilities.  Here, we first astimate the
differential static polarizability Aa{0). This result
is wsed to estimate the differential polarizability st
blackbody frequencies Aajw ) for w = 2ae/ {10 pm).

B. The case of TALT

Ths transitions from the Y55 and 3Pp states that
have besn includad in our estimate sre listed in Ta-
ble II. Cacillator strengthe are taken from the NIST
Atomic Spectra Database [9] whers availabla, and from
the Opacity Prodect [10] otherwise. From this we cal-
culate for the *Pp state ap(l) = dme « 265{73) =
10-30 . For the 18, state ag(0) = dmeq = 3.68(T8) =

280
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1073 m® Thus, Aail) = dwen = {0084 1.00 = 10~
m?. The mom temperasture blackbody spactrim
(B, = 830 V/m) is centarsd at 10 pm wavelength.
This corresponds to a frequency win Eq. (1), which is
40 times lower than the lowest transition frequency w;.
Wa may use the static ]:u:-la.rl.';abu]tt,v without loss of ao-
curacy, snd find Ay = —,—.&l:ulil B2 = (00020.06)
Hz, or fractionally ju»,.‘y = (0% Eh 3 10717 sinca
¥ o2 11 % 10Y% Hz In order to opsrate AlT az a
frequency standard with fractional fraquency unesr-
tainty below 6 » 10-17, the blackbady shift must be
calibrated axperimentally.

C. MNear-infrared Stock shift measurement

Ideally, we would measure the shift of the clock
tranzition due to a known intensity of 10 pm radi-
atiom, since the reom temperature blackbody fisld is
cantered at this wavelength. Howsver, the windows
af our experimental apparatus ars opaque to wave-
lemgths longer than 3 pm. Instead, we measure the
Stark shift dus to near-infrared radiation, and use this
measuremeant 0 estimate the blackbody shift.

The cutput of a fiker lasar (GO0 mW with £200 mW
fAuctustions | st 1126 nm was foeussad onto an Al ion,
and switched on and off at regular intervals. A stabls
ULE reference cavity was simultanecusly locked to tha
18 — 3P, transition, via an scousto-optic frequency
shifter, and the frequency shift due to the Stark shifi-
ing beam was tracked and recorded. Thess messure
ments ware repeatad for varicus lataral {2,y displace-
ments of the Stark shifting beam, a8 shown in Figure
1, in ordar to astimats the basm waist (wg = 100410
.

The  resulting  differential — polarizability  is
Ao Zre (1126 nm)) = dweg = (1.6 £ 0.5) = 10-31
m?, limited in accuracy by power Auctuations of the
Stark shifting lasar.

D. Extrapolation to zero frequency

The following relates this measurement to the dif-
ferential polarizability at 0 Hz, by expanding Eq. {1}
in small parameters, Two facts specific to AT are
nsad,

1. All strong transitions connecting to either elock
state are in the desp UV (A < 186 nm).

2. The strongest transiticns contributing to the
sam in Eq. (1) are near each other (A == 170

nrmj.

Let & = (w/uwy)® For the 18; and 3P states in
AlT, 4; < 0003, when w = 27e/ (1126 nm). Expanding

200

T |

FIG. 1: Clodk tronsition Stark shife ve. beam position.
A Gaussinn beam profile fit yields wop = 100 pm for the
beam waist, with a peak shift of -190 Hz.

Eq. (1) in powers of &, yields

ajw] = -:g|IZI|+_E

n:i + 84 (3

Thus, the differential polarizability between the 'S
and *P,, states is

2
F g P ] f. i a \ P
A =Rl 4+ —% (& + 48+, 4
el ol + =5 E-. 2 (8 4+ 87 + .00, i)

where we sum over all transitions connecting to the
18 and *F; states. Positive oscillator strengths are
usad for the transitions sonnecting to *Pp, and neg-
ative cerillator strengths are used for the 1S; transi-
ticmns.

Mow let f = (w/fwo)®, where wo = 2me/(171 nm),

and lat ¢, = & — &;. This valus of §; is chosen becansa
the strong transitions all lie nesr 171 nm. Then

Mofr) — :_—2. . :‘;‘,[e. +E L
Aail) = - .ol
1 +dp

All of the terme after the summation sign are small,
ag can be seen in Table 1L For the strongest transi-
tiona ¢; is emall, becansa all strong transitions are naar
171 nm. For the weaker transitions f;/w} is small. To
test the merits of this estimate, we propagste the un-
certainties @y, (se= Table 1T} in the varicus f; via Eq.
{3}, which resulis in an uncertsinty in Ae0) of
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e e
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Taail) =

Eﬁj["u+a*+ ']2. (®)

Mote that our choice of & minimizas the uncertsinty
Tagfoy Mumerically we find 7a o0, = 476 = 1.7
107* m® = 001 x Aof2me/ (1126 nm ). Thus, Aa(0)
can be deduced from cur messurement of Aafw) st
1126 nm with an additicnal uncertainty of 1 %. Eq.
(5 yields Ace(l) = d7eq = (1.04£0.48) x 1030 m3,

E. Estimate of blackbody shift

Sinee the frequenecy of blackbody radiation {cen-
tered ab 10 pm wavelength) is closer to 0 Hz than
the frequency of the applisd 1126 nm radistion, wa
expact to relate Aaid) to Aof2ae/(10 pmj) with
evan less uneertainty than our estimste of Aaf0] from
Ao Zme /(1126 nm)). As before, we can propagate the
ertcas oy, through the result. The caleulation follows
from Section D) and Eq. (2, and we simply writa the
rocm temperature result as

ki Tt

——=——{Ac(0) =« 1.00024), {7i
et J L7

or numerically, Ay = —0.008(3) Hz.

F. Conclusion

We have messured the differential polarizability of
the ¥ A1+ 157 — *Pyg clock transition at 1126 nm. Wa
have alsa found expressions relating the differential
polarizabilities at various drive frequencies, in which
the effect of uncertainties in the cecillatar strengths
is minimized. In particular, Aai0) is found from
Al 2re/i1126 nm)) with 1 % added fracticnal un-
certainty, while allewing conservative uneertainties of
20% or larger in the ascillator strengihs. From Aof0)
we caloulate the blackbady shift with negligible added
uncertainty. The fractional room temperature black-
bady shift Apjr = {—8 £ 37 = 1018 iz substantially
lower for the ALY '8¢ — *Pg transition than for
other atomic frequency standards currently under de-
velopment (ses Table [1. The uncertainty in this value
could be lowared substantially by improving the power
stability of the 1126 nm Stark shifting laser.

This work is a contribution of MIST, an agency of
the 1.5, government, and is not subject to U5, copy-
right.
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TABLEIL Transition wavelengths {A;) and cacillator strengths [ fi] used to estimate Ac(0). Transitions are in descending
order of fi magnitude, Negative cecillator strengths are used for transitions connecting to the 35° '8, ground state,
Fractional uncertainties =g, /[ fi| were taken from the NIST Atomic Spectra Database [9] where available, and doubled.
Where no uncertainty is available, a fractional uncertainty of 1 is assumed. §; = {w/uw)® where w = Zre /{1128 om),
wy = Zrefhy, and e = & — (171/1128)%, The sixth column lists the summands of Eq. (3] truncated after a:;

fil mallsl A & £ ;—i-‘% (€5 +47 4 &) from to| ref
[rim] [.d.*.re.;xma = 1073
-1.830000 020 167.079) 0.0220( -0.0010 2.005625 32 180 d=3p 1P1 9
0.903000 020 171.944) 00233 Q0003 1Lo46615 3=3p 3P0 223d 2 ID‘
0612000 000 176,193 00245 00014 2762716 2s3p 3P0 2p2 2F1 9
0.129000 0.20( 185503 00272 00041 1041704 3=3p 3P0 Aa=4a 351 ,D]
0.059000 L00f 112919 00112 -0.0119 A0.701593)  2=8p 3P0 Zadd 21 o
0.018000 100 104.789) 00087 -0.0144 -0.202074) 2=3p 3P0 Zahd 301 IE]
0016556 100 120919 00115 -0.0115 -0.196846)  A=8p 3P0 Aafa BR1[ [10
0.005922 100 105460 00088 -0.0143 S0L0G6RIT) 2=3p 3P0 2afla 351 |10
0004078 Loof 98508 00077 -0.0154 A0.043385)  2=8p 3P0 2afid 301 10
-0.003020 100 93527 00069 -0.0162 Q030331 32 180 =dp 1IP1| (10
0002880 Loof  as003) 00077 -0.0153 A0.030830|  A=8p 3P0 A=Ta 51 |10
0001880 100 93263 00072 -0.0150 -0.019393)  2=8p 3P0 3a7d 2D1| (10
0001656 1.00f  93.429) 00072 -0.0159 -0.017030|  3=3p 3P0 A=5a 351[ |10
-0.001100 1.00f  T1470| 0.0040( -000190 0007625 a2 180 =Tp 1P| (10
-0.001090 L00f 74018 00043 -0.0187 0.007995 3a2 180 =fp 1P| |10
-0.001050 L00f 699490 0.0039( -0.0192 0007035 =2 180 ==p 1P| (10
0.001020 100 93341 0.00G69( -00162 -0.0105339)  2=3p 3P0 2s8 351 |10
0.001019 L00f 93241 0.0069( -00162 A0010214)  2=8p 3P0 2=sd 3D1| 10
-0.000998 Loof  GB004) 00038 -0.0193 0006541 a2 180 =0p 1P1| |10
-0.000948 Loof  GRES3| 00037 -0.0194 0006120 32 180 E=10p 1P1] [10
-0.000858 L.00f  &7.002) 00036 -0.0194 0005480 a2 180 Esllp 1P1] |10
0000708 1.00f 919300 00067 -0.0164 0006985 3=3p 3P0 3s10s 351] [10
0000613 L00f  91.916) 00067 -0.0164 A0006048)  2=8p 3P0 2=0d 2D 10
-0.00056G7 100 7a.448) 0.0030( -00131 Q004612 32 180 Z=p 1IP1| |10
0.000501 L00f 91041 00065 -0.0165 0004885 2=3p AP0 3=11= 351 [10
0000398 L00f 90997 00065 -0.0165 SD003RTE| A=Ap AP0| 3s10d AD1) [10
0.000124 Loof  To.odo| 00039 -0.0192 A0000835|  2=3p AP0 3php AP1) [10
0.000116 100 édnE00) 00034 -0.0196 0000701 2=3p AP0 3php AP1] [10
0000083 L00f  G3.690) 00032 -0.0199 0000477 3=3p 3P0 3pTp AP1] [10
0.000059 100 &2.4800 00031 -0.0200 A0000328|  2=8p AP0 3psEp AP1) [10
0.000043 L00f 617100 0.0030( -0.0201 -0000233| 3=3p 3P0 3p@p AP1] [10
0.000032 Loof  &1.190) 0.0030( -0.0201 0000170 2=3p AP0| 3plop AP1) (10
0.000001 100 =0EG0| 00052 -0.0179 -0000009)  2=3p AP0 3pdp AP1] [10
SUM .609223
UNCERTAINTY 16235570
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