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Metrology of the 1S-3S transition frequency

The fine structure of the hydrogen atom is acutely described by QED:

E.: . 4 41)2 RS Assuming this expression to be exact, and
f?cj ~ Roo Fruij(, = ) + 3 n30(42(1)—|— i)s ?";(550 } a, me /My, to be measured precisely enough:
m

P
\ \ flS—SSv flS—QS = Rooa 'p
Dirac + recoil + Lamb shift

finite nucleus size

.........................................
------

...............
........................................

....................................

..............................................
---------------------------------------------------------------

25-AP (2017, MPQ) - To contribute to the Puzzle:
15-3S (2016, MPQ) -»-] 5.6 0 — 7 kHz uncertainty.
1S-3S (2010, LKB) o
., } 25-nS.D - Natural linewidth:
> (1996-1999, LKB) s 35 = 1 MHz.
. } 2S5-4S,PD (1995) .-
Two-photon transition:
— . } 25-2P (<1994) Doppler-free spectro.
0.75 0.80 0.85 0.90 0.95 1.00 1.05 r, (fm) _
€ Two photons at 205 nm:

5.60 discrepancy: the Proton Radius Puzzle® deep UV...

- - -
..............................................
.....................................................
....................................................
.................................
-----------------------------
.................................

\/\ Simon Thomas, LKB - PSS 2018 T .
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The 1S-3S experiment in Paris

Excitation by two counter-propagating
photons at 205 nm

+ fluorescence detection

I'sg =1 MHz

IS e

- ot
4 205 nm
205 nm | (10-12 mw)

1S

- atomic beam colinear to

35 -4
A il 656 nm .
op

—
Fluorescence (arb. units)

magnetic coils

N\ oil diffusion pump

the laser beam, at room

temperature before 2018

= absolute frequency
measurement, referenced
to the Cs clock at SYRTE.

frequency
stabilization

frequency
reference
(at SYRTE)

<
<

+ 3km
< fiber
o link

Innolight
1064 / 532 nm

\ \ " Simon Thomas; LKB = REAS 018"~ 0 em e o




The 15-3S experiment in Paris -

1

] The 1S-3S team:
- Research director: Francois Nez
Emeriti: Lucile Julien & Francois Biraben

S. Galtier -

PhD students: Simon Thomas (2017-...) "'
Hélene Fleurbaey (2014-2017)
Sandrine Galtier (2011-2014)

1" "H. Fleurbaey

\\ Simon Thomas; LKB —~ RSAS'2018", " -, .. ="



Data taking: 2013 & 2016-2017 .

Two recording sessions:

* by Sandrine Galtier,
29 days in 2013;

» by Hélene Fleurbaey,
59 days in 2016-2017.

......

Measurements repeated
for different values of:

UV power;
* hydrogen pressure;
« applied magnetic field.

— systematics evaluated
over 4 separate data sets.

.......

.......

............
........

Ll - . .
. .

- .

......

Measurements repeated
to reach a sufficient
statistical uncertainty:

as an order of magnitude,
Ls ug,~10 kHz in 5 min
L. ug,~1 kHz in 20 hours

(of integration time, on the
absolute apparent frequency
of the line at B=0 G)

— systematics corrected
for each run of 5 min.

-------
............
. -

......
.....
.........
------------------
.........
--------------
.............

------
- .

......................

................

.....
...................

,,,,,,,
...........

......

" . . .
.........
...........
...................
.............
.........
.............
.................
................
................
..............
..........
. .
. . . N
- . .

. -
. - .
-----
,,,,,,,,,,,,
...........
............

. N . .

........

- . . -
----------

- .
.....
..........

.........

1 day

o syt o e
600 M‘* IL |th i le“‘h }W }M n I»}
w WM HMW” h’} |++ M\W }ﬂpw kay WWI

....................
.......
.......

. -

......

............

-----------------------
..................

........................
------------

- . .

...........

..............
....................

.........
------------------------
...................
........................
............
............................
...............

........
.......
- - . . . . . . 2’ . . - e T O T Tt i R S

-----

. . . N
-----

. . - .
......

.....
.....

. . . -
.....
.....

. - . .

-----

-----------
...............

. . »
--------
........

. . .

.........
. . -

..............

.......
................
.......

. . B

...........

.............
.........
.....................

----------

.........

..............

.................

...........
........

- . . . . - . - a - _

+ . . » P T T S

---------
...........
-------------
----------
.......

......
.....

.........

.........
.........



Systematics: 2"° order Doppler effect

Cancellation of 1st order Doppler effect '-"ff_{_"_'-f;? Fit of a theoretical
2 -1 atomic velocity distribution
o (1- 24 55 ) o142+ 57) 2 -] onthet-dependant line shift
2 ey )2
C fg’% (v) ox ’036_20—2_?_?}3(5)

AL slow atoms depletion J /
o ' T nozzle caracterization

. L B ~-=]  via a theoretical lineshape:
motionnal Zeeman 5 . & A B2 a a theoretical lineshape
ffect ' Stark — d ) d
Stark effect effec Asg_3p do _ o iy { dp }
P e Tt sp

dt dt
E .&m;.- =0

—

dstark . H=H 0+ H Z eeman(B)

35, 200 kHz ~ - —
+ HStark(U A B)

+ Hoy([1 4 %5 )wt)

U
—

OBE

—
(B calibrated with m=0) 0 100 200 G 100

(W, 0. B) ® T (W) forng(v)dv

b

-»> F(w,B)—/F

(calculations currently being improved)

..........
...........

.........
.........................

.....
......................
.....

B . . .
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"
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.....
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...............

\ \ ' Simon Thomas; LKB — RSAS'9018"." - (Arnoult ét a 60, 2010) "

. - . .

.......
----

.....



Determination of o and v,

Fit of the velocity-dependent frequency shift: no noticeable pressure dependency

A
1.60

N
T @ 1.55
- Y 9% £ } } *
Q ¢ L S 1.50
o ¢ ’ A
(o ‘I * .- . "
& 650 T + AR 1.45
Al T 4
N
Al
)
o 1.5 *
g a
S 600 T g10
: = |
5 0.5 ST e
O
s :
5 ' 2013 2016-2017, lower P higherP
g >0 b
< + # '.‘.j"‘..r"",.a".'--"...'.l.".-.-"..-"'.A"...»“._"l-,"",.A'-_.-"_-..'l. ‘_-t ) '. j S

Test with different: oo

] 1 1

| | — B (G)

160 180 200

— typical correction of ~ 133 kHz.
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...........
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\ \ " Sithon Thomas; LKB' = RSAS'2018 E ER e LR R -
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 velocity distribution models;
» broadening functions.
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\ \ Simon - Thomas; .LKB = RSAS 2018

Systematics: light and collisional shifts

Extrapolation to zero UV power:

+

ﬁﬂ + f + 1
] it
m HT

1 2 3 4 5 6 7 8
Transmitted UV power (arb. units)

+2.9227429367e12

&
o

w
o

2013

=N N w
v o v o
N

Atomic frequency (kHz)

o
o

+2.922742936e12

= 8001
T 7801 }

I

;‘,{7’20i

' 7001

E 680 |
Agreement between different I, estimations:
* incident power;
« transmitted power (with fluorescein);
«  signal height (corrected).

2016-2017

H i
} [ 1l ** LX) L '

LP2

E=)
< 660 4

25

15 20

V' Signal height (arb. units)

10 30

v

— typical correction of ~ -6 kHz.

. . .
.........
.............................
...........

.
.....
.....

. - .

- . . -

.....

. -
* .
. .

. - -
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Extrapolation to zero pressure:

+2.9227429367e12

22
~

320*

c 184

g

U_IG*

L 14

2124
£
S 10+
<

0.0 25 5.0 75 10.0 12.5 15.0 17.5 20.0

2013

+2.922742936e12
5 730

I

g s t 2016-2017
2 720

g 7151

3'71(]*
% 705 {
'E 700
S 695 |

< T T T T T T T T
0.0 25 5.0 7.5 10.0 125 15.0 17.5 20.0

Pressure (x10~° mbar)

Relative pressure measurement (side of the vacuum chamber).

— typical correction of ~ 4 kHz.
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Agreement within the experimental uncertainties
after Doppler, light & pressure shifts correction,
of the results of the different data sets.
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fA Systematl C_SZ_CFQ'S s damping effect, etc.

Interference between quantum paths

K] D J—

A \ ~ 656 nm
2P

A

3S —
A 656 Nnm

2P

+

1S

T'ss =1 MHz

1S i

F3D ~ 10 MHz
Avss_3p ~ 3 GHz

------

..............

-----------------
_____________________________
....................
..........
......
.....

. v B .
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......
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............
.....
s

. . B
-----
------
..........
......

-----

.....

dependant on the detection geometry.

— correction of 0.6(2) kHz.

\\ Simon Thomas; LKB —~ RSAS'2018", " -, .. ="

thDkI
Wik — 2w — L%‘

2.

k=3S.3D

d—Q(w) x Z

f=2pP

x10°°

o s NOoO N ®

Cross terms (arb. units)

-4 -2 0 2 4

Laser frequency detuning (MHz)

Variation of the excitation probability.

. .
.....................................
.........

........................................

o 4 w2 374 o
Detector position angle 8 (rad)
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Other systematics:

« H Maser drift
(2013: -0.6 kHz)

* Dblack body radiation*
* residual Stark shift*
* residual Zeeman shift*

(*negligible to
our knowledge)
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Ourresults

After hyperfine centroid correction:
155 = 21922 743 278 671.6 (2.8) kHz } estimated covariance: (1.6 kHz)?

i U -distribution determination
fiat g = 2922 743 278 671.0 (4.9) kHz (from the added uncertainty due to the ¥'-distribution d )

............

....................

..............................

.........................
............

. N .

...........

..................................
.........................................................
............................................................
....................................................
.................................................
....................................

Final result: “- When combined with f,g ,g:

..........
.......

fis—3s = 2922 743 278 671.5 (2.6) kHz Roo =10 973 731.568 53(14) m™* r, = 0.877(13) fm

...............
.........................
- - - . = - . e T e e e e e e e T T T T e e e
............................................
....................................................
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With the main sources of
uncertainty being:

uH (2013) @ - o « CODATA (2014)
* Pressure shift (-2 kHz) o | . |
Light shift (1.3 kHz) S 2S-4P (MPQ, 2017) 18-3S (LKB, 2018)
 Light shift (~1.3 kHz :
. r. (fm)
1'..--'. ' l p
« 2" order Doppler shift a0 0.84 0.86 0.68
(~1.2 kHz) SN
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A new nozzle cooled down by liquid nitrogen | What next?
e - T=120K : :
N R — 1S-3Sin deuterium
) \ Without Doppler effect
/ \  only already observed
fg o * reduced Doppler effect
E‘ A
: AN — 1S-4Sin hydrogen
2 V4 : R, « yet to be observed
p : " s n ..:':..": ° rls_4s = 0.7 MHZ
e g S - possible determination of
15 10 —05 0.0 . 05 10 15 2.0 25 “'.--": the ﬁ-distribution Via
Apparent atomic frequency (+ 2922742936 MHz) ‘ .". ._‘

the Doppler shift of a
2S—-nP transition.

— test of the B method with a different U-distribution; -:::,'-.'j-', 532 — 266
N 194 nm

724 7

-----

\ \ Simon - Thomas; .LKB = RSAS 2018
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