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Why Deuterium?

Test of our results on H(1S-3S)

The preliminary results
on H(1S-3S) was
presented on PSAS2018
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Here we want to present
a preliminary results on
D(1S-3S)
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Motivation of the H/D(1S-3S) In
Garching

e Proton Size Puzzle

e Development of Direct Frequency Comb spectroscopy
e New experiments (1S-4S)

e Making measurement with different systematics

Example : some systematic effects in Paris 1S-3S and Garching 1S-3S

Paris 1S-3S Garching 1S-3S
Room Temperature Beam Cryogenic Beam T=7 K
Vacuum 10~* mBar Vacuum 10> mBar

CW laser Frequency comb

The experiments in Hydrogen are complementary!



Direct frequency comb two photon
spectroscopy
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The idea of the experiment

Continuos spectra
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Why spectroscopy with chirped
pulses is NOT Doppler free?

Detector 1 Detector 2
Blue-shifted line Red-shifted line



Position-dependent Doppler shift

Electric field of chirped pulse:
E.(z,t) ~ Exp| ~(1+ib)(t = z/c)*/7* —im,(t £ 2/c) |

Doppler-free Rabi frequency:
Q(z,t) ~ E,E_~Exp| ~(1+ib)(t* + 22/ ¢*) /2> - 2iant |

After integration we get amplitude probability of the excitation:

A(z) = AbOExp{—Z b2222 i}
Crt

The first-order Doppler shift is:
A
d 4 / |
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We can simulate the effect by Optical Bloch Equations!



Simulation of the experiment:
small field of view

FvsZ simulation T=7K
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Simulation of the experiment:
large field of view

FvsZ simulation T=8K.
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Can we eliminate a Chirp-related
Doppler shift?

asb;, = f1
30 £ [KHZ]
| 9B _
- 4 equations aa 4 equations
. 5 unknowns b 4 unknowns
- fa1 = fo+ aaby b—2=b far=fot+ 1
| faz = fo + aub, . faz = fo+ bfa
. fB1=fo+ agby 7 fer=fot+afs
 fp2 = fo t agb; fe2 = fo T abf;
I — z [mm]
-1.0 —0.5 o ¥ 0: 1.0

If we have two detectors, we don’t need to vary position, only the chirp!



Configuration of detectors
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Laser system
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Chirp variation

The main source of the chirp in our laser system is a Self-Phase Modulation
(SPM):

Pne = I J n,1(z,t)dz

The non-linear phase and associated with it chirp ca be varied by translation of
non-linear crystal along the laser beam. In focus chirp is bigger!




Generalized method
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With many detectors/chirps we minimize : Zz = Z(
i

Chirp induced shift elimination. Dataset: Session 2, T=7/ K, L=2mm
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Systematic effects

Chirp-induced First Order Doppler shift

Up to 50 kHz
Taken out by fit

Second Order Doppler shift

~3 kHz
We also vary temperature

Pressure shift

We vary the distance
between nozzle and PCV

DC Stark Shift 02 G
Measured

AC Stark shift <0.7 kHz
Simulation

Zeeman shift <0.1 kHz
. . ~0.5 kHz
Cross-damping shift Simulaton

After elimination Chirp-related shift, all other systematic effects are less than 7 kHz




Deuterium data example
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Deuterium measurement :
most important points : 15K /2 mm

Te=15 K, L=2 mm, y°=1.32556
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Deuterium measurement :
most important points : 15 K /10 mm

Te=15 K. L=10 mm. X2:1.28053
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Day-to-day scatter : 15 K/ 2 mm

Te=15 K, L=2 mm, y>=3.16592
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Day-to-day scatter : 15 K/ 10 mm

Te=15 K, L=10 mm, XE:E].QIDEQI
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Pressure shift extrapolation

T=15K
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Second order Doppler shift

extrapolation
o Temperature extrapolation to zero. Blue line — Maxwell distribution slope. y>=1.00858 . \/] P Q
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—or comparison: preliminary result in
lydrogen, shown on PSAS 2018
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Rydberg constant / Proton charge
radius evaluation

Hydrogen energy levels :

E(H)
h
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1 2 3 3 4 2
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Deuterium energy levels :

E(D 1 16m?m, c*a?
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How much should we change constants to leave Hydrogen(1S-2S) unchanged
and change Deuterium(1S-3S):
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Preliminary results

combining with the 15, , — 257 )5
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Conclusion

e We found the method of elimination of chirp-related
Doppler shift

e Our preliminary value of D(1S-3S) centroid frequency is
far from CODATA value

e The known systematic effects can’t explain the difference
between presented result and CODATA value, because
they are much smaller than the discrepancy.
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DC Stark shift from stray electric

flelds

MP O

A DC stark shift from weak electric field id proportional to the square of

electric field: fo = f + ae?

Applying external field we get:

fr=f+a(B+e)?
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Nonlinear chirp

Test of 4-points method with nonlinear chirp for T=7 K
Pairs of quadratic (standard) chirps : (0.;0.2) (0.1;0.2) (0.2;0.4) (0.3;0.7)

Nonlinear chirp b4 (Black,Red,Blue,Green,Magenta) : {-0.4, -0.2, 0., 0.2, 0.4}
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Wave fronts misalignment
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Normalization
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Normalization
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