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My name is Jennie Chen. I am a postdoc from Indiana University. I am presenting my work on the Hg magnetometer system towards to the neutron EDM experiment at LANL
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1. In 1998, Hg was first introduced in ILL’s nEDM experiment as a co-magnetometer.
2. It significantly reduces the systematic error due to magnetic field drifts by a factor of 20 in comparison with previous experiments. 

3. Hg atoms are optically prepared in a polarizing chamber and then transported to the neutron storage chamber to precess with neutrons in the same volume. 
4. Neutron’s precession frequency is corrected for the magnetic field drift by the ratio of these two system’s precession frequencies. 

5. Hg here is the cohabiting magnetometer. 
In LANL nEDM experiment, Hg is also used as external magnetometers to monitor the ambient field. 
6. It is the 1st time being introduced as an external magnetometer in nEDM experiment.  

This ratio is close to the gyromagnetic ratios of the two systems but not quite. Because of the low energy neutrons, the gravity pulls their spatial distribution is weighted towards the bottom of the storage cell. The signal from these two systems produces a slight difference in the average field sampled. 



B Hg-199 Vapor Cell
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Using Hg as an external magnetometer is inspired by Seattle’s Hg EDM experiment. 
It has the most precise measurement on the frequency difference among EDM experiments. The Hg atoms in a vapor phase can be contained in a vapor cell in the room temperature and last for a few years. 

Coherence time comparison: 300s 
Our goal: 150s


Faraday Rotation Detection

« Atomic polarization changes the index of
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For the Hg system, the precession frequency is read out from rotation of light polarization, as Faraday rotation.

Polarized atoms under B induce different indices of refraction for left-circular and right-circular light of the linear polarized light. And difference of the indices of refraction alter the polarization of the light(linear light) rotate with larmor freq. The rotation angle is proportional to the projection of the atom spin in light propagation. The beam coming out of the cell passes through a ½-waveplate and followed by a polarizing beam splitter to look at the sigma-plus and sigma-minus intensity. The difference of the 2 photodiode signals forms a decaying sine wave proportional to the optical rotation angle. 

For a typical scan, 
1. First, we would optically pump with circular polarized UV light at 254 nm to prepare all the atom at a single zeeman sublevel. The pump light is chopped at the larmor freq sush that the pump light only give a kick while the spin is along the light propagation. It allows us to pump while precessing.
2. Then, we remove the chopper and ¼ waveplate and tune the laser wavelength away from the resonance for probing 
3. We are probing with off-resonance linear light.



Hg Magnetometry in nNEDM@LANL
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This is a cut-away drawing of the vacuum chamber. 
The two cylinders in the middle are the precession chambers. The tubes are the neutron guide. There are 5 Hg sealed cells between the precession chambers and inside the HV electrode. The two blue cylinders are the polarizing chambers attached to the precession chamber through a valve system.  


Laser path in Hg Magnetometry

Image by Chris O'Shaughnessy
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There are total 9 laser beams going through the apparatus. 
The red lines go through the polarizing chamber. Purple-> precession chamber. Blue->Hg sealed cell
The laser signal will be detected on the side where the neutrons come in. 
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1. The cartoon shows the big picture of the magnetometer system in nEDM at LANL. 
2. The two flat rectangulars in the middle are the neutron precession chambers. 
3. We have 5 Hg mag cells inside the HV electrode between these two precession chambers.

1. The UV laser cannot couple into a fiber so the laser beam has to travel in free space in this experiment.
2. Many penetrations on the MSR and in the coil design of the experiment are to allow the laser beams to access the apparatus on one side and exit on another side.   


1. The laser beam is split to 10 beams for different Hg cells/chambers before entering from the side of the apparatus through the MSR and vacuum chamber.
(2 precession chambers, 2 polarizing chambers, 5 hg magnetometers) 
2. As shown in the plot, the laser beam has to travel up to 7 feet vertically from the optics table. It will be challenge to avoid any vibration on the laser beam.
   
We will apply Hg as both the co-magnetometer and external magnetometers inside the HV electrode. 
There will also be Cs external magnetometers outside the ground planes.



Status
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1. This plot shows the optics setup in the top view of the magnetometer system.
2. 5 HV hg cells can be seen clearly 
To accommodate these 5 HV Hg cells beside Hg co-mag in the LANL experiment, one laser beam is split to 10 before entering the MSR.   


(The laser beam coming out of the laser box get split into 10 beams before entering the MSR: 5 for external Hg mag, 2 for pumping Hg co-mag, 2 for probing Hg co-mag.)
The signal is detected on the other side of the MSR. 

To lock the laser at pump and probe frequencies, a reference cell with natural hg atoms is used to give a feedback signal to the laser controller.    
(The Hg magnetometer system requires the laser to tune between pump and probe frequencies and lock at these two frequencies, which involves several components)
   
END
-------------------------------------------------------------------------------------------------------------------------------------------------------------
   

Hg is used in three places. Reference cell, external HV mag, and co-mag.

Laser setup:

The laser coming out of the laser box will pass a wedged prism so most of the light intensity will pass through. Two reflected light beams will be used to lock the laser frequency for the pump and probe.

One goes to the photo amplifier directly to monitor the laser intensity and another one will go through the reference cell then the photo amplifier. These two channels give us the ratio of the reference cell’s transmission and the laser intensity. It is used to lock the laser frequency. Once the pump frequency is determined, (I will cover it) the feature of the reference cell is determined. The reference cell needs to be sensitive at the pump frequency. It means the change in the transmission need to be large at the pump frequency. 

Then, the laser passes the linear polarizer to make sure the laser is linearly polarized after this point. A pneumatic arm with a ¼ waveplate and a chopper will move into the light propagation automatically during the pump. The laser is sending a circular-polarized light pulse to the mercury cell while the Hg atom is precess along the light propagation. 

The precessing Hg atoms has a difference index reflections on sigma+ and sigma- light. This rotates the polarization of the linear polarized probing light at the precession frequency. After the laser passes through the Hg cell, it goes through a ½ waveplate and then Wollaston prism to the photodiode. The prism splits the light polarization to vertical and horizontal components. The difference of these two detection signals is immune from the fluctuation of the laser intensity. It will be used to extract the precession frequency.

Laser beams: Need 9 laser beams. 
I split to 10 laser beams. 5 are for 5 external Hg cell. 2 are for 2 polarizing chambers. 2 are for 2 precession chambers.
Because the optical length is larger, it needs more power to pump. Only split twice. 

Shutter: block the laser from going through the precession chamber during the pump. Block the laser when the atoms are precessing in the dark. 

Chopper:
We will have a feedback loop to read the precession freq of the Hg in the external Hg cells/2 precession chambers to feedback to a function generator which control the chopper. Bigger duty cycle->reach polarization quicker but smaller final polarization. Plot?


Laser system
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Improve the text.
The illustration shows the optics components to optically pump and probe the mercury atoms. 
It first goes through a wedged prism. One refracted beam directly goes to a UV enhanced photodiode and another one goes through a reference cell with natural Hg. 
The combination of these two signals feed back to the laser system for locking purpose.


Reference cell

HV external Hg

mag cell

Hg polarizing
chamber

Hg in precession chamber

Number 1
Wall coating None
Size Cylinder:
ID =19 mm
H=10mm

10 mm
5.4 x 1013@ 23°C

Optical Length

Hg number density

[atoms/cc]
Buffer gas 100 torr He
Pressure Shift 57 MHz
Pressure 787 MHz
Broadening

Zero vector light
shift (- is to the red)

Challenge A decent error signal

5
Dotriacontane

Cylinder:
ID=19 mm
H=10 mm

10 mm
5.4 x 1013@ 23°C

5 torr CO
-12.4 MHz
47.35 MHz

-10 MHz

Photon
re-emission

2
TBD

Cylinder:
ID =90 mm
H=203.2 mm (8”)

10 mm
4 x 1011

None
None

None

-10 MHz

Photon
re-emission

2
TBD

Cylinder:
ID =482.6 mm (19”)
H=95.25 mm (3.75”)

482.6 mm
3 x 1010

None
None

None

-10 MHz

Laser has a long vertical travel
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This is a summary of the four different Hg chambers/cells in the system. 

1 reference cell for locking the laser frequency, 5 external Hg mag to measure the ambient field, 2 polarizing chambers and 2 precession chambers

Each cell/chamber has its own challenge.
The reference cell needs a steep transmission at optimal pump and probe frequency to lock the laser securely.
The Hg mag and Hg co-mag have the issue of photon re-emission so it is challenge to reach high atomic polarization.
The long vertical travel distance will be hard to avoid the vibration on the beam.  

(By introducing some buffer gas in reference cell and HV Hg cells, it could improve the performance.) 

End
----------------------------------------------------------------------------------------------------------------------------------------------------------------
Hg can react with neutrons to eat out the neutrons so the Hg density in the precession chamber has an upper bound. The Hg atoms cannot be polarized efficiently if the Hg density is large: photon re-emission. The pumping chamber volume has a lower bound. 

HV external Hg mag does not have the restriction from neutron so theoretically we can have buffer gas to reduce the photon re-emission effect. But, buffer gas broadens the Hg linewidth and the zero light shift systematics will be difference for the two Hg system. In the development stage, we will have only 5 torr of CO in the Hg mag to reduce the photon re-emission effect without shifting the zero light shift spot.

To pump and probe at the optimal frequency to avoid systematics from the light shift, the reference cell need to have a steep transmission at those frequencies to create a decent error signal for locking. 100 torr He is used in the reference cell to shift the spectrum to the blue. It also broaden the Hg linewidth. 

The buffer gas in vapor cells is commonly used in ground state optical pumping experiments. It collisionally quench the excited state to prevent re-radiation which could depolarize the atoms. It cannot be used in precession chambers because neutrons will be scattered out. But, we can use it in the reference cell to shift the Hg spectrum to get a steep transmission at the optimal pump and probe frequency.  

 �


Hg co-mag, HV Hg cell, :
reference cell and laser

* (Blue) enriched Hg-199 without buffer gas =
* (Green) 5 torr of CO in HV Hg cell is to

reduce the photon re-emission effect j
* (Red) 100 torr of He shifts the reference cell ik

to the blue for a better error signal. : :
* To avoid the systematics from light shift, Detuning from F=1/2 line (GHz)

the pump and probe frequencies are

chosen carefully.

-

— Hg co-mag chamber: 107 torr

* During the probe, the laser frequency is
tuned by about 10GHz to blue from the
resonance where is zero vector absorptivity
and is sensitive with frequency.

Hg mag cell: 5 torr of CO

— Hg reference cell: 100 torr of He
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1. This is a plot of Hg transmission peaks of three Hg chamber/cells in this experiment. 
The first peak on the very left is the F=1/2 line of hyperfine resonance transition.  
2. The red line is the reference cell which has natural Hg instead of enriched Hg-199. 
3. The reference cell has 100 torr of He to shift the spectrum to the right(blue) for better error signal.

To avoid the systematics from light shift, the pump freq and probe frequency need to carefully choose. 
We need to pump at zero vector light shift which is 10 MHz to the left(red) of the resonance for Hg mag and Hg comag.
The probe frequency is at zero vector absorptivity. It is also optimal to be at where the rotational angle is insensitive with frequency.

(This blue and green lines are from enriched Hg-199 so the 1st and 5th peaks are much larger than others.)
 --------------------------------------------------------------------------------------------------------------------------
This plot shows how much the Hg transmission peaks get broadened with buffer gas. The blue to the green. Pressure shift and broadening
The first peak on the left is the F=1/2 line of hyperfine resonance (component of the resonance (6 1S0 → 6 3P1)) transition in Hg. 
The buffer gas in a vapor cell is commonly used in ground state optical pumping experiments. 
It collisionally quench the excited state to prevent re-radiation which could depolarize the atoms. 
1. It is used in the reference cell to shift the Hg spectrum to get a steep transmission at the optimal pump and probe frequency. 
2. We also have 5 torr of CO in the HV external Hg cell to reduce the photon re-emission effect to get a longer spin coherence time.
The buffer gas does not only change the transmission spectrum. It also change the light shift operator so that the optimal pump frequency and probing frequency change, too. 


The red line is the transmission of natural mercury vs the frequency.
Red dots are the pump frequency and probe frequency.

Frequency locking circuit:
Manual / computer control
Ramp/lock the laser frequency


- HV Hg cell fabrication

* Along (> 150 s) and stable coherence time of mercury atoms in a vapor cell is
essential to measure the magnetic field precisely.

e Unlike Hg-comagnetometer, Hg atoms do not get refilled for a new cycle. The
UV exposure could degrade the Hg coherence time with scans.

* Relaxation mechanism:
* Magnetic field inhomogeneities
* Wall collisions—> test with different coatings

* Atom-atom collision (gaseous impurities, buffer gas) = change optimal pump/probe
frequencies

* Loss into the reservoir (liquid Hg)

* Need to test for different coatings:

* The hydrocarbon paraffin used in Seattle’s Hg EDM cell is not compatible with
neutrons.

* |t does not always give long coherence time.
* Hydrogen atoms can degrade the lifetime
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To make the system work, a Hg vapor cell with long and stable coherence time without degrading with UV exposure is essential.

4 mechanisms: 
The distribution of the excess Hg could be optimized after the cell is made. 
The wall coating is the key to make good Hg cells.  
The hydrogens in hydrocarbon paraffin used in Seattle’s Hg EDM cell can potentially travel to precession chamber and interact with neutrons. 
It cannot be used for polarizing chamber. 

According to these four mechanisms:
To make a long coherence time, we need an uniform B-field, a good wall coating, avoid any impurities, and carefully distribute the excess Hg. 

Benefit from HV Hg cell: Hg cells can be reused. Easy to move it to places you want to measure B-field 
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Lifetime Measurement

* Experiment with the pre-coating:
hexamethyldisilizane (HMDS)

e Bare Quartz is without HMDS and
another is with HMDS.

* How much work goes in after
sealing off the cell from the
vacuum manifold.

* Parameters:
* The wax and its distribution
e Excess of Hg
* Contamination

e Stabilized at 40 s and 70 s.
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Definition of lifetime and relaxation time

Test the wall coating: one with and another without HMDS

It shows 
*The point is either the first or the last point of a measurement set. 
1. how the lifetime evolves with UV scans after treatments: heat with torch/ remelting with oven or intense UV light
2. (2020 summer) How much work after sealing off the cell: optimize the LHg distribution and the wax distribution
3. different behavior after treatment

Now 40s and 70s.




Coating with Perfluoroeicosane (C20F42)

* Commonly used wax is dotriacontane
(C32H66) paraffin.
* Eliminate the atomic Hydrogen from Paraffin
wax. Replaced with fluorine.
* Two challenges:
* Evaporating the wax inside a small cell.
* Form an atomically uniform layer of
coating with a control

Filament system for evaporating perfluoroeicosane

7 a pellet of perfluoroeicosane

20 mm
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Give the PSI the longest coherence time
Newton’s interference fringes




Summary

* Significant progress on HV Hg magnetometer’s development
» Reference cell
» Test with various wall coatings
* The laser design at LANL
* Frequency locking circuit

* Next steps:
» Test Hg cells with various wall coatings
* Perform optical pumping with 254nm UV laser
* Prototype Hg co-mag system
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more punch
Plan: 
Assembling the exp now and end by Aug/Nov 2021
getting neutrons by the end of 2021
Start with Cs mag, then HV Hg cell, and then Hg co-mag
Data taking in 2022	


The collaboration of NEDM@LANL

* Los Alamos National Laboratory * University of Kentucky
* Takeyasu Ito * Bradley Plaster
e Christopher O'Shaughnessy * Jared Brewington
* Steven Clayton * University of Michigan

* Taufigue Hassan * Tim Chupp
* Pinghan Chu

California Institute of Technology

* Indiana University * Christopher Swank
* Chen-Yu Liu « East Tennessee State University
* Joshua Long * Robert Pattie
* Yi Chen T Tech Uni it
. Douglas Wong ennessee Tech University

 Adam Holley

Tyler Horoho

Trinity College
* Austin Reid

This work was supported by Los Alamos National Laboratory LDRD and the National Science Foundation, grants
PHY-1828512 and PHY-1614545.



	The magnetometer system for the neutron electric dipole moment (nEDM) experiment at LANL
	Hg-199 as the �co-magnetometer
	Seattle’s Hg EDM Experiment
	Slide Number 5
	Hg Magnetometry in nEDM@LANL
	Laser path in Hg Magnetometry
	Hg-199 as co-magnetometer and magnetometers
	Status
	Laser system
	Slide Number 11
	Hg co-mag, HV Hg cell, reference cell and laser
	HV Hg cell fabrication
	Slide Number 15
	Coating with Perfluoroeicosane (C20F42)
	Summary
	The collaboration of nEDM@LANL

