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”Who wants neutrons?”

Ecole de Physique des Houches does!
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“In the sciences of observation, the work of the observer consists in 
making experiments, and in observing the results; but his/her skill 
is shown in the selection of the experiments, and in the 
estimation of the accuracy of the results.”

— James Clerk Maxwell, “On the Elementary Relations between Electrical Measurements,” 
Philosophical Magazine (1861).

“The history of science teaches only too plainly the lesson that no 
single method is absolutely to be relied upon, that sources of error 
lurk where they are least expected, and that they may escape the 
notice of the most experienced and conscientious worker.”

— Sir John William Strutt, 3rd Baron Rayleigh, Report of the British Association for the 
Advancement of Science (1883).
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• nEDM Result published in 1957 by Smith, Purcell & Ramsey:

• Oak Ridge National Laboratory’s X-10 pile went critical in 1943, and civilian research began in 1945.

• Wu & Ambler’s P-violation experiment in 1957 

Where the EDM field started?
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Ramsey’s method of separated oscillatory fields

36 January 2013 Physics Today www.physicstoday.org

the archives
(July 1980, pages 25–30)

In 1949 I was looking for a way to meas-
ure nuclear magnetic moments by the
 molecular-beam resonance method, but
to do it more accurately than was possi-
ble with the arrangement developed by
I. I. Rabi and his colleagues at Columbia
University. The method I found1,2 was
that of separated oscillatory fields, in
which the single oscillating magnetic
field in the center of a Rabi device is
 replaced by two oscillating fields at the
entrance and exit, respectively, of the
space in which the nuclear magnetic

moments are to be investigated. During
the 1950’s this method became exten-
sively used in the original form. In the
same period more general applications
of the method arose, and the principal
extensions included:
‣ Use of relative phase shifts between
the two oscillatory fields3
‣ Extension generally to other reso-
nance and spectroscopic devices,4 such
as masers, which depend on either ab-
sorption or stimulated emission
‣ Separation of oscillatory fields in time
instead of space4
‣ Use of more than two successive
 oscillatory fields4,5
‣ General variation of amplitudes and

phases of the successive applied oscilla-
tory fields.5

Since the 1950’s the method has
been further extended; it has also been
applied to lasers by Y. V. Baklanov, B. V.
Dubetsky and V. B. Chebotsev,6 by
James C. Bergquist, S. A. Lee and John
L. Hall,7 by Michael M. Salour and 
C. Cohen-Tannoudji,8 by C. J. Bordé,9
by Theodore Hänsch10 and by others.11

The device shown in figure 1 is a
 molecular-beam apparatus embodying
successive oscillatory fields that has
been used at Harvard for an extensive
series of experiments in recent years.

Let me now review the successive
oscillating field method, particularly as

The method of 
 successive  oscillatory fields
An extension of Rabi’s molecular-beam resonance method, originally 
devised for measuring nuclear magnetic moments, is proving useful also 
for microwave spectroscopy, masers and lasers.

Norman F. Ramsey

Editor’s note: Norman Ramsey, a giant of 20th-century physics and
a scientific statesman, died on 4 November 2011 (see PHYSICS TODAY,
February 2012, page 64). In March 2012 a memorial symposium was
held at Harvard University to celebrate his life and legacy. The arti-
cles on pages 25 and 27 grew out of that symposium and address one
of Ramsey’s signature accomplishments, which he discusses here in
an article that originally appeared in PHYSICS TODAY 33 years ago.

Norman F. Ramsey is Higgins Professor
of Physics at Harvard University.

Figure 1. Molecular-beam apparatus with successive oscillatory fields. The beam of molecules emerges from a small source aperture
in the left third of the apparatus, is focussed there and passes through the middle third in an approximately parallel beam. It is focussed
again in the right third to a small detection aperture. The separated oscillatory electric fields at the beginning and end of the middle
third of the apparatus lead to resonance transitions that reduce the focussing and therefore weaken the detected beam intensity.
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Rabi’s method

it is applied to molecular beams, micro -
wave spectroscopy and masers.

The method
The simplicity of the original applica-
tion—measurement of nuclear mag-
netic moments—provides one of the
best ways to explain the method of sep-
arated oscillatory fields, so my discus-
sion will be, at first, in terms of this
 simple model. Extension to the more
general cases is then straightforward.

First let us remember, in outline,
Rabi’s  molecular-beam resonance
method (figure 2). Consider classically
a nucleus with spin angular momen-
tum ħJ and magnetic moment µ = (µ/J)J.
Then in a static magnetic field H0 =H0k

∧

the nucleus, due to the torque on the
nuclear angular momentum, will pre-
cess like a top about H0 with the Larmor
angular frequency

(1)

as shown in figure 3. Consider an addi-
tional magnetic field H1 perpendicular
to H0 and rotating about it with angular

frequency ω. Then, if at any time H is
perpendicular to the plane of H0 and J,
it will remain perpendicular to it pro-
vided ω = ω0. In that case J will also
 precess about H1 and the angle ϕ will
continuously change in a fashion anal-
ogous to the motion of a “sleeping top”;
the change of orientation can be de-
tected by allowing the molecular beam
containing the magnetic moments to
pass through inhomogeneous fields as
in  figure 2. If ω is not equal to ω0, Hwill
not remain perpendicular to J; so ϕ will
increase for a short while and then
 decrease, leading to no net change. In
this fashion the Larmor precession fre-
quency ω0 can be detected by measur-
ing the oscillator frequency ω at which
there is maximum reorientation of the
angular momentum. This procedure is
the basis of the Rabi  molecular-beam
resonance method.

The separated oscillatory field
method is much the same except that
the rotating field H1 seen by the nucleus
is applied initially for a short time τ, the
amplitude of H1 is then reduced to zero
for a relatively long time T and then in-

creased to H1 for a time τ, with phase
coherency being preserved for the
 oscillating fields as shown in figure 4.
This can be done, for example, in a
 molecular-beam apparatus in which
the molecules first pass through a rotat-
ing field region, then a region with no
rotating field and finally a region with
a second rotating field driven phase
 coherently by the same oscillator.

If the angular momentum is ini-
tially parallel to the fixed field (so that
ϕ is equal to zero initially) it is possible
to select the magnitude of the rotating
field so that ϕ is π/2 radians at the end
of the first oscillating region. While in
the region with no oscillating field, the
magnetic moment simply precesses
with the Larmor frequency appropriate
to the magnetic field in that region.
When the magnetic moment enters the
second oscillating field region there is
again a torque acting to change ϕ. If the
frequency of the rotating field is exactly
the same as the mean Larmor frequency
in the intermediate region there is no
relative phase shift between the angular
momentum and the rotating field.

Consequently, if the magnitude of
the second rotating field and the length
of time of its application are equal to
those of the first region, the second
 rotating field has just the same effect 
as the first one—that is, it increases ϕ
by another π/2, making ϕ = π, corre-
sponding to a complete reversal of the
direction of the angular momentum.
On the other hand, if the field and the
Larmor frequencies are slightly differ-
ent, so that the relative phase angle be-
tween the rotating field vector and the

H0

H1
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ω

ϕ

ω0

H0

T

TIME
ττ

Figure 2. Molecular-beam magnetic resonance. A typical detected molecule emerges
from the source, is deflected by the inhomogeneous magnetic field A, passes through
the collimator and is deflected to the detector by the inhomogeneous magnetic field B.
If, however, the oscillatory field in the C region induces a change in the molecular state,
the B magnet will provide a different deflection and the beam will follow the dashed
lines with a corresponding reduction in detected intensity. In the Rabi method the oscil-
latory field is applied uniformly throughout the C region as indicated by the long rf lines
F, whereas in the separated oscillatory field method the rf is applied only in the regions
E and G.

Figure 3. Precession of the nuclear angular
momentum J (left) and the rotating mag-
netic field H1 (right) in the Rabi method.

Figure 4. Two separated oscillatory fields, each acting for a time τ, with zero field act-
ing for a time T. Phase coherency is preserved between the two oscillatory fields.

ω0 =
μH0
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 result in the vicinity of the sharp reso-
nance is given in  figure 6.

The separated oscillatory field
method possesses a number of advan-
tages, which we will discuss next.

Advantages
Among the benefits are:
‣ The resonance peaks are only 0.6
times as broad as the corresponding
ones with the Rabi method and the
same length of apparatus. This narrow-
ing corresponds to the peaks in a two-
slit optical interference pattern being
narrower than the central diffraction
peak of a single wide slit aperture
whose width is equal to the separation
of the slits.
‣ The sharpness of the resonance is
not reduced by non- uniformities of the
constant field since from both the qual-
itative description and from equations
2 and 5 it is only the space- average
value of the energies along the beam
path that is important. This advantage
often permits increases in precision by
a factor of 20 or more.
‣ The method is often more conven-
ient and effective at very high frequen-
cies where the wavelength may be com-
parable to the length of the region in
which the energy levels are studied.
‣ Provided there is no unintended

phase shift between the two oscillatory
fields, first- order Doppler shifts are
eliminated.
‣ The method may be applied to study
energy levels in a region into which an
oscillating field cannot be introduced;
for example, the Larmor precession of
neutrons can be measured while they
are inside a magnetized iron block.
‣ The lines can be narrowed by reduc-
ing the amplitude of the rotating field
below the optimum, as shown by the
colored curve in  figure 6. The narrow-
ing is the result of the low amplitude fa-
voring  slower-than- average molecules.
‣ If the atomic state being studied de-
cays spontaneously, the separated oscil-
latory field method permits the obser-
vation of narrower resonances than
those anticipated from the lifetime and
the Heisenberg uncertainty principle
provided the two separated oscillatory
fields are sufficiently far apart; only
states that survive sufficiently long to
reach the second oscillatory field can
contribute to the resonance. This
method, for example, has been used
 effectively by Francis Pipkin, Paul Jes-
sop and Stephen Lundeen13 in studies
of the Lamb shift.

These advantages have led to the
extensive use of the method in molecu-
lar and atomic-beam spectroscopy. One
of the best-known of these uses is in
atomic cesium standards of frequency
and time.

As in any high- precision experi-
ment, care must be exercised with the
separated oscillatory field method to
avoid obtaining misleading results. Or-
dinarily these potential distortions are
more easily understood and eliminated
with the separated oscillatory field
method than are their counterparts 
in most other high-precision spec-
troscopy. Nevertheless the effects are
important and require care in high-
 precision measurements. I have dis-
cussed the various effects in detail else-
where13,14,15 but I will summarize them
here.

Precautions
Variations in the amplitudes of the
 oscillating fields from their optimum
values may markedly change the shape
of the resonance, including the replace-
ment of a maximum transition proba-
bility by a minimum. However, sym-
metry about the exact resonance

frequency is preserved, so no measure-
ment error need be introduced by such
amplitude variations.14,15

Variations of the magnitude of the
fixed field between (but not in) the os-
cillatory field regions do not ordinarily
distort a molecular beam resonance
provided the average transition fre-
quency (Bohr frequency) between the
two fields equals the values of the tran-
sition frequencies in each of the two
 oscillatory field regions alone. If this
condition is not met, there can be some
shift in the resonance frequency.14,15

If, in addition to the two energy
levels between which transitions are
studied, there are other energy levels
partially excited by the oscillatory
field, there will be a pulling of the res-
onance frequency as in any spectro-
scopic study and as analyzed in detail
in the literature.13,14,15

Even in the case when only two
energy levels are involved, the applica-
tion of additional rotating magnetic
fields at frequencies other than the
 resonance frequency will produce a 
net shift in the observed resonance
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Figure 7. Theoretical change in transi-
tion probability on reversing a π/2 phase
shift. This resonance shape gives the maxi-
mum sensitivity by which to detect small
shifts in the resonance frequency.

Advice from Rabi
The first advice I received from Rabi
in 1937 when I applied to him to
begin my research was that I should
not go into the field of molecular
beams since the interesting prob-
lems amenable to that technique
had already been solved and there
was little future to the field. I have
often wondered how I . . . had the
temerity to disregard this bit of
 advice from the master. However, I
am grateful that I did since the ad-
vice was given only a few months
before Rabi’s great invention of the
molecular beam resonance method
. . . which led to such fundamental
discoveries as the quadrupole mo-
ment of the deuteron, the Lamb
shift, the anomalous magnetic
 moment of the electron and [to] 
numerous other discoveries and
measurements.

(Quoted from Norman Ramsey’s
contribution to A Tribute to Professor
I.  I. Rabi, Columbia University, New
York, 1970.)
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Neutron EDM historical sensitivity
24

Publication year
1960 1970 1980 1990 2000 2010 2020 2030 2040

 c
m

) (
90

%
 C

.L
.)

e ( nd

29−10

28−10

27−10

26−10

25−10

24−10

23−10

22−10

21−10

20−10

19−10 Beam
Bragg scattering
UCN (Sussex-RAL-ILL)
UCN (PNPI)
UCN (PSI)

Future improvements

FIG. 3. Evolution of the nEDM results along with projected future results

led by the PNPI group using the ILL turbine source [132], the panEDM experiment using the
new SuperSUN source at ILL [163], the TUCAN experiment using the superfluid helium UCN
source being developed at TRIUMF [164], and the LANL nEDM experiment [136]. Many of the
contemporary nEDM experiments also make use of large-scale magnetically shielded rooms (MSR):
multi-layers of nested shells with alloys of high magnetic susceptibilities are used to suppress the
ambient fields by a factor of 100,000 to a million [166]. The MSRs bring the stabilities of the
magnetic field to the level needed to reveal and mitigate subtle systematic e↵ects associated with
residual field gradients.

At LANSCE, the newly-completed upgrade of the UCN facility [136] provides the necessary
UCN density to meet the demand of a nEDM experiment with tenfold sensitivity improvement.
A factor of 5–6 increase in the UCN output has already been achieved (as measured both in the
UCN⌧ experiment [167] and in a nEDM test apparatus [136]). The LANL nEDM experiment
takes the same Ramsey approach by using a room-temperature apparatus coupled to the newly-
upgraded, solid deuterium-based UCN source. The apparatus operates in vacuum and uses the
Ramsey’s method of separated oscillatory fields, which is a mature technology developed in prior
nEDM experiments [121, 168]. The low-risk technology together with the high-yield UCN source
at LANL opens up a timely opportunity to substantially increase the nEDM sensitivity before the
nEDM@SNS experiment becomes fully operational.

The nEDM@SNS experiment has been under development for the past two decades as it involves
many technological innovations to enable nEDM breakthroughs. In 1994, Golub and Lamoreaux
proposed a new method [169] to improve EDM measurements. It calls for the innovative use of
superfluid helium as the UCN production target as well as a noble-liquid detector to measure the
neutron precession. Performing an experiment immersed in a bath of superfluid helium, a significant
improvement in all of E, N , and Tfp is expected, with a goal sensitivity of �dn = 3⇥10�28 e·cm. The

Cold neutron beam era  → ultracold neutrons era (but kept Ramsey’s method)
(High numbers/rates; short interaction/useful time) (Low numbers/rates; long interaction/useful time)

Experimental techniques with neutrons restricted by: neutral & no electronic states.
(Excited Δ state ~ 200 MeV away…)

From: “Electric dipole moments and the search for new physics” (2022 
community white paper) arxiv:2203.08103



Standard Ramsey technique with UCNs
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• At the end of free precession, neutron population’s final phase measured by counting 
number of spin down Ndown (or Nup). For UCNs, spin analysis typically done ex-situ for 
UCNs measurements).

• Reverse E-field and then study asymmetry , or, better, the “super ratio”

measurement cell (~20 L volume!) 
polarized UCNs and comagnetometer

B0 E

S =
NHV"

cell1
NHV#

cell2

NHV#
cell1

NHV"
cell2

BAC

BAC
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“Ultracold Neutrons are Kitchen”
- L. N. Bondarenko, Kurchatov Institute

U = Vopt + iW
<latexit sha1_base64="p/BSSlNCpTgvRZoj2tIVCub9oKg=">AAACEHicbVDLSsNAFJ3UV62v+Ni5GSyCoJREBHUhFNy4rGDaQhvCZDpph05mwsxEiCFf4Q+41T9wJW79A3/A73D6WNjWAxcO59zLuZwwYVRpx/m2SkvLK6tr5fXKxubW9o69u9dUIpWYeFgwIdshUoRRTjxNNSPtRBIUh4y0wuHtyG89Eqmo4A86S4gfoz6nEcVIGymwDzx4A5tB3pUxFIku4CmkrcCuOjVnDLhI3Cmpgikagf3T7QmcxoRrzJBSHddJtJ8jqSlmpKh0U0UShIeoTzqGchQT5efj7wt4bJQejIQ0wzUcq38vchQrlcWh2YyRHqh5byT+53VSHV35OeVJqgnHk6AoZVALOKoC9qgkWLPMEIQlNb9CPEASYW0Km0lJBpmiWBWmGHe+hkXindeua879RbV+Nm2oDA7BETgBLrgEdXAHGsADGDyBF/AK3qxn6936sD4nqyVrerMPZmB9/QJpS5xw</latexit><latexit sha1_base64="p/BSSlNCpTgvRZoj2tIVCub9oKg=">AAACEHicbVDLSsNAFJ3UV62v+Ni5GSyCoJREBHUhFNy4rGDaQhvCZDpph05mwsxEiCFf4Q+41T9wJW79A3/A73D6WNjWAxcO59zLuZwwYVRpx/m2SkvLK6tr5fXKxubW9o69u9dUIpWYeFgwIdshUoRRTjxNNSPtRBIUh4y0wuHtyG89Eqmo4A86S4gfoz6nEcVIGymwDzx4A5tB3pUxFIku4CmkrcCuOjVnDLhI3Cmpgikagf3T7QmcxoRrzJBSHddJtJ8jqSlmpKh0U0UShIeoTzqGchQT5efj7wt4bJQejIQ0wzUcq38vchQrlcWh2YyRHqh5byT+53VSHV35OeVJqgnHk6AoZVALOKoC9qgkWLPMEIQlNb9CPEASYW0Km0lJBpmiWBWmGHe+hkXindeua879RbV+Nm2oDA7BETgBLrgEdXAHGsADGDyBF/AK3qxn6936sD4nqyVrerMPZmB9/QJpS5xw</latexit><latexit sha1_base64="p/BSSlNCpTgvRZoj2tIVCub9oKg=">AAACEHicbVDLSsNAFJ3UV62v+Ni5GSyCoJREBHUhFNy4rGDaQhvCZDpph05mwsxEiCFf4Q+41T9wJW79A3/A73D6WNjWAxcO59zLuZwwYVRpx/m2SkvLK6tr5fXKxubW9o69u9dUIpWYeFgwIdshUoRRTjxNNSPtRBIUh4y0wuHtyG89Eqmo4A86S4gfoz6nEcVIGymwDzx4A5tB3pUxFIku4CmkrcCuOjVnDLhI3Cmpgikagf3T7QmcxoRrzJBSHddJtJ8jqSlmpKh0U0UShIeoTzqGchQT5efj7wt4bJQejIQ0wzUcq38vchQrlcWh2YyRHqh5byT+53VSHV35OeVJqgnHk6AoZVALOKoC9qgkWLPMEIQlNb9CPEASYW0Km0lJBpmiWBWmGHe+hkXindeua879RbV+Nm2oDA7BETgBLrgEdXAHGsADGDyBF/AK3qxn6936sD4nqyVrerMPZmB9/QJpS5xw</latexit>

W =
~
2

X

i

ni�loss(v)v
<latexit sha1_base64="lHBYFWeba6QTw9/JX/Fx+I7/iMM="></latexit><latexit sha1_base64="lHBYFWeba6QTw9/JX/Fx+I7/iMM="></latexit><latexit sha1_base64="lHBYFWeba6QTw9/JX/Fx+I7/iMM="></latexit>

• Hydrogen is everywhere! Especially on surfaces 
(and diffuses into materials).

• Depolarization losses could be magnetic impurities 
on surface.

Transporting, especially polarized UCNs, can be tricky! Loss mechanisms not fully understood.

𝜆 ~ 100 nm

Theoretical loss ~ 10-5 per reflection. 
But typically observe several 10-4.

Neutron incoherent 
scattering cross-section



9

“Ultracold Neutrons are Kitchen”
- L. N. Bondarenko, Kurchatov Institute

U = Vopt + iW
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W =
~
2

X

i

ni�loss(v)v
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• Hydrogen is everywhere! Especially on surfaces 
(and diffuses into materials).

• Depolarization losses could be magnetic impurities 
on surface.

Transporting, especially polarized UCNs, can be tricky! Loss mechanisms not fully understood.

𝜆 ~ 100 nm

Theoretical loss ~ 10-5 per reflection. 
But typically observe several 10-4.

Neutron incoherent 
scattering cross-section

My kitchen after I cook
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�E�t � ~/2

Sensitivity
Comes from the uncertainty principle:

Get the “shot noise” limit:  �(dn) �
~

2↵ET
p
N

(often greater!)

𝛼 = polarization contrast ∼ 80 % → 95% if UCN spin analysis done in-situ

E = electric field strength ∼ 10 kV/cm in vacuum nEDM cells (due to side walls). Can 
degrade due to adding (gas) comagnetometer
        → 70 kV/cm if in insulating fluid

N = no. detected neutrons • Current 10-27 e.cm experiments detect 200,000-300,000 in 
large 20 - 30 L sized cell. (UCN density in cell ~ 5-10 cm-3). 

• Can’t increase volumes much more; false EDM systematic ~ 
(cell length)2

• Also need to control B-field to ≲ 1 ppb over cell volume

T = interaction/useful time Restricted by UCN loss time on walls. But even if get longer, 
need to control B-field field drifts. A lot can happen in 100-
1000s.
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Log contour plot of dynamic structure factor of He-II @ 1.2K 
from [Andersen et al. J. Phys. Condens. Matter (1994)]

• 1 meV cold neutrons (11 K) scatter off phonons in superfluid 4He to become UCNs (< 160 neV, “2 mK”) 
phonon

cold neutron E = E*

UCN
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(Landau & Feynman)E = (~k)2/(2m)

E⇤

[Golub & Pendlebury, Physics Letters A (1977)]

• “Super-thermal” because UCNs (~ 2 mK) not in thermal equilibrium with superfluid.
• At T = 0.4K, up-scattering (or “thermalization loss time”) 𝜏up ≈ 20 hours. 
• Neutron absorption by 4He is zero (when isotopically pure).
• UCNs can be kept inside superfluid 4He and UCNs studied in-situ

Down-scattering from single phonon 
(~ T independent):

phonon k1

VCN

UCN

phonon k2

phonon k3

Dominant UCN loss is two-phonon scattering:
<latexit sha1_base64="1dh1IlpkEfF5j7Ru9/DEq326X5E="></latexit>

⌧up,2�phonon = (100 sK7)T�7

• 3He atoms scatter off phonons ➞ mean-free-path ~ T 7.5 ➞ important for key “false EDM” systematic 
control

• Superfluid also scintillates at ~ 80 nm (EUV) ➞ used to detect n-3He capture events (later) 

Experimental studies & demonstrations:
Golub et al, Z. Physik B (1983); Huffman et al. Nature (2000)
Zimmer et al. PRL (2011);  Masuda et al. PRL (2012); 
Piegsa, et al. PRC (2014); Schmidt-Wellenburg et al., PRC (2015); Leung et al. PRC (2016); 

Ultracold neutrons & Superfluid 4He
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The next generation*… scaling up!

*conceptual idea – no promises yet, only a direction to explore!
proceed via small/modular R&D steps ...systematics not yet clear

3

Skyler Degenkolb’s idea:
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The next generation*… scaling up!

*conceptual idea – no promises yet, only a direction to explore!
proceed via small/modular R&D steps ...systematics not yet clear

3

Skyler Degenkolb’s idea:

“Quantum Sensing” for Neutrons

Several possibilities for readout *magnetic shift exaggerated for clarity 

*

Analyze UCN spins in-situ!
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UCNs produced by cold neutron beam in Superfluid 4He and then watch decay via 
scintillation light (n → p + e + 𝜈 + 800 keV).
With magnetic trap: no wall losses, but still 𝛽-decay 𝜏𝛽 = 880 s and a bit more. 
They observed 𝜏loss total ∼ 800 s .

+ TRIUMF TUCAN UCN source

+ Institut Laue-Langevin’s SUN-1, 
SUN-2, SuperSUN UCN sources
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• Full-sized 3-L measurement cell (illuminated by 300 nm 
UV lamp)

• Deuterated polystyrene + deuterated tetraphenyl 
butadiene blend (170 neV) coating on acrylic.(Material 
known to be high-voltage friendly)

• Measured 𝜏𝛽+cell of 570 ± 20 s at 30 K (Single 
exponential decay only observed) 

Full-sized cryogenic cells demonstrated

• Neulinger et al. (panEDM): Fluoropolymer 
CYTOP (115 neV) coated 3-L volume cell 
observed 𝜏𝛽+cell = 560 s (at 10 K) 

• Long 𝜏𝛽+cell allows large number of UCNs accumulated per fill for in-situ production. 
Polarized UCN density ∼180 UCN/cm3 => ~ 500,000 UCNs per cell.

• UCN “usefulness” time restricted by 𝜏𝛽+cell (transverse spin coherence times are ~ 20,000 s) 
• “Useful” UCN time of 1,000 s use in a measurement cycle



16

“Always measure frequency…” (Rabi? Ramsey? Wieman?) 

• Control and measurements of time/clocks can be done to a high precision.
• ✓ used in Ramsey technique

• The power of a frequency measurement: need only relative change of a 
signal over short time scales. (Drifts on time scales greater than a few oscillations 
are suppressed)

(dummy generated plots with arbitrary units to illustrate point only)

• BUT Ramsey’s technique only measures final neutron 
phase via. counting neutrons. Disadvantages:

• Blind to frequency fluctuations

• Need two (possibly four) repeated Ramsey cycles (with 
different clock frequencies within the same cell) to 
determine a single EDM value.

• Each cycle takes ~100-200s. A lot can happen in this time.

• Detector efficiency, magnetic field, 𝜋/2 efficiency and 
other polarization, UCN source intensity drifts, etc..

• Can be corrected but each introduces additional statistics & 
systematics difficult for 10-28 e.cm level
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Free precession decay observation
• Regularly done in NMR, in our field done for atomic systems, for 

example, 3He, 129Xe, 199Hg (but have to worry about unwanted Stark Shifts)

• Can it be done for neutrons?

(From HeXe collaboration)



Experimental Overview
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nEDMSF: UCNs + superfluid 4He + polarized 3He

19

Based on Golub & Lamoreaux, Phys. Rep. (1994)

B0 = 30mG
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High-voltage electrode ~|600 kV|

Ground electrodes (2x)

Scintillation light collection fibers

SQUID magnetometers

3He plumbing & cell ”plug” valve

All inside a ~ 1400 L superfluid 4He bath

• Double cell setup with E-field relative to B-field opposite in each cell

• In-situ super-thermal UCN (~ 100 neV) production and accumulation in superfluid 4He with 
polarized 1 meV cold neutron beam (direction into the page).

• Cold neutron beam ~ 100% polarized -> produce ~ 100% UCNs polarized.

• >95% polarized 3He loaded into cell (dissolved in isotopically-pure superfluid 4He at 0.4 K).
• 3He serves as a comagnetometer and UCN spin analyzer (see later)

~ 10 cm

~E ~E

2x measurement cells



Comagnetometery
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• A magnetometer species (typically a gas) that “cohabits” the same volume as the UCNs experience.

Chupp et al. RMP (2019)

• However, the two species still experiences different (time & space) averaged magnetic fields because:

o UCNs have such low speeds, 
they “sag” in gravity a few mm.

• nEDM experiments ultimately measure relative to comagnetometer’s EDM (usually “Schiff suppressed”)

o Relativistic               motional-field related effects are different. 
One produces a false EDM (most serious systematic error) 

<latexit sha1_base64="hrX7RWAD2JRaUmOcUePvMJ2kQsk=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5IUUZcFEVxWsA9oQplMJ+3QySTM3BRKzMJfceNCEbf+hjv/xmmbhbYeGDj3nHu5d06QCK7Bcb6tldW19Y3N0lZ5e2d3b98+OGzpOFWUNWksYtUJiGaCS9YEDoJ1EsVIFAjWDkY3U789ZkrzWD7AJGF+RAaSh5wSMFLPPvbGjGa3OfaAR0zjWTnOe3bFqToz4GXiFqSCCjR69pfXj2kaMQlUEK27rpOAnxEFnAqWl71Us4TQERmwrqGSmGV+Nrs/x2dG6eMwVuZJwDP190RGIq0nUWA6IwJDvehNxf+8bgrhtZ9xmaTAJJ0vClOBIcbTMHCfK0ZBTAwhVHFzK6ZDoggFE1nZhOAufnmZtGpV97Lq3l9U6rUijhI6QafoHLnoCtXRHWqgJqLoET2jV/RmPVkv1rv1MW9dsYqZI/QH1ucPFaaWGg==</latexit>

~E ⇥ ~v

• Need sufficient comagnetometer atoms for precision; too high can cause electric breakdowns & UCN 
loss (~ 10-6 mbar) 

1. Rb and Cs magnetometers

Alkali-metal magnetometers (usually Rb or Cs) have been
developed and implemented since the inception of optical
pumping, and their sensitivity and stability has been improved
and optimized for a variety of experiments. Recently, Cs has
been the main focus of magnetometers for EDM measure-
ments because sufficient vapor density is attainable at low
temperatures and due to the availability of optical components
including diode lasers and optical fibers (Afach et al., 2014).
Typically a Cs optical magnetometer uses glass cells with
spin-polarized or aligned vapor. The magnetic field is deter-
mined from the frequency of a resonance or free-precession
signal read-out via transmission of resonant polarized light or
optical rotation of off-resonant light.
Several magnetometer schemes are feasible, and the most

common are called Mx magnetometers (Bell and Bloom,
1961; Bloom, 1962) and NMOR sensors (Pustelny et al.,
2006). Mx sensors monitor the Larmor frequency of atomic
spins in a static field, e.g., along ẑ, using a perpendicular
oscillating field along x̂ tuned to the magnetic-resonance
frequency of the atomic species. AlthoughMx magnetometers
generally have simpler design and better stability over longer
times, the rf magnetic fields may lead to cross talk among
multiple sensors placed in close proximity to each other
(Aleksandrov et al., 1995). Metal cans are used as Faraday
shields to mitigate these cross talk effects, but introduce
magnetic-field Johnson noise. NMOR refers to nonlinear
magneto-optical rotation of linear polarization, which can
be used for magnetometry when the light is modulated in
frequency or intensity at the Larmor frequency. NMOR is a
fully optical technique, and sensors can be built without any

metallic components. Additionally, the atoms can be prepared
with an alignment, a distribution of magnetic sublevels with a
magnetic quadrupole moment but no magnetic dipole
moment, and magnetic cross talk to other sensors is signifi-
cantly reduced.
For Cs magnetometers, the frequencies for a typical

magnetic field of 1 μT are 3.5 and 7 kHz for Mx and
NMOR modes, respectively. Typical response times are on
the order of 10–100 ms. Operation modes include continuous
pumping at the resonance frequency, self-oscillation, and free-
precession decay, depending on the type of information
needed (Budker and Romalis, 2007). In particular, free-
precession decay is systematically cleaner due to smaller
interactions with the pump laser, whereas forced oscillation or
self-oscillation may be affected by light shifts, a modification
of the atomic Hamiltonian in the presence of the near-resonant
light, which takes the form of an effective magnetic field
(Cohen-Tannoudji, 1962). For example, a drift of the laser
power, frequency, or polarization would change the light shift
leading to instability of the magnetometer (Grujić et al.,
2015). A quantitative study of light shifts for Cs magnetom-
eters was undertaken by Patton et al. (2014).
The walls of the evacuated alkali-metal vapor cells are

generally coated with paraffin or other materials to improve
wall-relaxation times (Singh, Dilavore, and Alley, 1972).
Transverse spin-coherence times T!

2 of 1–2 s were observed
for paraffin (Alexandrov et al., 2002, 2004), and as long as
60 s in alkene-coated cells9 (Balabas et al., 2010). Spin
exchange between atoms is a fundamental limitation that has
been suppressed by increasing the alkali-metal density or
attaining very high polarization in SERF magnetometers
(Kominis et al., 2003). Even the longest observed T!

2’s are
much less than the duration of a typical EDM measurement,
and many independent measurements are in effect added
incoherently to obtain the magnetic-field (B) sensitivity for a
measurement time τ:

σB ≈
1

2πγ

!!!!!!!!!!!!!!
1

NAT!
2τ

s

; ð76Þ

where the gyromagnetic ratio is γ ¼ 3.5 kHz=μT for Cs and
NA is the effective number of spins observed in the time T!

2.
For observation times τ up to about 10 s, the typically
observed sensitivity of alkali-metal magnetometers is
(Dang, Maloof, and Romalis, 2010)

σB ∼ 1–10
fT!!!!!!
Hz

p ×
1!!!
τ

p : ð77Þ

The dependence on τ of Eq. (76) does not hold for times
greater than about 10–20 s due to many sources of instability,
i.e., drifts in Cs density, laser intensity, light polarization,
fibers, and electronics as well as, for example, temperature

FIG. 14. Sensitivity vs accuracy of sensors used for low-field
magnetometry in EDM measurements in typical state-of-the-art
configurations: flux-gate (FG), 3He, alkali-metal magnetometers
with Cs and K, spin-exchange-relaxation-free (SERF) mange-
tometers and combinations of 3He and Cs or SQUID readout. The
term “sensitivity” is used to describe the response of the sensor to
changes in the magnetic field, whereas “accuracy” is used here to
describe the absolute accuracy for measuring fields, which is a
measure of the stability, which is crucial for EDM experiments.

9In this review, we characterize longitudinal relaxation due to wall
interactions, magnetic-field gradients, collisions (e.g., dipole-dipole),
and weakly bound molecules as T1. Observed decay of spin
coherence or transverse relaxation, which may be due to longitudinal
effects as well as magnetic-field gradients and collisions, as T!

2.

Chupp et al.: Electric dipole moments of atoms, molecules, …

Rev. Mod. Phys., Vol. 91, No. 1, January–March 2019 015001-23

Abel et al. PRL (2020)

10-5

1 x 10-6

~ 1hr

(for scale: 10-28 e.cm sensitivity -> ~ 10-10  fractional frequency shift)
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Polarized 3He as live and in-situ UCN spin analyzer 

• Strong spin-dependent capture cross-section: 

• Polarized 3He gas cells widely used as neutron beam spin analyzers (count survivors)
<latexit sha1_base64="/QLn47bqNN99r7JXYOiy5g3zYpQ="></latexit>

3�!
He +

�!
n ! p +

3
H+ 764 keV
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�#",thermal ⇡ 11 kbAnti-parallel spins: Parallel spins:
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�"",thermal . 0.1 kb

• Detect the 760 keV scintillation as generated ➞ in-situ and live UCN spin analyzer 

• 80 nm scintillation light -> blue photons (walls of cells) -> wavelength shifting fibers 
-> optical fibers -> Silicon Photomultipliers

• Capture rate for polarized UCNs and 3He in same volume :
<latexit sha1_base64="gIFmo6z4vv9E/JnQuB5g5aIAMXc="></latexit>

Ṅ3 = NUCN ⌧̄�1
3 (1� PnP3 cos ✓n3)

<latexit sha1_base64="nZMF0Rv0dX+pcCyzyz7dNiR5oZw="></latexit>

⌧̄�1
3 ⇡ [n3 �#",thermal ⇥ (2200m/s)]/2

number of UCNs polarizations angle between spins

where
3He number density

PnP3
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or “continuous”
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• This n3 & P3 of 3He produces ∼ 6 fT fields ➞ detectable by SQUIDs.

• Want 3He-n capture rate to be similar to UCN loss time (cell + 𝛽), i.e. 
<latexit sha1_base64="tOHT1wA7oPJ6G5WhOwrZixs+A6w=">AAACCnicbVDLSsNAFJ34rPUVdelmtAguSkl8LwtuXFawD2hCuJlO2qGTBzMTsYSs3fgrblwo4tYvcOffOG2z0NYDFw7n3Mu99/gJZ1JZ1rexsLi0vLJaWiuvb2xubZs7uy0Zp4LQJol5LDo+SMpZRJuKKU47iaAQ+py2/eH12G/fUyFZHN2pUULdEPoRCxgBpSXPPHB8EJmjIM29U+xAkoj4AZ9bllPNHBFimXtmxapZE+B5Yhekggo0PPPL6cUkDWmkCAcpu7aVKDcDoRjhNC87qaQJkCH0aVfTCEIq3WzySo6PtNLDQSx0RQpP1N8TGYRSjkJfd4agBnLWG4v/ed1UBVduxqIkVTQi00VByrGK8TgX3GOCEsVHmgARTN+KyQAEEKXTK+sQ7NmX50nrpGZf1Ozbs0q9WsRRQvvoEB0jG12iOrpBDdREBD2iZ/SK3own48V4Nz6mrQtGMbOH/sD4/AEBqpm/</latexit>

⌧̄3 ⇡ 500 s

• So want number density n3 ≈ 2 x 1012 cm-3 (or 10-10 concentration) with near P3 ≈ 100% 
➞ Achievable with atomic beam source.

• Can’t look too intensely or 
will kill UCNs too quickly

3He can be used as comagnetometer AND live & in-situ UCN spin analyzer! 
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below. Third, the behavior at intermediate frequencies is seen
to be very interesting: The shift goes to zero for !0 /!r!1 as
it must because the effect changes sign between large and
small frequencies.
Furthermore, it can be seen immediately that the effects of

wall collision specularity are important when !0"!r, in
contradiction to the statement in #2$ that the degree of specu-
larity does not affect the frequency shift. We discuss this
point later in more detail %Sec. IV&.

IV. ANALYTIC RESULTS FOR THE LIMITING CASES
OF LARGE AND SMALL FREQUENCIES

„!0 /!rš1,!0 /!r™1…
Equation %40& represents the formal solution of the prob-

lem in all cases of interest here. Thus the frequency shift is
determined entirely by the velocity autocorrelation function
of the particles undergoing magnetic resonance. This func-
tion has been the subject of intense experimental and theo-
retical study #9–12$. In our case, involving macroscopic dis-
tances and times, it suffices to treat the motion classically.
For relatively short times, if the particles undergo collisions
which are distributed according to a Poisson distribution
with average time between collisions given by "c, the veloc-
ity correlation function is well known to be given by

#%t& = 'v2(e−t/"c. %50&

This form is known to be valid for relatively short times.
According to Eq. %37& the frequency shift depends on the
Fourier transform of the integral of the velocity correlation
function evaluated at !0. So the short-time behavior of #%t&
determines the high-frequency behavior of #%!&, and the re-
sult using this form is expected be valid in the case of large
!0—i.e., !0$!r.
For longer times the velocity correlation function is well

described by classical diffusion theory. Thus the long-time
behavior will determine the low-frequency region of the ve-
locity spectrum and the result will apply to the case !0

%!r. In this region the result will depend on the size of the
containing vessel as the dynamics of the diffusion process
are influenced by the boundary conditions.

A. Short correlation times „!r™!0…
Using Eq. %50& we have

#%!& =
1
&

'v2()
0

'

cos !te−t/"dt =
1
&

'v2(
1

"%!2 + 1/"2&
,

%51&

so that, according to Eq. %40&,

(! = − ab)
−'

' #%!&
%!0

2 − !2&
d! %52&

=ab
1
&

'v2(
"
)
−'

' 1
%!2 + 1/"2&%!2 − !0

2&
d! %53&

=− ab
'v2(
!0
2

1
%1 + 1/!0

2"2&
. %54&

This is in substantial agreement with the expression given in
the caption of Fig. 12 of #2$ when it is taken with Eq. %19& or
%3& of #2$ applicable to the case when !r%!0. It is quite
likely that the small discrepancy %!10% & in the 50% sup-
pression point is due to the process of averaging over the
velocity distribution shown in Fig. 12 of #2$.

B. Diffusion theory calculation of the long-time behavior
of the velocity correlation function: Frequency shifts

for „!rš!0…
Whereas the previous case applies to UCN this case

would apply to atoms used as a comagnetometer and is more
relevant experimentally as it results in larger shifts #2$ and in
some cases #13$ the collision rate can be simply adjusted by
changing the experimental conditions.
In the following we review the solution of the diffusion

equation in cylindrical geometry, obtain the velocity autocor-
relation function from the solution, and calculate the fre-
quency shift. In the limit of a small collision rate the result
agrees with the known results for %!r$!0& and the effect of
the collisions agrees with that found from numerical simula-
tions %Fig. 10 of #2$&.

1. Green’s function for the diffusion equation
in cylindrical geometry

In this section we attempt to understand the effects of the
vessel boundary on the velocity autocorrelation function, ob-
served in the numerical simulations %Sec. III A&, by applying
classical diffusion theory to the problem. Diffusion theory is
expected to be valid for long times so that we expect the
results to be valid for small !0—i.e., !0%!r:

D!2) −
")

"t
= 0,

FIG. 3. Results of numerically applying Eq. %37& to numerical
calculations of the correlation function, for varying * with R fixed.

S. K. LAMOREAUX AND R. GOLUB PHYSICAL REVIEW A 71, 032104 %2005&

032104-6

Numerical calculations from Golub:

Can tune temperature to make false EDM 
zero by scanning T!

• Recall: nEDM is measured relative to the comagnetometer’s EDM. Most effects cancel out with 
opposite E-field. 

• Comagnetometer’s EDM suppressed by Schiff screening but can experience a false EDM

• From interaction between the               motional field and magnetic field gradients (“geometric-phase 
induced false EDM”)

<latexit sha1_base64="/hoxxizZfNl34B6Sp6uwijbq6wQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURUZcFEVxWsA9oQplMJ+3QySTM3BRqCP6KGxeKuPU/3Pk3TtsstPXAwLnn3Mu9c4JEcA2O820tLa+srq2XNsqbW9s7u/beflPHqaKsQWMRq3ZANBNcsgZwEKydKEaiQLBWMLyZ+K0RU5rH8gHGCfMj0pc85JSAkbr2oTdiNLvNPeAR09NilHftilN1psCLxC1IBRWod+0vrxfTNGISqCBad1wnAT8jCjgVLC97qWYJoUPSZx1DJTG7/Gx6fY5PjNLDYazMk4Cn6u+JjERaj6PAdEYEBnrem4j/eZ0Uwms/4zJJgUk6WxSmAkOMJ1HgHleMghgbQqji5lZMB0QRCiawsgnBnf/yImmeV93Lqnt/UamdFXGU0BE6RqfIRVeohu5QHTUQRY/oGb2iN+vJerHerY9Z65JVzBygP7A+fwBdqZXA</latexit>

~E ⇥ ~v

Pendlebury et al. Phys. Rev. C (2004)
• “Discovered” in the nEDM field, false EDM for comagnetometer:

(Simplified cylindrical cell but general relationships hold. Rectangular cell work by Swank & Golub Phys. Rev. A 93, 062703 (2016))

We have used Eqs. (35) and (36) to verify that in the limit
!!0! / !!r!↑0, a smoothly rotating Bxy field of constant am-
plitude reproduces the RBS shift of Eq. (9). The result is
independent of the starting phase angle between Bxy and J in
the xy plane. Next we applied the equations to the case of a
particle passing to and fro along the diameter aligned with
the x axis in parallel E and B0 fields for the case "=# /2. On
the outward path t=0 to $ /2, By"t#= + !Bv!=const, and on the
return path, t=$ /2 to $, By"t#=−!Bv!=const. Thus, Jz"t1# from
Eq. (35) is a triangle function starting at 0 rising linearly as
%!Bv!Jt1 to a peak of %!Bv!J$ /2, then falling linearly to zero
again. In Eq. (36) on the outward pass Bx"t1#=−B0R$1
−4t1 /$% and for the return pass $ /2& t1&$, Bx"t1#=B0R$3
−4t1 /$%. After completing the integrals of Eqs. (35) and (36)
we find the GP acquired is 'geo↓↓=Jy"$# /J=B0R!Bv!$2 /12. Di-
viding out one factor of $ converts the result to (!↓↓. Hence
"(!↓↓−(!↓→#=B0R!Bv!$ /6=2B0R!Bv!R / "3vxy#. Substituting
with Eqs. (4) and (14) we find a daf that is 1 /3 of the leading
term obtained in Eq. (22) for the highly peripheral orbit. A
repeat of the calculations with J initially along the y axis
with suitably modified equations leads to the same answer.
Thus, we conclude that the initial phase of J does not affect
the result.
We have used this method to obtain (tediously) results for

three other closed orbits with "=3# /8, # /4, and # /8, re-
spectively. The results are all consistent with the necessary
multiplier for the RHS of Eq. (22) taking the form "1
+2 cos2 "# /3 for an orbit characterized by an angle ". The
solution in Sec. IV D confirms that this formula applies to all
orbits, whether or not they are closed, as do, also, the two-
dimensional (2D) computer simulations shown in Fig. 8.
If the particle distribution in the trap is uniform in space

and the velocities are isotropic, then the probability distribu-
tion function for the occupation of orbits characterized by "
is P""#= "4/##sin2 " (see Appendix B). Averaging the mul-
tiplier "1+2 cos2 "# /3 using the weight function P""# yields
1/2. Thus, we need to multiply the RHS of Eq. (22) for the
highly peripheral orbit by an additional factor of 1 /2 to con-
vert it to the form that represents this ensemble. Hence, for
the ensemble we have

daf =
J)
4 & !B0z

!z '%2R2

c2 (1 − !0
2

!r
†2)−1, "37#

where the square brackets are valid for "!0 /!r
†#2*1 and

from the appropriate weighted average we find

!r
†2 = 0.65&vxy

R '2. "38#

A comparison between Eq. (37) and computer simulations is
shown in Fig. 9. The surprising new element in Fig. 9 is that
the results for diffuse reflection show no detectable differ-
ence from those of Eq. (37), which was derived for specular
reflection. We have also used computer simulations for !!r!
+ !!0! to look for daf signals from magnetic flux which both
enters and leaves by the trap sidewalls—i.e., a B field with
no 2D divergence in the xy plane and with *!B0z /!z+V=0. We
found such flux to be at least a thousand times less effective
in generating a daf than the divergent flux associated with a
finite !B0z /!z. As yet, we have no theory, such as that in Sec.
IV B, to confirm that daf is always proportional to *!B0z /!z+V
in the regime !!r!, !!0!.

D. Full solution for cylindrical symmetry, specular reflection,
and all values of ,!r, / ,!0,

The classical motion of J can be solved more comprehen-
sively for a cylindrical trap having specular reflection of the
particles at all the walls and immersed in a nearly uniform
B0 having cylindrical symmetry and a small uniform
!B0z /!z. For this case B0xy=Br=−"!B0z /!z#r /2. Our setups
have (B0z /B0z-10−3 over the height of the trap. The axes
are chosen such that x.y is in the direction of z and the
volume averaged B0 points the direction of z. We will use
/"t# for the angle of rotation of the spin component Jxy"t#
towards the positive y axis starting on the positive x axis,
with /"t#=0 at t=0. The equation of motion for the expec-
tation value of J for a particle is dJ /dt=%$J.B%=%$J
. "Bv+B0#% and in components

dJx/dt = %$JyBz − JzBy% , "39#

dJy/dt = %$JzBx − JxBz% , "40#

dJz/dt = %$JxBy − JyBx% . "41#

Equations (39) and (40) contain the information about the
rate of change of phase /"t# of Jxy in the xy plane since they

FIG. 8. (Color online) The dependence of the false EDM on the
angle " characterising the orbit for the high velocity case !!r!
+ !!0!.

FIG. 9. (Color online) Results from computer simulations of the
false EDM effect for 199Hg atoms, in the cases of peripheral orbit,
diameter orbit, and diffuse reflection in 2D and 3D, as a function of
velocity. All results are normalized to the analytic result expected
for diffuse reflection in the high-velocity limit.

GEOMETRIC-PHASE-INDUCED FALSE ELECTRIC… PHYSICAL REVIEW A 70, 032102 (2004)

032102-9
• Can change 3He-phonon scattering mean-free-path by 

changes in superfluid temperature:
<latexit sha1_base64="TSQbJj6gpw0mPM5AZIDsZy2qwFw="></latexit>

�3He ⇡ 0.077 cm⇥
✓
0.45K

T

◆15/2

• Note: The transverse spin coherence time scales as R4. Want small cells (with high UCN density)

Radius of cell

http://link.aps.org/doi/10.1103/PhysRevA.93.062703
http://link.aps.org/doi/10.1103/PhysRevA.93.062703
http://link.aps.org/doi/10.1103/PhysRevA.93.062703
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Two measurement modes of nEDMSF:
double free precession & critical dressed spin



Double free precession mode
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B0

3He n

SnS3
apply !/2 pulse

B0

free precession
B0B0 ~ 30mG 

apply 𝜋/2 pulse

|�n � �3|B0/(2⇡) ⇡ 10Hz
<latexit sha1_base64="6jkKvjSHLBL0Ck3hacAHJ+ZbSUA="></latexit><latexit sha1_base64="6jkKvjSHLBL0Ck3hacAHJ+ZbSUA="></latexit><latexit sha1_base64="6jkKvjSHLBL0Ck3hacAHJ+ZbSUA="></latexit>

✓3n(t) = ✓3(t)� ✓n(t) =
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(�n � �3)B0 ±

2dn|E|
~

�
t+ �0 ⌘ !±

3nt+ �0 ,
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• Time evolution of phase:

• With B0 = 30 mG :

• Flipping high-voltage electrode often with known sequences to suppress 1st order drifts (e.g. + - - + - 
+ + -) and analysis as a ”super-asymmetry"  

• The transverse spin coherence time (wall depolarization + gradient depolarization), T2 ~ 10,000 s

• Scintillation light oscillation at “beat” frequency:



Free precession scintillation signal

26

-5 0 5

8-t ! 80 [7Hz]

0

0.05

0.1

0.15

0.2

0.25

0.3

p
ro

b
a
b
il
it
y

d
en

si
ty

[7
H

z!
1
]

Repeat 
generation 
& fit:

Ø 300 live days of running (expected to take 3 years), get 1𝜎 nEDM error =  3 x 10-28 e.cm

Accepted events time-binned:

0 200 400 600 800 1000

time [sec]

0

10

20

30

40

50

60

70

n
i(
t i
)
p
er

25
m

s
ti
m

e
b
in

0 0.2 0.4 0.6 0.8 1

time [sec]

0

10

20

30

40

50

60

n
i(
t i
)
p
er

25
m

s
ti
m

e
b
in

Figure 2. Example of a Monte Carlo simulation of the scintilla-
tion event rate vs time data during the free precession period of
a single free precession measurement cycle. The events are time
binned, with ni(ti) being the number of events that fall within a
time bin centered at time ti. The parameters used are described
in the text. The best fit curve is shown in red. The upper plot is
zoomed in on the first 1 s, with the error bars shown as the 67%
C.I. for a Poisson distribution. The lower plot is of the entire
period and without error bars on the points.

magnetometer and the key systematic e↵ects involved in
the free precession mode.

2.3
3
He co-magnetometer and systematic effects

When writing Eq. (7), it was implied that the static B0 field
in the two !3n measurements are identical. However, since
they are made for cells at di↵erent spatial positions or in
the same cell during di↵erent times, corrections for mag-
netic field gradients and drifts will inevitably be required.
Therefore, high-precision magnetometry is needed.

A magnetometer system located outside the measure-
ment cell and away from the large electric field can be
used to infer the magnetic field inside the cells. How-
ever, such external magnetometry systems are insensitive
to fields produced by leakage currents [15] or magnetiza-
tion contamination [17] near the cell, both of which can
produce sizable systematic e↵ects. For high precision neu-
tron EDM experiments, co-magnetometery is needed.

The polarized 3He located in the same volume as the
UCNs can be used as a co-magnetometer. For a concentra-
tion of x3 = 10�10, the 3He number density is ⇠ 1012 cm�3

(compared with . 103 cm�3 for the UCN density). The

precessing 3He magnetization will generate an oscillating
field with an amplitude of several fT close to the cell. This
will be measured by an array of Superconducting Quantum
Interference Device (SQUID) magnetometers near the cell
[45].

While co-magnetometry drastically reduces system-
atic e↵ects due to field variations, it adds additional e↵ects
at a much smaller scale. These come in the form of dif-
ferent ensemble averaged magnetic fields between the co-
magnetometer atoms and the UCNs, despite the fact they
occupy the same volume, as well as di↵erent precession
frequency shifts experienced by the two.

The observed !3n in a cell should be written as:

!±3n = �nhBni � �!n � �3hB3i + �!3 ±
2dn|E|
~
, (8)

where hB3i and hBni are the ensemble averaged magnetic
fields, and �!3 and �!n are the frequency shifts of the two
species. These e↵ects only arise because of the di↵erences
in motion and precession between the co-magnetometer
atoms and UCNs.

Firstly, the 3He atoms are in thermal equilibrium with
the superfluid helium bath. Their velocity, taking into ac-
count the 3He e↵ective mass, will be ⇡ 30 m s�1. The
UCNs, however, will have velocities ⇡ 4 m s�1. It is worth
mentioning that this velocity di↵erence will be smaller
than for other commonly used co-magnetometers at room
temperature. Secondly, UCNs undergo ballistic motion
reflecting only o↵ the cell walls whereas the 3He mo-
tion will be di↵usive. At our design concentration the
3He mean-free-path is approximately given by 0.77 mm ⇥
[(0.45 K)/T ]15/2 [46], dominated by scattering o↵ phonons
in the superfluid. Thirdly, as already mentioned, the spin
precession frequency of the 3He will only be ⇡ 10% faster
than the UCNs. Again, this will be a smaller di↵erence
than compared with typical co-magnetometers. Further-
more, it should be noted that the sign of �3 and �n are both
negative. This will suppress e↵ects such as that caused by
Earth’s rotation [15].

The most serious of these frequency shifts that can
produce a false EDM signal comes from an interaction
between magnetic field gradients and the motional mag-
netic field BE⇥v = E ⇥ v/c2 [47–54]. The Bloch-Siegert
induced frequency shift is generally larger for the co-
magnetometer. The magnitude of BE⇥v for v = 30 m s�1

and our electric field will be ⇡ 20 µG. This field is trans-
verse to B0 with a direction that fluctuates after every col-
lision with the walls or phonons in the superfluid. This
results in Bloch-Siegert frequency shifts [55]. The com-
bination of this BE⇥v field with magnetic field gradients
transverse to B0 produces a frequency shift that is propor-
tional to E and hence will appear as a false EDM signal.
The size of this frequency shift is also generally dependent
on the gyromagnetic ratio, the static field strength B0, the
field gradients, the collisional frequency, and (as already
mentioned in the introduction) on the dimensions of the
cell. However, closed form expressions exist for the bal-
listic and highly di↵usive cases [23, 53]. We will call this
the "Bloch-Siegert induced false EDM”.
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scintillation light events:

no. UCNs in cell recall: 500 s
polarizations
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Oscillating term due to previous n-3He 
absorption

UCN spectrum

Ø Continuously measuring the UCN phase (relative to 3He) ➞ continuous frequency measurement (via 
derivative)!
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Data analysis simulations

• Neutron decay 𝛽-asymmetry
• Spatial-variation scintillation light detection efficiency
• Oscillation in Nn(t) due to history of n-3He absorption
• Reduced parameter ”contrast” fitting to handle UCN energy-dependent 

wall loss
• Generation of scintillation light data with magnetic field drifts
• Generation of SQUID 3He signal with noise and drifts (UKy student: 

Mojtaba Behzadipour)
• Simultaneously fitting SQUID+ 3He magnetometer signal and 

scintillation light signal with global likelihood parameter 
(UKy student: Mojtaba Behzadipour)

• Fit temporal field drifts with orthogonal polynomials
• Particle-by-particle neutron scintillation data generation code
• Magnetic field noise in spin-dressing mode 
• Novel spin dressing field modulation modes (Caltech grad: Raymond Tat)
• UCN spin-tracking on Graphics Processing Units (NCSU/Caltech/ORNL: 

Morano, Tat, Matthews) 
• UCN center-of-mass gravitational offset time-evolution

Scintillation light (infinite 
statistics)

SQUID signal with noise



apply strong off-resonance dressing 
field perpendicular to B0 to alter 

precession of both species
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apply 𝜋/2 pulse
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FIG. 3. (Color online) 3He resonance frequency data as a function
of Bd for several dressing field frequencies ωd . (a) B0 = 8.50 G.
(b) B0 = 3.36 G. The triangle symbol indicates ωd/2π = 29.3 kHz
in (a) and 29.5 kHz in (b). Dashed lines show the results of Bloch
simulations for each frequency.

(Fig. 2) when the precession and rf phase difference is an
integer multiple of 2π .
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FIG. 4. (Color online) Change of the 3He precession frequency
as a function of the dressing parameter x = γBd/ωd . The curves
show the expected resonance frequency shifts computed from the
dressed spin energy spectrum and Eq. (5). The values of y (from top
to bottom) in (a) are 0.31, 0.54, and 0.94; in (b), the values are 0.12,
0.21, and 0.37.

FIG. 5. (Color online) Sample energy diagram of the dressed spin
system calculated as a function of y, for dressing parameter x = 1.57.
Dashed lines indicate the Zeeman splittings in the undressed system
(E0 = ± 1

2h̄ω0). The energy scale is given in units of the dressing field
photon energy h̄ωd .

We have used both classical and quantum-mechanical ap-
proaches to interpret the experimental results. In the first case,
we numerically integrate the Bloch equation with a fourth-
order Runge-Kutta method to propagate the 3He through the
solenoid region and determine the final polarization s · ẑ.
We simulated all of the measurements by varying the SOF
frequency about the 3He’s Larmor frequency and averaging
the result over f (v). The resonance curves thus obtained are in
good agreement with our experimental data and, in particular,
the resonance frequency shifts due to the dressing field are
well reproduced, as shown in Fig. 3.

In addition to the classical simulations, we have also inter-
preted the experimental observations using the dressed atom
approach pioneered by Cohen-Tannoudji [8]. The Hamiltonian
of a spin-1/2 particle with gyromagnetic ratio γ subjected to
the constant magnetic field B0 ẑ and a linearly polarized rf field
Bd cos ωd t x̂ can be written

Ĥ = −γB0Ŝz + h̄ωd â
†â + λŜx(â + â†), (6)

where Ŝx and Ŝz are the spin operators along x̂ and ẑ,
respectively (Ŝz having eigenvalues mz = ± 1

2h̄). The first
term of Eq. (6) is the Zeeman interaction, and the second
term is the energy of the dressing field with creation and
annihilation operators â† and â. The final term in Eq. (6)
describes the coupling of the particle’s spin to the photon
field with strength λ = γBd/2

√
n, where n # 1 is the average

number of photons. This interaction term allows the particle to
absorb or emit photons, which entails the exchange of energy
and angular momentum. Because the rf field is perpendicular
to B0 (and can be decomposed into a superposition of
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FIG. 3. (Color online) 3He resonance frequency data as a function
of Bd for several dressing field frequencies ωd . (a) B0 = 8.50 G.
(b) B0 = 3.36 G. The triangle symbol indicates ωd/2π = 29.3 kHz
in (a) and 29.5 kHz in (b). Dashed lines show the results of Bloch
simulations for each frequency.

(Fig. 2) when the precession and rf phase difference is an
integer multiple of 2π .
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FIG. 4. (Color online) Change of the 3He precession frequency
as a function of the dressing parameter x = γBd/ωd . The curves
show the expected resonance frequency shifts computed from the
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to bottom) in (a) are 0.31, 0.54, and 0.94; in (b), the values are 0.12,
0.21, and 0.37.

FIG. 5. (Color online) Sample energy diagram of the dressed spin
system calculated as a function of y, for dressing parameter x = 1.57.
Dashed lines indicate the Zeeman splittings in the undressed system
(E0 = ± 1

2h̄ω0). The energy scale is given in units of the dressing field
photon energy h̄ωd .

We have used both classical and quantum-mechanical ap-
proaches to interpret the experimental results. In the first case,
we numerically integrate the Bloch equation with a fourth-
order Runge-Kutta method to propagate the 3He through the
solenoid region and determine the final polarization s · ẑ.
We simulated all of the measurements by varying the SOF
frequency about the 3He’s Larmor frequency and averaging
the result over f (v). The resonance curves thus obtained are in
good agreement with our experimental data and, in particular,
the resonance frequency shifts due to the dressing field are
well reproduced, as shown in Fig. 3.

In addition to the classical simulations, we have also inter-
preted the experimental observations using the dressed atom
approach pioneered by Cohen-Tannoudji [8]. The Hamiltonian
of a spin-1/2 particle with gyromagnetic ratio γ subjected to
the constant magnetic field B0 ẑ and a linearly polarized rf field
Bd cos ωd t x̂ can be written

Ĥ = −γB0Ŝz + h̄ωd â
†â + λŜx(â + â†), (6)

where Ŝx and Ŝz are the spin operators along x̂ and ẑ,
respectively (Ŝz having eigenvalues mz = ± 1

2h̄). The first
term of Eq. (6) is the Zeeman interaction, and the second
term is the energy of the dressing field with creation and
annihilation operators â† and â. The final term in Eq. (6)
describes the coupling of the particle’s spin to the photon
field with strength λ = γBd/2

√
n, where n # 1 is the average

number of photons. This interaction term allows the particle to
absorb or emit photons, which entails the exchange of energy
and angular momentum. Because the rf field is perpendicular
to B0 (and can be decomposed into a superposition of
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• Specific value of                   can make

• For instance, if                        is chosen, then                                      
is needed

Bd/⌫d
<latexit sha1_base64="qrqquwdhlGoa8ULFOhEWccyj1XA=">AAACEnicbZDLSsNAFIYn9VbrrSqu3AwWwYXURARdFt24rGAv0IQwmUzaoTOTMDMRQuhb+AJu9Q3ciVtfwBfwOZy0EWz1hwMf/zmHc/iDhFGlbfvTqiwtr6yuVddrG5tb2zv13b2uilOJSQfHLJb9ACnCqCAdTTUj/UQSxANGesH4puj3HohUNBb3OkuIx9FQ0IhipI3l1w+u/dyVHIaTM1ekP+zXG3bTngr+BaeEBijV9utfbhjjlBOhMUNKDRw70V6OpKaYkUnNTRVJEB6jIRkYFIgT5eXT9yfw2DghjGJpSmg4dX9v5IgrlfHATHKkR2qxV5j/9Qapjq68nIok1UTg2aEoZVDHsMgChlQSrFlmAGFJza8Qj5BEWJvE5q4ko0xRrIpgnMUY/kL3vOkYvrtotE7LiKrgEByBE+CAS9ACt6ANOgCDHDyBZ/BiPVqv1pv1PhutWOXOPpiT9fENq9aeKw==</latexit><latexit sha1_base64="qrqquwdhlGoa8ULFOhEWccyj1XA=">AAACEnicbZDLSsNAFIYn9VbrrSqu3AwWwYXURARdFt24rGAv0IQwmUzaoTOTMDMRQuhb+AJu9Q3ciVtfwBfwOZy0EWz1hwMf/zmHc/iDhFGlbfvTqiwtr6yuVddrG5tb2zv13b2uilOJSQfHLJb9ACnCqCAdTTUj/UQSxANGesH4puj3HohUNBb3OkuIx9FQ0IhipI3l1w+u/dyVHIaTM1ekP+zXG3bTngr+BaeEBijV9utfbhjjlBOhMUNKDRw70V6OpKaYkUnNTRVJEB6jIRkYFIgT5eXT9yfw2DghjGJpSmg4dX9v5IgrlfHATHKkR2qxV5j/9Qapjq68nIok1UTg2aEoZVDHsMgChlQSrFlmAGFJza8Qj5BEWJvE5q4ko0xRrIpgnMUY/kL3vOkYvrtotE7LiKrgEByBE+CAS9ACt6ANOgCDHDyBZ/BiPVqv1pv1PhutWOXOPpiT9fENq9aeKw==</latexit><latexit sha1_base64="qrqquwdhlGoa8ULFOhEWccyj1XA=">AAACEnicbZDLSsNAFIYn9VbrrSqu3AwWwYXURARdFt24rGAv0IQwmUzaoTOTMDMRQuhb+AJu9Q3ciVtfwBfwOZy0EWz1hwMf/zmHc/iDhFGlbfvTqiwtr6yuVddrG5tb2zv13b2uilOJSQfHLJb9ACnCqCAdTTUj/UQSxANGesH4puj3HohUNBb3OkuIx9FQ0IhipI3l1w+u/dyVHIaTM1ekP+zXG3bTngr+BaeEBijV9utfbhjjlBOhMUNKDRw70V6OpKaYkUnNTRVJEB6jIRkYFIgT5eXT9yfw2DghjGJpSmg4dX9v5IgrlfHATHKkR2qxV5j/9Qapjq68nIok1UTg2aEoZVDHsMgChlQSrFlmAGFJza8Qj5BEWJvE5q4ko0xRrIpgnMUY/kL3vOkYvrtotE7LiKrgEByBE+CAS9ACt6ANOgCDHDyBZ/BiPVqv1pv1PhutWOXOPpiT9fENq9aeKw==</latexit><latexit sha1_base64="qrqquwdhlGoa8ULFOhEWccyj1XA=">AAACEnicbZDLSsNAFIYn9VbrrSqu3AwWwYXURARdFt24rGAv0IQwmUzaoTOTMDMRQuhb+AJu9Q3ciVtfwBfwOZy0EWz1hwMf/zmHc/iDhFGlbfvTqiwtr6yuVddrG5tb2zv13b2uilOJSQfHLJb9ACnCqCAdTTUj/UQSxANGesH4puj3HohUNBb3OkuIx9FQ0IhipI3l1w+u/dyVHIaTM1ekP+zXG3bTngr+BaeEBijV9utfbhjjlBOhMUNKDRw70V6OpKaYkUnNTRVJEB6jIRkYFIgT5eXT9yfw2DghjGJpSmg4dX9v5IgrlfHATHKkR2qxV5j/9Qapjq68nIok1UTg2aEoZVDHsMgChlQSrFlmAGFJza8Qj5BEWJvE5q4ko0xRrIpgnMUY/kL3vOkYvrtotE7LiKrgEByBE+CAS9ACt6ANOgCDHDyBZ/BiPVqv1pv1PhutWOXOPpiT9fENq9aeKw==</latexit>

Bd = 1G
<latexit sha1_base64="FXpG/jMd1P5HNLLaC7u0fJm6BJI=">AAACE3icbZDLSsNAFIYn9VbrLSq4cTNYBBelJCLoRii60GUF2wpNCJPJpB06uTAzEULMY/gCbvUN3IlbH8AX8DmcpFnY1h8GvvnPOZzD78aMCmkY31ptaXllda2+3tjY3Nre0Xf3+iJKOCY9HLGIP7hIEEZD0pNUMvIQc4ICl5GBO7ku6oNHwgWNwnuZxsQO0CikPsVIKsvRD66czOIB9HJ4CU2rVX5uckdvGm2jFFwEs4ImqNR19B/Li3ASkFBihoQYmkYs7QxxSTEjecNKBIkRnqARGSoMUUCEnZX35/BYOR70I65eKGHp/p3IUCBEGriqM0ByLOZrhflfbZhI/8LOaBgnkoR4ushPGJQRLMKAHuUES5YqQJhTdSvEY8QRliqymS3xOBUUiyIYcz6GReiftk3Fd2fNTquKqA4OwRE4ASY4Bx1wC7qgBzB4Ai/gFbxpz9q79qF9TltrWjWzD2akff0CsNGdgQ==</latexit><latexit sha1_base64="FXpG/jMd1P5HNLLaC7u0fJm6BJI=">AAACE3icbZDLSsNAFIYn9VbrLSq4cTNYBBelJCLoRii60GUF2wpNCJPJpB06uTAzEULMY/gCbvUN3IlbH8AX8DmcpFnY1h8GvvnPOZzD78aMCmkY31ptaXllda2+3tjY3Nre0Xf3+iJKOCY9HLGIP7hIEEZD0pNUMvIQc4ICl5GBO7ku6oNHwgWNwnuZxsQO0CikPsVIKsvRD66czOIB9HJ4CU2rVX5uckdvGm2jFFwEs4ImqNR19B/Li3ASkFBihoQYmkYs7QxxSTEjecNKBIkRnqARGSoMUUCEnZX35/BYOR70I65eKGHp/p3IUCBEGriqM0ByLOZrhflfbZhI/8LOaBgnkoR4ushPGJQRLMKAHuUES5YqQJhTdSvEY8QRliqymS3xOBUUiyIYcz6GReiftk3Fd2fNTquKqA4OwRE4ASY4Bx1wC7qgBzB4Ai/gFbxpz9q79qF9TltrWjWzD2akff0CsNGdgQ==</latexit><latexit sha1_base64="FXpG/jMd1P5HNLLaC7u0fJm6BJI=">AAACE3icbZDLSsNAFIYn9VbrLSq4cTNYBBelJCLoRii60GUF2wpNCJPJpB06uTAzEULMY/gCbvUN3IlbH8AX8DmcpFnY1h8GvvnPOZzD78aMCmkY31ptaXllda2+3tjY3Nre0Xf3+iJKOCY9HLGIP7hIEEZD0pNUMvIQc4ICl5GBO7ku6oNHwgWNwnuZxsQO0CikPsVIKsvRD66czOIB9HJ4CU2rVX5uckdvGm2jFFwEs4ImqNR19B/Li3ASkFBihoQYmkYs7QxxSTEjecNKBIkRnqARGSoMUUCEnZX35/BYOR70I65eKGHp/p3IUCBEGriqM0ByLOZrhflfbZhI/8LOaBgnkoR4ushPGJQRLMKAHuUES5YqQJhTdSvEY8QRliqymS3xOBUUiyIYcz6GReiftk3Fd2fNTquKqA4OwRE4ASY4Bx1wC7qgBzB4Ai/gFbxpz9q79qF9TltrWjWzD2akff0CsNGdgQ==</latexit><latexit sha1_base64="FXpG/jMd1P5HNLLaC7u0fJm6BJI=">AAACE3icbZDLSsNAFIYn9VbrLSq4cTNYBBelJCLoRii60GUF2wpNCJPJpB06uTAzEULMY/gCbvUN3IlbH8AX8DmcpFnY1h8GvvnPOZzD78aMCmkY31ptaXllda2+3tjY3Nre0Xf3+iJKOCY9HLGIP7hIEEZD0pNUMvIQc4ICl5GBO7ku6oNHwgWNwnuZxsQO0CikPsVIKsvRD66czOIB9HJ4CU2rVX5uckdvGm2jFFwEs4ImqNR19B/Li3ASkFBihoQYmkYs7QxxSTEjecNKBIkRnqARGSoMUUCEnZX35/BYOR70I65eKGHp/p3IUCBEGriqM0ByLOZrhflfbZhI/8LOaBgnkoR4ushPGJQRLMKAHuUES5YqQJhTdSvEY8QRliqymS3xOBUUiyIYcz6GReiftk3Fd2fNTquKqA4OwRE4ASY4Bx1wC7qgBzB4Ai/gFbxpz9q79qF9TltrWjWzD2akff0CsNGdgQ==</latexit>

fd ⇡ 2.5 kHz
<latexit sha1_base64="sqETuGumWrj3PpffesOOwONURko=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARXJSSFEWXBTddVrAXaEqYTCbt0EkyzEzEGLL1NXwBt/oG7sSt+AI+h9O0C9v6w8DHf87hnPk9zqhUlvVtlNbWNza3ytuVnd29/QPz8Kgr40Rg0sExi0XfQ5IwGpGOooqRPhcEhR4jPW9yM6337omQNI7uVMrJMESjiAYUI6Ut14SBmzkihH4OHcS5iB9go37p1Apz0nrMXbNq1a1CcBXsOVTBXG3X/HH8GCchiRRmSMqBbXE1zJBQFDOSV5xEEo7wBI3IQGOEQiKHWfGTHJ5px4dBLPSLFCzcvxMZCqVMQ093hkiN5XJtav5XGyQquB5mNOKJIhGeLQoSBlUMp7FAnwqCFUs1ICyovhXiMRIIKx3ewhY+TiXFchqMvRzDKnQbdVvz7UW1WZtHVAYn4BScAxtcgSZogTboAAyewAt4BW/Gs/FufBifs9aSMZ85Bgsyvn4BKiuiDA==</latexit><latexit sha1_base64="sqETuGumWrj3PpffesOOwONURko=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARXJSSFEWXBTddVrAXaEqYTCbt0EkyzEzEGLL1NXwBt/oG7sSt+AI+h9O0C9v6w8DHf87hnPk9zqhUlvVtlNbWNza3ytuVnd29/QPz8Kgr40Rg0sExi0XfQ5IwGpGOooqRPhcEhR4jPW9yM6337omQNI7uVMrJMESjiAYUI6Ut14SBmzkihH4OHcS5iB9go37p1Apz0nrMXbNq1a1CcBXsOVTBXG3X/HH8GCchiRRmSMqBbXE1zJBQFDOSV5xEEo7wBI3IQGOEQiKHWfGTHJ5px4dBLPSLFCzcvxMZCqVMQ093hkiN5XJtav5XGyQquB5mNOKJIhGeLQoSBlUMp7FAnwqCFUs1ICyovhXiMRIIKx3ewhY+TiXFchqMvRzDKnQbdVvz7UW1WZtHVAYn4BScAxtcgSZogTboAAyewAt4BW/Gs/FufBifs9aSMZ85Bgsyvn4BKiuiDA==</latexit><latexit sha1_base64="sqETuGumWrj3PpffesOOwONURko=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARXJSSFEWXBTddVrAXaEqYTCbt0EkyzEzEGLL1NXwBt/oG7sSt+AI+h9O0C9v6w8DHf87hnPk9zqhUlvVtlNbWNza3ytuVnd29/QPz8Kgr40Rg0sExi0XfQ5IwGpGOooqRPhcEhR4jPW9yM6337omQNI7uVMrJMESjiAYUI6Ut14SBmzkihH4OHcS5iB9go37p1Apz0nrMXbNq1a1CcBXsOVTBXG3X/HH8GCchiRRmSMqBbXE1zJBQFDOSV5xEEo7wBI3IQGOEQiKHWfGTHJ5px4dBLPSLFCzcvxMZCqVMQ093hkiN5XJtav5XGyQquB5mNOKJIhGeLQoSBlUMp7FAnwqCFUs1ICyovhXiMRIIKx3ewhY+TiXFchqMvRzDKnQbdVvz7UW1WZtHVAYn4BScAxtcgSZogTboAAyewAt4BW/Gs/FufBifs9aSMZ85Bgsyvn4BKiuiDA==</latexit><latexit sha1_base64="sqETuGumWrj3PpffesOOwONURko=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARXJSSFEWXBTddVrAXaEqYTCbt0EkyzEzEGLL1NXwBt/oG7sSt+AI+h9O0C9v6w8DHf87hnPk9zqhUlvVtlNbWNza3ytuVnd29/QPz8Kgr40Rg0sExi0XfQ5IwGpGOooqRPhcEhR4jPW9yM6337omQNI7uVMrJMESjiAYUI6Ut14SBmzkihH4OHcS5iB9go37p1Apz0nrMXbNq1a1CcBXsOVTBXG3X/HH8GCchiRRmSMqBbXE1zJBQFDOSV5xEEo7wBI3IQGOEQiKHWfGTHJ5px4dBLPSLFCzcvxMZCqVMQ093hkiN5XJtav5XGyQquB5mNOKJIhGeLQoSBlUMp7FAnwqCFUs1ICyovhXiMRIIKx3ewhY+TiXFchqMvRzDKnQbdVvz7UW1WZtHVAYn4BScAxtcgSZogTboAAyewAt4BW/Gs/FufBifs9aSMZ85Bgsyvn4BKiuiDA==</latexit>
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”critical dressing”

Bd/fd
<latexit sha1_base64="rIWWbAI4KfK+5NT72p0wVbebBUM=">AAACAnicbZDLSsNAFIZP6q3WW9Wlm8EiuJCaFEGXRTcuK9gLtCFMJpN26GQSZiZCCN35Am71DdyJW1/EF/A5nLZZ2NYfBj7+cw7nzO8nnClt299WaW19Y3OrvF3Z2d3bP6geHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe064/vpvXuE5WKxeJRZwl1IzwULGQEa2N1b73gMvQCr1qz6/ZMaBWcAmpQqOVVfwZBTNKICk04Vqrv2Il2cyw1I5xOKoNU0QSTMR7SvkGBI6rcfHbuBJ0ZJ0BhLM0TGs3cvxM5jpTKIt90RliP1HJtav5X66c6vHFzJpJUU0Hmi8KUIx2j6d9RwCQlmmcGMJHM3IrICEtMtEloYUsyyhQjamKCcZZjWIVOo+4YfriqNS+KiMpwAqdwDg5cQxPuoQVtIDCGF3iFN+vZerc+rM95a8kqZo5hQdbXLyBol+8=</latexit><latexit sha1_base64="rIWWbAI4KfK+5NT72p0wVbebBUM=">AAACAnicbZDLSsNAFIZP6q3WW9Wlm8EiuJCaFEGXRTcuK9gLtCFMJpN26GQSZiZCCN35Am71DdyJW1/EF/A5nLZZ2NYfBj7+cw7nzO8nnClt299WaW19Y3OrvF3Z2d3bP6geHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe064/vpvXuE5WKxeJRZwl1IzwULGQEa2N1b73gMvQCr1qz6/ZMaBWcAmpQqOVVfwZBTNKICk04Vqrv2Il2cyw1I5xOKoNU0QSTMR7SvkGBI6rcfHbuBJ0ZJ0BhLM0TGs3cvxM5jpTKIt90RliP1HJtav5X66c6vHFzJpJUU0Hmi8KUIx2j6d9RwCQlmmcGMJHM3IrICEtMtEloYUsyyhQjamKCcZZjWIVOo+4YfriqNS+KiMpwAqdwDg5cQxPuoQVtIDCGF3iFN+vZerc+rM95a8kqZo5hQdbXLyBol+8=</latexit><latexit sha1_base64="rIWWbAI4KfK+5NT72p0wVbebBUM=">AAACAnicbZDLSsNAFIZP6q3WW9Wlm8EiuJCaFEGXRTcuK9gLtCFMJpN26GQSZiZCCN35Am71DdyJW1/EF/A5nLZZ2NYfBj7+cw7nzO8nnClt299WaW19Y3OrvF3Z2d3bP6geHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe064/vpvXuE5WKxeJRZwl1IzwULGQEa2N1b73gMvQCr1qz6/ZMaBWcAmpQqOVVfwZBTNKICk04Vqrv2Il2cyw1I5xOKoNU0QSTMR7SvkGBI6rcfHbuBJ0ZJ0BhLM0TGs3cvxM5jpTKIt90RliP1HJtav5X66c6vHFzJpJUU0Hmi8KUIx2j6d9RwCQlmmcGMJHM3IrICEtMtEloYUsyyhQjamKCcZZjWIVOo+4YfriqNS+KiMpwAqdwDg5cQxPuoQVtIDCGF3iFN+vZerc+rM95a8kqZo5hQdbXLyBol+8=</latexit><latexit sha1_base64="rIWWbAI4KfK+5NT72p0wVbebBUM=">AAACAnicbZDLSsNAFIZP6q3WW9Wlm8EiuJCaFEGXRTcuK9gLtCFMJpN26GQSZiZCCN35Am71DdyJW1/EF/A5nLZZ2NYfBj7+cw7nzO8nnClt299WaW19Y3OrvF3Z2d3bP6geHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe064/vpvXuE5WKxeJRZwl1IzwULGQEa2N1b73gMvQCr1qz6/ZMaBWcAmpQqOVVfwZBTNKICk04Vqrv2Il2cyw1I5xOKoNU0QSTMR7SvkGBI6rcfHbuBJ0ZJ0BhLM0TGs3cvxM5jpTKIt90RliP1HJtav5X66c6vHFzJpJUU0Hmi8KUIx2j6d9RwCQlmmcGMJHM3IrICEtMtEloYUsyyhQjamKCcZZjWIVOo+4YfriqNS+KiMpwAqdwDg5cQxPuoQVtIDCGF3iFN+vZerc+rM95a8kqZo5hQdbXLyBol+8=</latexit>

• If above or below critical dressing condition, then 
can make neutrons effectively precess faster or 
slower than 3He as needed.
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�0
nB0 ±

2ednEJ0(�nBdress/!dress)

~
<latexit sha1_base64="kXaqx3cZpEqbMdjiBASES2jfAI4="></latexit><latexit sha1_base64="kXaqx3cZpEqbMdjiBASES2jfAI4="></latexit><latexit sha1_base64="kXaqx3cZpEqbMdjiBASES2jfAI4="></latexit>

• The effect of neutron EDM with spin dressing:

• Example of modulation with “square wave pulses”. (Other modes possible.)

�dress
<latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit>

Bdress

⌫dress
<latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit><latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit><latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit><latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit> time

~0.5 s

Critical dressing field to sit at a fixed

(In rest frame of 3He spin, 
B0 coming out of screen)

�dress
<latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit>

(In rest frame of 3He spin, 
B0 coming out of screen) +

�dress
<latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit>



Critical modulated dressed-spin mode
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�0
nB0 ±

2ednEJ0(�nBdress/!dress)

~
<latexit sha1_base64="kXaqx3cZpEqbMdjiBASES2jfAI4="></latexit><latexit sha1_base64="kXaqx3cZpEqbMdjiBASES2jfAI4="></latexit><latexit sha1_base64="kXaqx3cZpEqbMdjiBASES2jfAI4="></latexit>

• The effect of neutron EDM with spin dressing:

• Example of modulation with “square wave pulses”. (Other modes possible.)

�dress
<latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit>

• Less sensitive to static field in-homogeneities. Quality and control dressing field becomes main systematic.

Bdress

⌫dress
<latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit><latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit><latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit><latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit> time

~0.5 s

Critical dressing field to sit at a fixed

300 live days of data (e.g. 3 years running)Predicted sensitivity: �(dn) = 1.7⇥ 10�28 e·cm
<latexit sha1_base64="TOpFIpGB5CrrJDvGyyEYspcJeHg="></latexit><latexit sha1_base64="TOpFIpGB5CrrJDvGyyEYspcJeHg="></latexit><latexit sha1_base64="TOpFIpGB5CrrJDvGyyEYspcJeHg="></latexit>

• Can treat each pair as asymmetry measurement:

(In rest frame of 3He spin, 
B0 coming out of screen)

�dress
<latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit>

(In rest frame of 3He spin, 
B0 coming out of screen)

If there’s a nEDM scintillation light 
increases or decreases with time 
depending on E and cycle.
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Effect of 
nEDM

Ad(ti) =
N� �N+

N� +N+

(Ahmed et al. JINST 2019)
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nEDMSF @ 50 m

VESPA

SKADI/ESTIA

?

Early tests @ ILL?
Small test apparatus

Strong support from ILL & ESS Directors.



Hardware Status: Magnet System

Completed magnetic shielded room at 
Imedco: Hägendorf, CH

Completed B0 coil, sc shield, vacuum chamber at 
ORNL

Magnet system closed for cold test at ORNL

B0 cosq coil

Oak Ridge National Lab



Hardware Status: Central Detector System

OVC composite vessel

Completed cryostat top flange, tail 
for CDS testing

Full-size stainless Cavallo 
electrodes

Half-scale HV test (T=0.4 K)

Measurement cell

SiPM light collection

Small scale HV
N. S. Phan, et al J. Appl. Phys. 

129, 083301 (2021)

High-
vacuum 

oven

Microscope-guided 
robotic fluid 

dispenser

UV/Blue 
filtered 
lighting
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Hardware Status: Polarized 3He System 

• To do: injection system commissioning

Atomic beam source

Dilution refrigerator/test cryostat Dilution refrigerator + film burner
(75 mW at 250 mK) Nuclepore filter: magnetic particles
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Figure 2. Example of a Monte Carlo simulation of the scintilla-
tion event rate vs time data during the free precession period of
a single free precession measurement cycle. The events are time
binned, with ni(ti) being the number of events that fall within a
time bin centered at time ti. The parameters used are described
in the text. The best fit curve is shown in red. The upper plot is
zoomed in on the first 1 s, with the error bars shown as the 67%
C.I. for a Poisson distribution. The lower plot is of the entire
period and without error bars on the points.

magnetometer and the key systematic e↵ects involved in
the free precession mode.

2.3
3
He co-magnetometer and systematic effects

When writing Eq. (7), it was implied that the static B0 field
in the two !3n measurements are identical. However, since
they are made for cells at di↵erent spatial positions or in
the same cell during di↵erent times, corrections for mag-
netic field gradients and drifts will inevitably be required.
Therefore, high-precision magnetometry is needed.

A magnetometer system located outside the measure-
ment cell and away from the large electric field can be
used to infer the magnetic field inside the cells. How-
ever, such external magnetometry systems are insensitive
to fields produced by leakage currents [15] or magnetiza-
tion contamination [17] near the cell, both of which can
produce sizable systematic e↵ects. For high precision neu-
tron EDM experiments, co-magnetometery is needed.

The polarized 3He located in the same volume as the
UCNs can be used as a co-magnetometer. For a concentra-
tion of x3 = 10�10, the 3He number density is ⇠ 1012 cm�3

(compared with . 103 cm�3 for the UCN density). The

precessing 3He magnetization will generate an oscillating
field with an amplitude of several fT close to the cell. This
will be measured by an array of Superconducting Quantum
Interference Device (SQUID) magnetometers near the cell
[45].

While co-magnetometry drastically reduces system-
atic e↵ects due to field variations, it adds additional e↵ects
at a much smaller scale. These come in the form of dif-
ferent ensemble averaged magnetic fields between the co-
magnetometer atoms and the UCNs, despite the fact they
occupy the same volume, as well as di↵erent precession
frequency shifts experienced by the two.

The observed !3n in a cell should be written as:

!±3n = �nhBni � �!n � �3hB3i + �!3 ±
2dn|E|
~
, (8)

where hB3i and hBni are the ensemble averaged magnetic
fields, and �!3 and �!n are the frequency shifts of the two
species. These e↵ects only arise because of the di↵erences
in motion and precession between the co-magnetometer
atoms and UCNs.

Firstly, the 3He atoms are in thermal equilibrium with
the superfluid helium bath. Their velocity, taking into ac-
count the 3He e↵ective mass, will be ⇡ 30 m s�1. The
UCNs, however, will have velocities ⇡ 4 m s�1. It is worth
mentioning that this velocity di↵erence will be smaller
than for other commonly used co-magnetometers at room
temperature. Secondly, UCNs undergo ballistic motion
reflecting only o↵ the cell walls whereas the 3He mo-
tion will be di↵usive. At our design concentration the
3He mean-free-path is approximately given by 0.77 mm ⇥
[(0.45 K)/T ]15/2 [46], dominated by scattering o↵ phonons
in the superfluid. Thirdly, as already mentioned, the spin
precession frequency of the 3He will only be ⇡ 10% faster
than the UCNs. Again, this will be a smaller di↵erence
than compared with typical co-magnetometers. Further-
more, it should be noted that the sign of �3 and �n are both
negative. This will suppress e↵ects such as that caused by
Earth’s rotation [15].

The most serious of these frequency shifts that can
produce a false EDM signal comes from an interaction
between magnetic field gradients and the motional mag-
netic field BE⇥v = E ⇥ v/c2 [47–54]. The Bloch-Siegert
induced frequency shift is generally larger for the co-
magnetometer. The magnitude of BE⇥v for v = 30 m s�1

and our electric field will be ⇡ 20 µG. This field is trans-
verse to B0 with a direction that fluctuates after every col-
lision with the walls or phonons in the superfluid. This
results in Bloch-Siegert frequency shifts [55]. The com-
bination of this BE⇥v field with magnetic field gradients
transverse to B0 produces a frequency shift that is propor-
tional to E and hence will appear as a false EDM signal.
The size of this frequency shift is also generally dependent
on the gyromagnetic ratio, the static field strength B0, the
field gradients, the collisional frequency, and (as already
mentioned in the introduction) on the dimensions of the
cell. However, closed form expressions exist for the bal-
listic and highly di↵usive cases [23, 53]. We will call this
the "Bloch-Siegert induced false EDM”.
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• For the neutron: cryogenic UCN + 3He + superfluid scheme offers many 
advantages to reach 10-28 e.cm (especially systematics)

• In-situ produced UCN in small cell with high-density and long storage 
times

• Supports high electric field, SQUIDs and superconducting magnetic 
shielding

• Can vary motion of our 3He magnetometer with small T changes to study 
key false EDM systematic effect

• Two measurement modes with different systematic effects for self-
checking our own results

• The live and in-situ UCN spin analysis allows to control drifts in short 
time scales in both free precession & critical dressed-spin mode.

• Sparked some different ideas for your favorite EDM system


