
ACME III: electron EDM search 
using cold ThO molecular beam

Takahiko MASUDA on behalf of the ACME collaboration 

Research Institute for Interdisciplinary science,

Okayama University,  

㻜㻥

左右 10mm～15mm 左右 15mm～20mm

左右 20mm～30mm 左右 30mm～50mm

左右 30mm～40mm 左右 40mm～60mm

左右 60mm～80mm 左右 80mm～100mm

左右 100mm～

左右 50mm～

䝻䝂䝬䞊䜽䛾᥎ዡ䝃䜲䝈䛻䛴䛔䛶䠄䜹䝷䞊⾲♧䠅

ロゴマークは視認性を徹底させる必要がありますので下記の数値をお守りください。
各ロゴマークは比率が異なるためこちらのデータを使用してください。



/36

ACME Collaboration 2

Acknowledgements:
National Science Foundation

Gordon & Betty Moore Foundation

Alfred P. Sloan Foundation

JSPS Kakenhi

JST SICORP

Matsuo Foundation



/36

Outline

• Physics background and motivations


• Quick review of ACME:  
       Experimental approach and prior results from ACME II


• Improvements with ACME III

• Statistics improvements

• Systematics improvements

3



/36

Baryonic asymmetry 4

1(8)The Nobel Prize in Physics 2008 � The Royal Swedish Academy of Sciences � www.kva.se

The Nobel Prize in Physics 2008
Why is there something instead of nothing? Why are there so many different elementary particles? This 
year’s Nobel Laureates in Physics have presented theoretical insights that give us a deeper understanding 
of what happens far inside the tiniest building blocks of matter. 

Unravelling the hidden symmetries of nature
Nature’s laws of symmetry are at the heart of this subject: or rather, broken symmetries, both 
those that seem to have existed in our universe from the very beginning and those that have 
spontaneously lost their original symmetry somewhere along the road.

In fact, we are all the children of broken symmetry. It must have occurred immediately after the 
Big Bang some 14 billion years ago when as much antimatter as matter was created. The meet-
ing between the two is fatal for both; they annihilate each other and all that is left is radiation. 
Evidently, however, matter won against antimatter, otherwise we would not be here. But we are 
here, and just a tiny deviation from perfect symmetry seems to have been enough – one extra 
particle of matter for every ten billion particles of antimatter was enough to make our world sur-
vive. This excess of matter was the seed of our whole universe, which fi lled with galaxies, stars 
and planets – and eventually life. But what lies behind this symmetry violation in the cosmos is 
still a major mystery and an active fi eld of research. 

I N F O R M A T I O N  F O R  T H E  P U B L I C

An unexplained broken symmetry at the birth of the universe. In the Big Bang, if as much matter as antimatter was created, 
they should have annihilated each other. But a tiny excess of one particle of matter for every ten billion antimatter particles 
was enough to make matter win over antimatter. This excess material fi lled the cosmos with galaxies, stars, planets and 
eventually life.No
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"The 2008 Nobel Prize in Physics - Popular Information”.
 Nobelprize.org. Nobel Media AB 2013. Web. 25 Nov 2013. 

<http://www.nobelprize.org/nobel_prizes/physics/laureates/2008/popular.html>

  Observation : nB/nγ  ~ 6×10-10 

             P.A. Zyla et al. (PDG), PTEP 2020, 083C01 (2020). 

   Calculation :   nB/nγ ~   10-18-20

Sakharov conditions 
Baryon number B violation
C-symmetry and CP-symmetry violation
Out of thermal equilibrium

Matter universe
Why is the universe dominated by matter?

Sakharov A. D., JETP 5 pp.24-26 (1967)

8-10 orders
different!

→ There must be a term that violates CP-symmetry beyond the Standard Model

http://www.nobelprize.org/nobel_prizes/physics/laureates/2008/popular.html
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EDM : electric dipole moment 5

+

-

CP (T)

spinEDM

+

-
spinEDM

EDM : Permanent electric polarization of internal charge 

If a spin 1/2 particle has finite EDM, it violates the CP symmetry.
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Electron EDM experiments 6

ACME II :  |de| < 1.1×10-29 e cm
ACME Collab. Nature 562 (2018) 355.

ACME II
ACME I



/36

Electron EDM experiments 6

ACME II :  |de| < 1.1×10-29 e cm
ACME Collab. Nature 562 (2018) 355.

ACME II
ACME I

ACME III goal: 
         × 30 improvement
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Electron EDM experiments 6

ACME II :  |de| < 1.1×10-29 e cm
ACME Collab. Nature 562 (2018) 355.

JILA group has recently reported

                  |de| < 4.1×10-30 e cm

                     on arXiv:2212.11841ACME II

ACME I

ACME III goal: 
         × 30 improvement

Today’s topic

JILA2022 

ACME III?
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Electron EDM experiments 6

ACME II :  |de| < 1.1×10-29 e cm
ACME Collab. Nature 562 (2018) 355.

JILA group has recently reported

                  |de| < 4.1×10-30 e cm

                     on arXiv:2212.11841ACME II

ACME I

ACME III goal: 
         × 30 improvement

Today’s topic

JILA2022 

SM background has been updated.

Y. Ema et al., PRL129, 231801 (2022)

10-35     10-36

ACME III?
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Principle of the EDM measurement 7

spin µ
EDM d +-

E B

ω− = 2 μB − dE
ℏ ⇒ d = ℏ(ω+ − ω−)

4E

+-

E B

ω+ = 2 μB + dE
ℏ

Spin precession measurement:

             EDM changes precession frequency depending on E field reversal.

Statistical precision : Δde ∼ ℏ
E τ

1
·nT

ω+τ
ω−τ

Electric field precession time

Number of signals
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Electron EDM (eEDM, )de
8

eEDM measurement in polar molecules.

10-30
10-29
10-28
10-27
10-26
10-25
10-24
10-23

d e
 (e
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m
)

202020102000199019801970 year

Xe

Cs

Tl

Hg

YbF HfF+

ThO

Δde ∼ ℏ
Eτ

1
·nT

Δde ∼ ℏ
Eeffτ

1
·nTEeff

Sensitivity for  can be amplified in polar molecules due to its large internal field.de

Atom

Molecule
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(2016)HfF+ 23 Phys. Rev. A 96, 040502 (2017)
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PbO 25 Phys. Rev. Lett. 89, 133001 (2002).
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Advantage of ThO 9

Ω-doublet 3Δ1

Electron’s angular momentum (Λ=+2) and 
spin (Σ=-1) vanish the net magnetic moment

→　Insensitive to the magnetic field

J J+

J-

Ω-doublet case 
    ΔE ~ MHz  
　P ~ O(1) @ 10 V/cm

Rotational energy

　ΔE ~ GHz 

　P ~ O(1) @ 10 kV/cm

Atoms vs. molecules
▪ Atoms

▪ ' ~ 10-100 THz (electronic)
▪ P ~ 10-3 @ 100 kV/cm

▪ Molecules
▪ ' ~ 10 GHz (rotational)
▪ P ~ O(1) @ 10 kV/cm

▪ “Molecules are 1000x 
more sensitive”

▪ Some molecules have 
parity doublets, '<10 MHz
▪ Enables full polarization in 

small fields… and more!

9

Atoms
' ~ 100 THz

Molecules
' ~ 10 GHz

J
Parity 

Doubling
' ~ 10 MHz

J+

J–

（Ref.）Atom case 
　ΔE ~ THz 

　P ~ O(10-3) @ 10 kV/cm

Modest external E field can generate 
extremely strong internal E field (GV/cm)

     Nearly degenerated parity doublet      State without magnetic moment

OTh

L

|Λ|=2

S

|Σ|=1

Je

R

J

Ω

μ = gLΛμB + gsΣμB ≃ 0gLΛμB gsΣμB
2 −2
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EDM in a ThO molecule

EDM measurement state : H 3Δ1 state

Strong internal E field (Ω doublet) : Eeff ~ 78 GV/cm


• 10 V/cm external field can saturate the polarization


Tiny magnetic moment (3Δ1): µ=0.0044µB

• Insensitive to the magnetic field


• Long lifetime (spin precession time) : τ =4.2±0.5 ms


• Diatomic, Even nucleus, for spectroscopic simplicity

• Affordable laser : Red - NIR

• Efficiently producible in a beam by laser ablation

• 232Th16O  Natural abundance >99.7%


• etc.

10

L.V. Skripnikov, J. Chem. Phys. 145 214307 (2016).

L.V. Skripnikov et al., J. Chem. Phys. 139 221103 (2013).

C

H (EDM測定)

X（基底準位）

Q (分子レンズ)

690 nm

1196 nm
1892 nm

20000

15000

10000

5000

0

En
er

gy
 [c

m
  ]-1

I

703 nm

|Ω| （全角運動量の分子軸への射影成分）

A
B

943 nm

512 nm

|Ω| (Projected Je along the molecular axis)

QH

X

D. Ang et al., PRA106, 022808 (2022).

Δde ∼ ℏ
Eeffτ

1
·nTEeff
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Quick review on ACME II (2018) 11

Figure 2.2: Three representations of the ACME apparatus, in increasing abstraction from
top (photograph) to bottom. Components are approximately aligned in each subfigure.
Center shows cartoon version of the physical apparatus (minimally modified from a figure
by Brendon O’Leary); bottom shows molecular state, laser and field configurations, and
energy level diagrams for each stage (significantly modified from version by Adam West).
Detailed description in caption continued on next page (pages best viewed side-by-side in
print).

40

Zack Laser, Ph.D thesis. (2019)



/36

Quick review on ACME II (2018) 12

Figure 2.2: Three representations of the ACME apparatus, in increasing abstraction from
top (photograph) to bottom. Components are approximately aligned in each subfigure.
Center shows cartoon version of the physical apparatus (minimally modified from a figure
by Brendon O’Leary); bottom shows molecular state, laser and field configurations, and
energy level diagrams for each stage (significantly modified from version by Adam West).
Detailed description in caption continued on next page (pages best viewed side-by-side in
print).

40

Zack Laser, Ph.D thesis. (2019)



/36

Quick review on ACME II (2018) 12

Figure 2.2: Three representations of the ACME apparatus, in increasing abstraction from
top (photograph) to bottom. Components are approximately aligned in each subfigure.
Center shows cartoon version of the physical apparatus (minimally modified from a figure
by Brendon O’Leary); bottom shows molecular state, laser and field configurations, and
energy level diagrams for each stage (significantly modified from version by Adam West).
Detailed description in caption continued on next page (pages best viewed side-by-side in
print).

40

Zack Laser, Ph.D thesis. (2019)



/36

Quick review on ACME II (2018) 12

Figure 2.2: Three representations of the ACME apparatus, in increasing abstraction from
top (photograph) to bottom. Components are approximately aligned in each subfigure.
Center shows cartoon version of the physical apparatus (minimally modified from a figure
by Brendon O’Leary); bottom shows molecular state, laser and field configurations, and
energy level diagrams for each stage (significantly modified from version by Adam West).
Detailed description in caption continued on next page (pages best viewed side-by-side in
print).

40

Zack Laser, Ph.D thesis. (2019)



/36

Example of spin rotation fringe 13

Figure 2.2: Three representations of the ACME apparatus, in increasing abstraction from
top (photograph) to bottom. Components are approximately aligned in each subfigure.
Center shows cartoon version of the physical apparatus (minimally modified from a figure
by Brendon O’Leary); bottom shows molecular state, laser and field configurations, and
energy level diagrams for each stage (significantly modified from version by Adam West).
Detailed description in caption continued on next page (pages best viewed side-by-side in
print).

40
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Figure 4.2.1: ACME II spin analysis fringes. The fringes are shown as a
function of readout laser linear polarization angle, θ. The fringes are shown with
no magnetic field (Bz = 0 mG) and when the magnetic field is tuned to cause
Zeeman spin precession of π/4 (Bz = 26 mG). The dashed vertical lines show the
typical values of the waveplate dither, ∆θ, used to extract the contrast, C.

The Zeeman precession angles of {0, π/4}, corresponding to q ∈ {0,±1} are set by ap-

plying magnetic field magnitudes of Bz ∈ {±1,±26} mGauss. We apply small magnetic

field values, rather than turn the magnetic field off completely so that we can still mea-

sure the precession time, τ , from the Zeeman precession phase. Since we compute phase

for each state individually, correlations between the contrast and experimental switches

are suppressed. However, we still monitor and limit possible contributions due to these

correlations, as described in Sections 5.7 and 5.16.

Both contrast and phase calculations were performed for each of the points and error

bars corresponding to asymmetry groups (Figure 4.3.1). Error bars are propagated using

standard Gaussian statistics. Figure 4.3.1a shows a typical contrast trace when the applied

magnetic field is low Bz ≈ 1 mGauss (corresponding to ≈ 0 Zeeman precession angle),

111

Cris Panda, Ph.D thesis. (2018)

A =
Fx + Fy

Fx − Fy
∝ cos 2(ϕ − θ)



/36

ACME II result 14

ARTICLE RESEARCH

birefringence gradient, in combination with a finite value of the refine-
ment-laser beam attenuation, Aref, and a non-zero E nr leads to a non-
zero value of ω θ ω θ=∂ /∂ = ∂ /∂ /θ

NE NES A( )ST
H–C

ST ST
H–C

refST
H–C .

Throughout the acquisition of the EDM dataset, we measured the 
slope θS ST

H–C by applying a large θST
H–C and measuring the value of ωNE  

that survives refinement. This value is consistent with zero, directly 
bounding the attenuation under ordinary conditions to Aref > 104. We 
measured the value of θST

H–C with the following procedure. By tuning 
the power of the refinement laser, Pref, to zero so that Aref = 1, we 
observed a contribution to the precession frequency associated with 
the STIRAP state-preparation laser beams, ωST. Consistent with the 
ellipticity-gradient model described above, under these conditions we 
also observed an NE-correlated component, ω NEST , resulting from the 
combination of a.c. Stark-shift effects and a non-zero δNE  (caused by 
the residual ambient E nr). The slope ω θ∂ /∂NE

ST ST
H–C was calibrated by 

setting Pref = 0 and measuring the dependence of ω NEST  on an exagger-
ated θST

H–C. Finally, the value of θST
H–C was found from the relation 

θ ω ω θ= / ∂ /∂NE NE( )ST
H–C

ST ST ST
H–C . To minimize the ellipticity gradient, we 

set θST
H–C to the value that was found to minimize ω NEST . Both ω NEST  and 

the slope θS ST
H–C were monitored at regular intervals throughout the 

acquisition of the EDM dataset (Extended Data Fig. 1e). The measured 
values of the systematic slope θS ST

H–C and the residual θST
H–C were used to 

compute the contribution of the STIRAP lasers to the systematic error 
budget (Table 1).

Another parameter that contributes to a systematic shift of ωNE is an 
NE
~ ~-correlated component of the power of the refinement beam, 
defined by = +NE NE~ ~P P Pref ref

nr
ref . As illustrated in Supplementary 

Information, a misalignment between the εref and SST polarization vec-
tors, θST

ref , leads to a non-zero value in the slope ω=∂ /∂NE NE
NES PP refref

.
For the EDM dataset, we minimized the magnitude of NESPref

 by tuning 
θST

ref  to zero via a half-waveplate in the refinement-laser beam. We did 
not observe clear evidence of a non-zero NEPref  component in our EDM 
dataset. However, we put a limit on its possible size throughout the 
acquisition of the EDM dataset by placing bounds on the offset of ωNEB, 
which has a strong linear dependence on NEPref  owing to a.c. Stark-shift 
effects1,9. The ω∂ /∂NE NEPref  slope was monitored regularly throughout 
the acquisition of the EDM dataset (Extended Data Fig. 1e). We used 
the measured upper limit of NEPref  and the value of ω∂ /∂NE NEPref  to cal-
culate a contribution of NEPref  to the systematic error budget (Table 1).

The next parameter that contributes to the systematic error budget 
is E nr, which has already been discussed as one of the parameters 
needed to induce the ∂ /∂B zz  (∂ /∂B yz ) and ω NEST  systematic effects. 
However, an additional contribution arises from imperfections in the 

ellipticity gradients of the refinement and readout lasers in combination 
with E nr, which was one of the dominant systematic effects in 
ACME  I1,9. By applying a large value of E nr , we measured 

ω=∂ /∂EE
NES nr

nr  regularly throughout the acquisition of the EDM 
dataset (Extended Data Fig. 1e). E nr and its gradients in the precession 
region, ∂ /∂E znr  and ∂ /∂E ynr , were measured every two weeks during 
the acquisition of the EDM dataset using a mapping method based on 
microwave spectroscopy9. We include in the systematic error budget 
(Table 1) a contribution of this E nr systematic effect based on ES nr and 
the measured ambient E nr.

The next contribution to the systematic error arises from imperfec-
tions in the spin-measurement contrast, C . As described in detail 
in  Supplementary Information, we observed correlations 

ω=∂ /∂ | || | CC
NES uu  with two contrast channels, | |C NE  and | |C NEB . 

Although the average values ⟨ ⟩| |C NE  and ⟨ ⟩| |C NEB  of the corresponding 
contrast channels are consistent with zero in the EDM dataset, we 
include in our error budget a limit on their possible contributions 
extracted from | |C NES  ( | |C NEBS ) and ⟨ ⟩| |C NE  (⟨ ⟩| |C NEB ) (Table 1).

The last parameter observed to generate a systematic shift was ωE , 
which can result from leakage-current, motional-magnetic-field 
( ×Ev ) and geometric-phase effects19. To measure the slope 

ω ω=∂ /∂ω
NE E

ES , we apply an E~-correlated component of the magnetic 
field, BEz , which creates a large artificial ωE . ωES  is a measure of the 
suppression of any residual value of ωE by the N~  switch20,21. The mean 
value of ωE  in the EDM dataset, ⟨ ⟩ωE , was measured to be consistent 
with zero. We place a limit on the possible contributions from ωE effects 
using the measured values of ωES  and ⟨ ⟩ωE  (Table 1).

In addition to the above effects, we include in our systematic error 
budget possible contributions from the following parameters (all closely 
related to the parameters observed to cause a non-zero ωNE shift in our 
measurement): residual (non-reversing) magnetic fields (along all three 
directions), all additional first-order magnetic-field gradients 
(∂ /∂B xx , ∂ /∂B yy , ∂ /∂B xy , ∂ /∂B xz ), refinement- and readout-laser 
detunings and the differential detuning between the two experimental 
N
~  states, ∆N .

Results and conclusions
The result of this second-generation EDM measurement using ThO  
is ωNE  = −510 ± 373stat ± 310syst µrad s−1. Using ω=− /ENEd ħe eff  
and16,17 ≈ −E 78 GV cmeff

1 results in

= . ± . ± . × −d e(4 3 3 1 2 6 ) 10 cm (4)e stat syst
30

where the combined statistical and systematic uncertainty, 
σ = . × − e4 0 10 cmd

30
e

, is a factor of 12 smaller than the previous best 
result, from ACME I1,9.

An upper limit on |de| is computed by applying the Feldman–Cousins 
prescription9,33 to a folded normal distribution, which yields

| | < . × −d e1 1 10 cm (5)e
29

at 90% confidence level. This is 8.6 times smaller than the best previous 
limit, from ACME I1,9. Because paramagnetic molecules are sensitive 
to multiple time-reversal-symmetry-violating effects34, our measure-
ment can be more generally interpreted as ω =− +ENEħ d W Ce eff S S , 
where CS is a dimensionless time-reversal-symmetry-violating  
electron–nucleon coupling parameter and WS = −2πħ × 282 kHz is a 
molecule-specific constant16,17,35. For the de limit given above, we 
assume CS = 0. Assuming de = 0 instead gives |CS| < 7.3 × 10−10 (90% 
confidence level).

Because the values of de and CS predicted by the standard model 
are many orders of magnitude below our sensitivity2,3, this measure-
ment is a background-free probe for new physics beyond the standard 
model. Nearly every extension of the standard model4–6 introduces 
the possibility for new particles and new time-reversal-symmetry- 
violating phases, φT, that can lead to measurable EDMs. Within typical 
extensions of the standard model, an EDM arising from new particles 

Table 1 | Systematic shifts for ωNE and their statistical uncertainties
Parameter Shift Uncertainty

∂ /∂B zz  and ∂ /∂B yz 7 59

ω NEST  (via θ −
ST
H C) 0 1

NEPref – 109

Enr −56 140

| |C NE and | |C NEB 77 125

ωE (via BEz) 1 1

Other magnetic-!eld gradients (4) – 134

Non-reversing magnetic !eld, B z
nr – 106

Transverse magnetic !elds, B x
nr, B y

nr – 92

Re!nement- and readout-laser detunings – 76

N~ -correlated laser detuning, ∆N – 48

Total systematic 29 310

Statistical uncertainty 373

Total uncertainty 486
Values are shown in µrad s−1. All uncertainties are added in quadrature. For Eeff = 78 GV cm−1, 
de = 10−30e cm corresponds to ħω| |= /ENE deeff  = 119 µrad s−1.

1 8  O C T O B E R  2 0 1 8  |  V O L  5 6 2  |  N A T U R E  |  3 5 9
© 2018 Springer Nature Limited. All rights reserved.

ACME Collab. Nature 562 (2018) 355.

de = (4.3 ± 3.0stat ± 2.6syst) × 10−30 e ⋅ cm

based on
• 2×1014 ThO molecules detected


• 6×106 / pulse × 3×107 pulses

• 50Hz, 10 weeks


• 3×105 p.e./pulse (5% eff.)
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Figure 3.1.1: Schematic of the new ACME III experiment apparatus. Compared to the ACME II schematic
(Fig. 2.1.1), there are three major statistical improvements: an extended spin precession region for τ = 5 ms, an
electrostatic molecular lens (including compactified rotational cooling), and newly improved photon detection (larger
collection optics and SiPM detectors).

75

Statistics improvements in ACME III 15

Improvement Signal gain EDM sensitivity gain
New beam source 1.5 1.2
Electrostatic lens 12 3.5

Longer precession time 0.3 2.6
Detector upgrade 2.7 1.6
Collection optics 1.7 1.3

Timing jitter reduction 1 1.7
Total 25 39

Δde ∼ ℏ
Eeff τ

1
·nmol T

F
εdet

Statistical sensitivity:

molecular lens

High QE detector 
+ 

Collection optics

Improved DAQ 
w/ low time variance

C.D. Panda et al.,  
J. Phys. B, 52 (2019) 235003

5x long precession 
time（length）

Cryogenic beam 
w/ load-lock system
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New cryogenic beam source w/ load-lock 16

wearing extensive personal protective equipment to protect from radioactive dust, after

which it would take another ∼12 hours to fully cool down to operational temperatures.

Thus, more frequent changing of targets was simply not practical.

Maximum single-run average

Average of first run
with new targets

Average over all
ACME II data

6

14
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10

12

0
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500 1000 1500
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rb
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ck

×108

Figure 3.1.7: Plot of number of photons against superblock number in the ACME
II final dataset. Spikes indicate ablation target changes. Data analyzed and plotted
by Zack Lasner.

For ACME III, a mechanical system has been developed to allow frequent in situ changing

of targets without having to warm up or open the beam box (Fig. 3.1.8). The develop-

ment was led by Zhen Han (University of Chicago). Two mechanical arms (horizontal and

vertical) are mounted on the beam box using vacuum-compatible feedthroughs. Using the

arms, an old target can be detached from its mount in the ablation cell and extracted from

the beam box via an airlock chamber at the top of the beam box. (The new target would

be inserted and mounted in the same way.)

This system has been constructed and successfully tested. The entire target replacement

91

Ablation target Load-lock system : enabling daily in-situ target replacement

• Ablation targets were usually replaced after ~2 weeks in ACME II.

• Replacement takes more than one day (warm up, vacuum break, radioactive work, cool down)


    → Load-lock system can increase the average statistics.

↑ ACME II average

↑ ACME III average 
 (projected)

target degradation
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Electrostatic molecular lens

ThO beam is collimated by electrostatic potential 
• Increasing the number of available ThO

• Reducing the loss of extended flight distance


Q state 
• Large Stark shift: DQ = 4.1D           deep electric potential is available 
• Transition strength: dQ-C = 1.0 D     ~100% transfer C⇄Q is feasible

• Life time: τ > 62 ms                           lossless during the collimation

17
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X. Wu et al., New J. Phys. 22 (2020) 023013.
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Electrostatic molecular lens 18

Electric Hexapole Lens: x16 Signal Gain (extended ACME II)

Electrode Length 53cm

STIRAP chamber 
before Lens STIRAP chamber 

after Lens

E-plates & B-
coils to ensure 
single quantum 

state prep.

Trajectory Simulation

Lens Electrodes
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X. Wu et al., New J. Phys. 24 073043 (2022).
×16 improvements has been demonstrated. 
                                (consistent with expectations from the simulations)
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Longer precession time : 1 → 5 ms

Possible precession time is limited by the lifetime of the H state τH

• Previous measurement : τH > 1.8 ms → ACME II used τ=1 ms 

                 (A. Vutha et al., J. Phys. B 43 (2010) 074007.)

• Recent measurement : τH = 4.2 ms  → ACME III will use τ=5 ms

19

Δde ∼ ℏ
Eeff τ

1
·nmol T

F
εdet

MEASUREMENT OF THE H 3!1 RADIATIVE … PHYSICAL REVIEW A 106, 022808 (2022)

FIG. 5. Projected EDM sensitivity gains over ACME II given the
measured lifetime τH for a perfectly collimated molecular beam (red
upper curve). The bands represent the effect of the uncertainty in
τH , and the dashed lines indicate the coherence times for ACME
II and the projected ACME III. For a diverging molecular beam
in an apparatus that is made longer without increasing its radial
dimensions, the longer τH increases the sensitivity by a factor of 2
(orange lower curve). The sensitivity improves by up to 2.6 due to the
effective collimation provided by the addition of an electrostatic lens
for the molecules (blue middle curve). (The additional sensitivity
gain of 3.5 because the lens also captures more molecules is not
included.)

should increase from 2.0 to 2.6 due to the molecule colli-
mation of the electrostatic lens to be used in ACME III (the

blue middle curve in Fig. 5). This factor of 2.6 is achieved by
optimizing the lens to maximize the number of molecules par-
ticipating in the observed precession, because the lens cannot
achieve perfect collimation. An additional sensitivity gain of
3.5 because the lens captures more of the diverging molecules
from the ablation source is not included in the figure.

The longer lifetime and the lens collimation together give a
sensitivity gain of 2.6, and the lens capture of more molecules
provides an additional factor of 3.5. Silicon photomultiplier
(SiPM) detectors [23] and upgraded collection optics promise
to increase the sensitivity by an additional factor of 2. Reduc-
ing excess noise due to a timing imperfection (in ACME II)
should increase the statistical sensitivity by a factor of 1.7 [9].
The projected ACME III statistical uncertainty over ACME II
should be reduced by about a factor of 30.

The ACME I measurement [2] and ACME II measurement
[1] each increased the sensitivity of electron EDM measure-
ments by an order of magnitude. The significant implication
of this lifetime measurement is that a longer ACME III ap-
paratus, with an electrostatic lens and improved detection
efficiency, should produce an additional order of magnitude
decrease in EDM statistical uncertainty.
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Photodetector upgrade : PMT → SiPM 20

H

I

703 nm
512 nm

X

ACME II  PMT Advanced ACME SiPM

Part No. R7600U-300 S13361-6075NE-04

Sensitive area 18×18 mm2 24×24 mm2  (16 ch.)

Q.E. @ 512 nm ~25% ~45%

Excess noise  F ~1.2 ~1.2 (depend on CT & AP)

Q.E. @ 703 nm ~0.6% ~ 20%

Dark count @ 25℃ ~ 3 kcps ~ 2 Mcps/ch

Capacitance few pF 1.4 nF

18 mm
24 mm

Changing from PMTs to SiPMs will increase the PDE by a factor of ~2 
and sensitive area as well.

} pros

}cons

Final state readout PMT vs. SiPM
Buffer gas cooling

Laser abbration

spin precession （L=1m,τ=5ms)

16K gas cell

ThO2 target

Readout
laser

E B

Initial state
preparation

Photon detectionInteraction regionGround state
manipulation

molecular
lens
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SiPM module
Suppress DCR 
　    Cooling (-20℃), Vacuum (<10 Pa) 

Suppress Optical Crosstalk and Stray light 
　    Optimized triple filtering scheme

Dedicated electronics  
  　 Molecular pulse duration        ~ 4 ms 
       Readout laser pulse duration ~ 1 us 
       I state lifetime                         115 ns 
       16ch analog summing

21

Light guide (Fused Silica)BPF (Semrock FF01-520/70)
BPF, window 
(Schott BG39)
BPF, OCT suppressor 
(Schott BG40)

16-ch SiPM. (25x25 mm2)

Aluminum PCB
TEC element
Aluminum vacuum chamber
Water-cooled heatsink

Electronics box

Vacuum line

Cut-out view

Preamplifier PCB

130

73

96

T. Masuda et al., Opt. Express 29 16914 (2021).



/36

Beam test (2021 August)

ThO fluorescence detection test ＠ ACME II beam line

22

ThO source

Q state 

preparation

Molecular lens Q→I (→X)
SiPM/

PMT

Aug. 27-30, 2021 
First signal from ThO with the SiPM module!

A. Hiramoto et al., Nucl. Instrum. Meth. A, 1045 (2023) 167513.

T. Masuda et al., Opt. Express 31 1943 (2023).
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Collection optics 23

Bigger lens increases the collection efficiency: 5%→ 8%
lens mounts
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Summary of the statistics improvements 24

Improvement Signal 
gain

EDM sensitivity 
gain Reference

New beam source 1.5 1.2
Electrostatic lens 12 3.5 X. Wu et al., New J. Phys. 22, 023013 (2020)


X. Wu et al., New J. Phys. 24, 073043 (2022)

Longer precession time 0.3 2.6 D.G. Ang et al., Phys. Rev. A 106, 022808 (2022)

Detector upgrade 2.7 1.6 T. Masuda et al., Opt. Exp. 29, 16914 (2021)

T. Masuda, A. Hiramoto et al., Opt. Exp. 31, 1943 (2023)


Collection optics 1.7 1.3
Timing jitter reduction 1 1.7 C.D. Panda et al., J. Pays. B 52, 235033 (2019)

Total 25 39

Δde ∼ ℏ
Eeff τ

1
·nmol T

F
εdet

ACME III anticipated statistical sensitivity

δde ∼ 3 × 10−31 e ⋅ cm/ day
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Systematics improvements in ACME III 25
ARTICLE RESEARCH

birefringence gradient, in combination with a finite value of the refine-
ment-laser beam attenuation, Aref, and a non-zero E nr leads to a non-
zero value of ω θ ω θ=∂ /∂ = ∂ /∂ /θ

NE NES A( )ST
H–C

ST ST
H–C

refST
H–C .

Throughout the acquisition of the EDM dataset, we measured the 
slope θS ST

H–C by applying a large θST
H–C and measuring the value of ωNE  

that survives refinement. This value is consistent with zero, directly 
bounding the attenuation under ordinary conditions to Aref > 104. We 
measured the value of θST

H–C with the following procedure. By tuning 
the power of the refinement laser, Pref, to zero so that Aref = 1, we 
observed a contribution to the precession frequency associated with 
the STIRAP state-preparation laser beams, ωST. Consistent with the 
ellipticity-gradient model described above, under these conditions we 
also observed an NE-correlated component, ω NEST , resulting from the 
combination of a.c. Stark-shift effects and a non-zero δNE  (caused by 
the residual ambient E nr). The slope ω θ∂ /∂NE

ST ST
H–C was calibrated by 

setting Pref = 0 and measuring the dependence of ω NEST  on an exagger-
ated θST

H–C. Finally, the value of θST
H–C was found from the relation 

θ ω ω θ= / ∂ /∂NE NE( )ST
H–C

ST ST ST
H–C . To minimize the ellipticity gradient, we 

set θST
H–C to the value that was found to minimize ω NEST . Both ω NEST  and 

the slope θS ST
H–C were monitored at regular intervals throughout the 

acquisition of the EDM dataset (Extended Data Fig. 1e). The measured 
values of the systematic slope θS ST

H–C and the residual θST
H–C were used to 

compute the contribution of the STIRAP lasers to the systematic error 
budget (Table 1).

Another parameter that contributes to a systematic shift of ωNE is an 
NE
~ ~-correlated component of the power of the refinement beam, 
defined by = +NE NE~ ~P P Pref ref

nr
ref . As illustrated in Supplementary 

Information, a misalignment between the εref and SST polarization vec-
tors, θST

ref , leads to a non-zero value in the slope ω=∂ /∂NE NE
NES PP refref

.
For the EDM dataset, we minimized the magnitude of NESPref

 by tuning 
θST

ref  to zero via a half-waveplate in the refinement-laser beam. We did 
not observe clear evidence of a non-zero NEPref  component in our EDM 
dataset. However, we put a limit on its possible size throughout the 
acquisition of the EDM dataset by placing bounds on the offset of ωNEB, 
which has a strong linear dependence on NEPref  owing to a.c. Stark-shift 
effects1,9. The ω∂ /∂NE NEPref  slope was monitored regularly throughout 
the acquisition of the EDM dataset (Extended Data Fig. 1e). We used 
the measured upper limit of NEPref  and the value of ω∂ /∂NE NEPref  to cal-
culate a contribution of NEPref  to the systematic error budget (Table 1).

The next parameter that contributes to the systematic error budget 
is E nr, which has already been discussed as one of the parameters 
needed to induce the ∂ /∂B zz  (∂ /∂B yz ) and ω NEST  systematic effects. 
However, an additional contribution arises from imperfections in the 

ellipticity gradients of the refinement and readout lasers in combination 
with E nr, which was one of the dominant systematic effects in 
ACME  I1,9. By applying a large value of E nr , we measured 

ω=∂ /∂EE
NES nr

nr  regularly throughout the acquisition of the EDM 
dataset (Extended Data Fig. 1e). E nr and its gradients in the precession 
region, ∂ /∂E znr  and ∂ /∂E ynr , were measured every two weeks during 
the acquisition of the EDM dataset using a mapping method based on 
microwave spectroscopy9. We include in the systematic error budget 
(Table 1) a contribution of this E nr systematic effect based on ES nr and 
the measured ambient E nr.

The next contribution to the systematic error arises from imperfec-
tions in the spin-measurement contrast, C . As described in detail 
in  Supplementary Information, we observed correlations 

ω=∂ /∂ | || | CC
NES uu  with two contrast channels, | |C NE  and | |C NEB . 

Although the average values ⟨ ⟩| |C NE  and ⟨ ⟩| |C NEB  of the corresponding 
contrast channels are consistent with zero in the EDM dataset, we 
include in our error budget a limit on their possible contributions 
extracted from | |C NES  ( | |C NEBS ) and ⟨ ⟩| |C NE  (⟨ ⟩| |C NEB ) (Table 1).

The last parameter observed to generate a systematic shift was ωE , 
which can result from leakage-current, motional-magnetic-field 
( ×Ev ) and geometric-phase effects19. To measure the slope 

ω ω=∂ /∂ω
NE E

ES , we apply an E~-correlated component of the magnetic 
field, BEz , which creates a large artificial ωE . ωES  is a measure of the 
suppression of any residual value of ωE by the N~  switch20,21. The mean 
value of ωE  in the EDM dataset, ⟨ ⟩ωE , was measured to be consistent 
with zero. We place a limit on the possible contributions from ωE effects 
using the measured values of ωES  and ⟨ ⟩ωE  (Table 1).

In addition to the above effects, we include in our systematic error 
budget possible contributions from the following parameters (all closely 
related to the parameters observed to cause a non-zero ωNE shift in our 
measurement): residual (non-reversing) magnetic fields (along all three 
directions), all additional first-order magnetic-field gradients 
(∂ /∂B xx , ∂ /∂B yy , ∂ /∂B xy , ∂ /∂B xz ), refinement- and readout-laser 
detunings and the differential detuning between the two experimental 
N
~  states, ∆N .

Results and conclusions
The result of this second-generation EDM measurement using ThO  
is ωNE  = −510 ± 373stat ± 310syst µrad s−1. Using ω=− /ENEd ħe eff  
and16,17 ≈ −E 78 GV cmeff

1 results in

= . ± . ± . × −d e(4 3 3 1 2 6 ) 10 cm (4)e stat syst
30

where the combined statistical and systematic uncertainty, 
σ = . × − e4 0 10 cmd

30
e

, is a factor of 12 smaller than the previous best 
result, from ACME I1,9.

An upper limit on |de| is computed by applying the Feldman–Cousins 
prescription9,33 to a folded normal distribution, which yields

| | < . × −d e1 1 10 cm (5)e
29

at 90% confidence level. This is 8.6 times smaller than the best previous 
limit, from ACME I1,9. Because paramagnetic molecules are sensitive 
to multiple time-reversal-symmetry-violating effects34, our measure-
ment can be more generally interpreted as ω =− +ENEħ d W Ce eff S S , 
where CS is a dimensionless time-reversal-symmetry-violating  
electron–nucleon coupling parameter and WS = −2πħ × 282 kHz is a 
molecule-specific constant16,17,35. For the de limit given above, we 
assume CS = 0. Assuming de = 0 instead gives |CS| < 7.3 × 10−10 (90% 
confidence level).

Because the values of de and CS predicted by the standard model 
are many orders of magnitude below our sensitivity2,3, this measure-
ment is a background-free probe for new physics beyond the standard 
model. Nearly every extension of the standard model4–6 introduces 
the possibility for new particles and new time-reversal-symmetry- 
violating phases, φT, that can lead to measurable EDMs. Within typical 
extensions of the standard model, an EDM arising from new particles 

Table 1 | Systematic shifts for ωNE and their statistical uncertainties
Parameter Shift Uncertainty

∂ /∂B zz  and ∂ /∂B yz 7 59

ω NEST  (via θ −
ST
H C) 0 1

NEPref – 109

Enr −56 140

| |C NE and | |C NEB 77 125

ωE (via BEz) 1 1

Other magnetic-!eld gradients (4) – 134

Non-reversing magnetic !eld, B z
nr – 106

Transverse magnetic !elds, B x
nr, B y

nr – 92

Re!nement- and readout-laser detunings – 76

N~ -correlated laser detuning, ∆N – 48

Total systematic 29 310

Statistical uncertainty 373

Total uncertainty 486
Values are shown in µrad s−1. All uncertainties are added in quadrature. For Eeff = 78 GV cm−1, 
de = 10−30e cm corresponds to ħω| |= /ENE deeff  = 119 µrad s−1.

1 8  O C T O B E R  2 0 1 8  |  V O L  5 6 2  |  N A T U R E  |  3 5 9
© 2018 Springer Nature Limited. All rights reserved.

Imperfection of laser polarization

Imperfection of the magnetic field

ACME Collaboration, Nature 562 (2018) 355.
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Ellipticity gradients in the laser polarization 26

Figure 2.2: Three representations of the ACME apparatus, in increasing abstraction from
top (photograph) to bottom. Components are approximately aligned in each subfigure.
Center shows cartoon version of the physical apparatus (minimally modified from a figure
by Brendon O’Leary); bottom shows molecular state, laser and field configurations, and
energy level diagrams for each stage (significantly modified from version by Adam West).
Detailed description in caption continued on next page (pages best viewed side-by-side in
print).

40

State preparation and readout  
     are depending on the laser polarization. 

↓ 
If the laser polarization is not perfect, 
   the spin precession could be disturbed.
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Cause of systematics 27

False EDM : Ellipticity gradient (laser imperfection)

                             + AC-Stark shift gradient (E-field imperfection)
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Figure 1. Schematic of the EDM spin precession measurement including effects from AC Stark induced phases �prep

and �read from non-adiabatic polarization rotations. Top: illustration of the spin state evolution in time by plotting

the relative phase between |g,±i as an angle in 2d space, and by illustrating the state norm by the length of the line

segment. The spin state is initially incoherent, but the State Preparation laser depletes half of the molecules resulting

in a coherent state. Bottom: The Rabi frequency as seen by the molecules as a function of time is shown in red, and

the polarizations of these laser beams in the xy plane is shown in purple.

spect to molecule number fluctuations. The angle of
the polarization basis with respect to the laboratory
frame is dithered to normalize the phase measure-
ments to changes in sensitivity of the signal to spin
angle, and the polarizations of the two State Read-
out beams is occasionally swapped to reject system-
atic errors in this phase measurement that are due
to small differences in properties of these two laser
beams.

If there are polarization gradients across the State
Preparation and Read-out laser beams or if a non-
zero magnetic field is applied, then the bright and
dark states will mix, which is equivalent to a small
phase rotation in the coherent spin state. Then,
since the bright and dark states are separated in en-
ergy by the AC Stark shift while in the laser field, the
bright and dark state components will beat against
each other causing the small phase rotation to vary
in time while the molecules are still in the laser
beam in such a way that it depends on the laser
detuning �, and the time dependent laser Rabi fre-
quency ⌦r (t). The dominant contributions to the
A.C. Stark shift phases originate from the tails of the
laser beams since phases accumulated in the center
of the beams are suppressed by the optical pump-
ing. If a molecule obtains a phase shift in the State
Preparation beam, the bright state amplitude will
be optically pumped away thereby erasing the phase
shift, unless the molecule leaves the optical pump-
ing region of the laser beam within about a Rabi

flop time 1/⌦r. Similarly, as the molecules are be-
ing optically pumped in the State Read-out laser, a
phase shift will not be recorded in the signal if the
optical pumping has already been driven to comple-
tion and hence the dominant contributions to the
phase shift must come as the molecules are enter-
ing the State Read-out beam before a significant
amount of optical pumping has occurred. Figure
I A illustrates the time evolution of the spin state
| (t)i = N (t)

⇥
e�i�(t) |g,+i+ e+i�(t) |g,�i

⇤
by a

vector whose angle in the xy plane is given by � (t)
and whose length is proportional to the number of
molecules remaining in the 3 level system, |N (t)|2.
It also illustrates the A.C. stark shift induced phases
as shifts in � (t) near the falling edge of the State
Preparation beam, ��prep, and near the rising edge
of the State Read-out beam, ��read.

The resulting dependence of the measured phase
� = � (�,⌦r) on the parameters � and ⌦r can lead
to systematic errors in the EDM experiment if there
are small components �NE and ⌦

NE of the parame-
ters � and ⌦r that are correlated with the expected
EDM signal. The resulting systematic error in the
EDM measurement, de,syst that can then arise is

de,systEe↵tprec =
X

i=prep,read

⇢
@�

@�i

�
NE
i

+
@�

@⌦i
⌦

NE
i

�

(2)

where Ee↵ ⇡ 80 GV/cm is the frequency sensitivity
of the H3

�1 state to the electron EDM, tprec ⇡ 1 ms
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Ellipticity gradient due to glass 28

Laser polarization is varying  
  due to birefringence gradient of the optical components along the laser pass.
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Birefringence Gradients in Vacuum window & Field plate: 
                                     ACME II.  0.1%/mm 
                                     ACME III.  0.01%/mm mainly caused by stress

wikipedia
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Field plate

Birefringence gradients in ACME II field plates  
were dominated by tangential clamping stress.


                                 ↓


Stress-free mounting has been designed.

29

clamping

test
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Vacuum window

Vacuum window is suffered huge stress due to atmospheric pressure. 
                           → Use ultra-low stress-optic glass as window material 
                                & Thin slit vacuum opening to minimize vacuum stress

30

Glass Stress-optical coeff.

(10-3 /GPa)

Borofloat 4.0

N-BK7 2.77

Corning 7980

(Fused silica) 3.5

Shott 
SF57HTultra 0.07
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Birefringence measurement @ Okayama

Evaluation is on-going w/ a dedicated polarimeter.

31
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V. Wirthl et al., OSA Continum 4 2949 (2021).
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magnetic field

• Enlarged magnetic shield

• Applied magnetic field    ~10 nT

• Required residual field  

   & field gradient   
                  < 0.1 nT, < 0.1 nT/cm


• 3-layer mu-metal shield + 108 degaussing coils  + Self shielded Cosθ coils

32

inhomogeneity~0.08%

< 0.1 nT residual field

Siyuan Liu (Northwestern), DAMOP2022

simulation
simulation
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Magnetic shield

Assembly work and performance evaluation on-going at Northwestern.

33
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Photo gallery at Northwestern 34

March 2021
Clean up the ACME space

Beam box
10

Laser enclosing(?) box

2022-2023

ACME construction  
in progress !
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Summary 36

• Electron EDM (eEDM) is a powerful tool to search for a new physics beyond 
the standard model.


• Many R&D works for ACME3 are going to improve the current upper limit of 
eEDM by a factor of ~30.


