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Physique quantique et applications

\ \ Laboratoire Kastler Brossel

High resolution spectroscopy of the 1S-3S
transition in atomic hydrogen
to determine the proton charge radius
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\ 1S-3S spectroscopy umme
LKB
* Excitation for the 1S level v/
* linear combination v(1S-2S) and v(1S-3S) L
+ Ay= L1g-8L,g and A= L;s-27L 45 (S. Karshenboim et K. Pachucki) 15
L,s + QED(exact) 2 r, '
: o | (1) LKB 2010
| . | Yostetal, 2016
e — (2)LKB 2014
| o | (2) LKB 2017
-e—| CODATA 2014
Visss & partir de up |o|
645 650 655 660 665 670 675 680 685 690

(Vigas- 2 922 743 278 MHz ) [kHz]

(1) O. Arnoult, F. Nez, L. Julien and F. Biraben, Eur. Phys. J. D 60, p.243(2010)
(2) H. Fleurbaey, S. Galtier, S. Thomas, M. Bonnard, L. Julien F. Biraben, F. Nez, M. Abgrall and J. Guéna,
Phys. Rev. Lett. 120, 183001 (2017)



\ laser source at 205nm

LKB

656 nm

4 2P
205 nm 121 nm
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Two photon transition -> 1" order doppler effect

NN @— NN\

compensation

hv(l—Y)
C

__)

e 2 stages of SHG: TiSa: 820 nm = 410 nm = 205 nm

Laser titane-saphir
820 nm;

S. Bourzeix et al, Phys.Rev. Lett. 76, 384 (1996)
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O.Arnoult et al, Eur.Phys.).D 60, p.243(2010)



\ First M deduced from to 1S-3S measurement

Uemc
LKB
o Codata 2010
|——e—— diffusion e-p (a)'
- diffusion e-p (b)'
s o (o) | I 3 ® | &P 1 252-2P5 (a)
€-p 1 2S4,,-2P;3, (b) | | ’ Py { e-p:2S,,-2P,,,(c)
e-p : 2S4,,-4S,; (d) I ® i
e-p : 2S,,-4Dg), (d) | : .. , e | P
I 1 e-p: - e
I e 1 e-p:2S,,-4P3p, (e) e
€-p 23165y, (f) | . g /
e-p :2S;,-6Dg; () | :
—e A e-p : 2S5,,,-8S, (9) .
—8—— o-p:2S,.-8Dss (3) Paris 2010
—e——e-p:25,,-8Ds; (9)
e-p : 25,,-12D5, (h) | ® /
e-p : 28,,-12Dg); (h) I ¢ / ° | e-p : 18,,,-3S,, (i)
b-p : 28 (F=1)-2Py.,(F=2) W
0.75 0.80 0.85 0.90 0.95 1.00 1.05
rp(fm)
v[1S — 3S(F = 1)] = 2922 742 936.729(13) MHz
mmm) R = 10973 731.56888(68) m™?!
mm) 7, = 0.911(65) fm
4

O.Arnoult, et al Eur.Phys.J.D 60, p.243(2010)



\ Laser source at 205 nm
LKB
e Current scheme: Sum Frequency generation in BBO:
1/894 + 1/266 =1/205
NdYO4: 532 nm »| 266 nm
)| 205 nm
TiSa : 894 nm
BBO Phase matching angle versus wavelength:
Conversion efficency:
N % dy ~0.16sin(6)+2,22cos(6) pm/V
i A 7 6 ~90° - |de | ~ 016 pm/V
< g0 b L
{, k4 0 =57°— |detr | ~1,34 pm/V X8
gso" : {I
N = go for SFG !!
o 2000 = 2050 . 2100 21;0 (%)

SECOND-HARMONIC & SUM-FREQUENCY WAVELENGTH 5



\ The laser source at 205 nm yeme
WB\
e Interlocked « bow-tie » configuration
v’ perfect overlap inside the BBO crystal

v’ astigmatism compensated

v’ critical extraction angle.
~100W et Py =1,5W
* P,ps = 10-15 mW, continuous and robust

e Circulating power : P,

S. Galtier, F. Nez, L. Julien and F. Biraben,
Opt. Comm. 324 (2014) p.34-37
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\ Overall setup for 2013 campaign

LKB

232 nm X 2 266>nm

Verdi laser
|i FP cavity < 295'nm to vaccum
- chamber

894 nm

TiSa laser 4
‘ 2xA0m) "7 TTTTETETEEEES !
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A7 TN
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>

Frequency comb\
TN @ Maser H
[ | i—_L | 3km. optical fiber fink | LNE Syrte lab.

e UV frequency:

f.’ uv — E(ZX fverdi +(ftips);CFPR —2x 1:AOM ))
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\ \ Electrical beat notes

e Obijectif: high beat note SNR?

Spectrum of Fiber laser (MenloSystems)
+ PCF

o
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réseau

e
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A/gl ( D,
|
My e

filtre
interférentiel
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= TiSa laser: free space beat - 30 dB with 1IMHz RBW
- 25 dB with IMHz RBW

= Verdi laser: fiber coupler

Batt. DL/Rb
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\ Detection setup

LKB
e Thermal source (1S)
e UV cavity: R.=25cm, L<50cm —w,: 48 um 35
=
=l /2p
photomultiplicateur 8
\ -
1S
| |- photocathode décharge RF
e 14°C
condenseurs ]
cale Irff|ltre ol
i : i N interférentie
plezoe|lectr|que fentes A 5 BEE
) AN
photodiode H-‘ g/ Y 7
uv = - 205 nm
v = —5 | [ 2050m {
miroir \
[ Azote buse en téflon

diaphragmes
. liquide
—_Pompe a
AiffiiciAn
eau

— Oil pump
9




\ Atomic signal

U2MmC
LKB
8500
Scan: step of 80kHz, over 2.4MHz
Integration time of 3.5hours
8000|
SNR: 170
Y
7500}
*Ug) Broadening :
S Fitted with a lorentzian function
7000t [ =1.5 MHz
( 1S-3S natural linewidth:1 MHz)
6500¢ Due to transit time of the atoms
in the interaction zone.

600876 1018 1920 1922 1924 192.6 192.8 193.0
AOM frequency [MHZz]

f1s_3s = 2(2 X fyerdi + (ftiQLCFPR —2x T pom )) y



\ \ Atomic signal
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Scan: step of 80kHz, over 2.4MHz
Integration time of 3.5hours

function

1:1 MHz)

Due to transit time of the atoms

LKB
8500
8000¢
CSNIR: 1770
' 7500 | |
: ency shifts soutrces
* e e Dopplet effect
o0« Second order LDOP
= Light shift -
= . Collisional shi
. ‘/< [ ]
0876 1918 1020 1922 1924 1926 1928 193.0

AOM frequency [MHZz]

f18_3s - 2(2 x 1:verdi + (ftiELCFPR

In the interaction zone.

—2x T aom »
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\ 2"d order Doppler effect ueme
LKB
e @300K, 3 km/s -> -147 kHz
e Relativist effect, quadratic in velocity
e How to determine the mean velocity of the atomic beam?
— 1 photon transition: 1S-2Pa 121 nm X
— Using motionnal Stark effect on opposite parity level (ex. S and P) v/
_)
®
NN, @ NN/
2 ® Vv )
vl +—5)  2ovB heas s
2C2 = VA 2C2
= v? E> VB’
6dop2_ " Vat 5 o —
2¢2 Stark
Vsp  Avsp
12

F. Biraben, L. Julien, J. Plon and F. Nez, Europhys. Lett., 15 p.831 (1991)



LKB

\ \ 2"d order Doppler effect

e Magnetic field -> Zeeman effect (mg =0, 1)
e Two photon transition selection rules: AF =0 et Amg =0

1S, (F=1) — 3S,,, (F=1) ~ 1MHz/G -> B Calibration §

(1, 1)

(1, 0)
38, Level 1S/, (F=1, m=0) = 35y, (F=1, m: =0)

1) crossing

(1
o O e 1Sy, (F=1, m=1) > 38, (FR1, i =1)

—— )

(1, 0) coupled with 3P, ,( F =1, m-=0)

—_— @ 181G

-> motionnal Stark shift

Energy levels

.1 1 1 11 7 1T 1T 1T T 71711 —>
0 50 100 150 200

Magnetic field (Gauss) 13



\ 2"d order Doppler effect u=me
LKB
e Frequency shift versus B of the transitions: 1S,, (F=1, m-=1) = 3S,,, (F=1, m; =1)
200 ?ine position(kHz)
100 E § — mF=+1
Deéplacement = ] %
Doppler . s |
du2ndordre: |_qgg @ :
147 kHz ] o :
-200 - 2 :
: E’ '
-300 ] :
-400 ] 53 =2 -1 c:) 1 2 3
500 | line position(MHz)
130 150 170 190 210 230 Depends on the
= partial compensation velocity distribution
= Velocity distribution determination
-> estimation of the 2" order Doppler effect
F. Biraben, L. Julien, J. Plon and F. Nez, Europhys. Lett., 15 (1991) p.831 : 14

G. Hagel, R. Battesti, F. Nez, L. Julien and F. Biraben, Phys. Rev. Lett. 89 (2002) p. 203001
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\ Fitting procedure

LKB
3S (F=1) ;p * Theoretical line shape: fluorescence profiles: 35->2P et 3P->2S
A > includes SOD, zeeman and motional stark shift.
velocity distribution ]
28 1 \
S »  R(w,B,o) = J'—f(v, 5) F(o, B,V) dv
4 / 0 ¥
205 A AVY .
nm S e The « central frequency »: 15-3S (F=1) with B =0 and v=0
4N Vv
o Effusive iet: f(V ) _ V3 e 262 _ ke T
1S (le) usive Jet. , O) = o = —M
100 T
v [kHz]

50F

-50L e B=0.26G |
A B=159.2G| -7 differents B values
B B=159.7G G d f | f
ool e B=170c | - Gridofguessvaluesfors
¢ B=171.3G
e B=1904G
150 ‘ ‘ ‘ ‘ * B=191 G 15
1.0 1.2 1.4 1.6 1.8 2.0 2.2

o [km/s]



\ The velocity distributio

LKB

n?

2

\Y
e Variation around the effusive jet:  f(v, o, N) = Ve 2 = Nopt =4.25

e Physical model for the velocity distribution:

Effusive jet distribution

\elocity-dependant mean-free path in the nozzle

s /
v f,, (o)P(l .
| .s= mean-free path in the nozzle

L = nozzle length
L’ = distance between nozzle and interaction zone

Lv)ep(-v,(p, L)/ V)

Depletion of slow atoms
between nozzle and interaction zone

D.R. Olander et al. J. Appl. Phys. 41n° 11 p.4388 (1970)
C. Champenois et al Phys Rev A 77 (2008) 013621 6
1



Uemc

LKB

\ \ The velocity distribution?

2

\Y
e Variation around the effusive jet:  f(v, o, N) = Ve 2 = Nopt =4.25

e Physical model for the velocity distribution:

Effusive jet distribution Velocity-dependant mean-free path in the nozzle

o/
V£ (0)P (e, LV)OP(-V,(p, L) /¥)

| .s= mean-free path in the nozzle

L = nozzle length _ _ Depletion of slow atoms
L’ = distance between nozzle and interaction zone between nozzle and interaction zone

+ . exponent n = 4.25
-- . depletion model

Good agreement ! I o (km/s) | 1.526(27)
- - Vo (km/s) 0.75(28)

0.9

(u.a)

0.8

0.7

0.6
0.5+
0.4+
0.3+
0.2+

0.1+

] D.R. Olander et al. J. Appl. Phys. 41n° 11 p.4388 (1970)
0.0+ S C. Champenois et al Phys Rev A 77 (2008) 013621
17
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\ \ The fitting procedure @

e Systematics effects not included in the line shape: light shift, collisional shift
and quantum interference effect.

The light shift : |

Signal fitting

Frequency correction (Vo,0ptr Fopts Ye,0pt)
"=v.= axuVv

\ v Light shift a

20

Ve

-l

e - 936 720 [kHz]

ﬁ%
e

—e—i

quenc

}ﬂ' i+
:, | -> light shift ~ 3-10 kHz
| ->a=16839 MHz/V g

1 2 3 4 5 6
amplitude du signal de la photodiode UV [mV]
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LKB

\ \ Collisional shift

e Systematics effects not included in the line shape: light shift, collisional shift
and quantum interference effet.

.. e 2
Collisional shift: £ ()P(, L v)exn(=v,(p,L')/V)

With same velocity distribution:

fréguence - 2922 742 936 720 [kHz]

gl (V’opt' Gopt) ’

0 5 10 15 20 25
Pression x 1E-5 mbar

= slope -65,2(3) MHz/mbar
= positive shift

19
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\ Collisional shift

LKB

e Systematics effects not included in the line shape: light shift, collisional shift
and quantum interference effet.

- e ?
Collisional shift: I f, (0)P(l,.., L v)eXp(=V, (P, L')/V)  Voop (HP) = 2,5 XV o0,

VO,opt(LP) =0,6 x Vo,0pt

With same velocity distribution: With a different velocity distribution:

fréguence -2922 742 936 720 [kHz] fréquegce - 2922 742 936 720 [kHz]

(Viootr Oopt) | 1 |
opt Zoptl Vo,0pttHP)

VO,opt
Vo,0pt(BP)

0 5 10 15 20 25 0 5 10 15 20 25
Pression x 1E-5 mbar Pression x 1E-5 mbar
= slope -65,2(3) MHz/mbar = slope +73,0(3) MHz/mbar
= positive shift = negative shift

20
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\ An ambiguous conclusion

October 2014

LKB

LKB 2010
| = I
I R —— |  Yostetal., 2016
LKB 2014 §|<,—-—| —eo—
_____ =<
—I— o I f(U, Vo, O-)
f(v,vy,0,P) LKB 2017
|-e—| CODATA 2014
Visss & partir de up o)
645 650 655 660 665 670 675 680 685 690

(Vigas- 2 922 743 278 MHz ) [kHz]
— does the velocity distribution depend on the pressure ?

* Velocity distribution =——— Simon’s talk

e Statistical uncertainty of 2,8 kHz

S. Galtier, H. Fleurbaey, S. Thomas, L. Julien, F. Biraben, F. Nez, J. Chem. ref. Data vol. 44, n°3 (20153
S. Galtier, these, Université Pierre et Marie Curie (2014), https://hal.archives-ouvertes.fr/tel-01080669. 1
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Thank you for your attention
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