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• Motivation: 
New idea to search for Asymmetric Dark Matter?

• Test case:
  Gyromagnetic Faraday rotation on polarized 3He                           

• Summary 

  Outline
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   A Dark-Dominated Universe 
Most of  the cosmic energy budget is  

in unknown forms!

[map.gsfc.nasa.gov/universe/uni_matter.html]

What are they?!
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Galactic Rotation Curves:   
[e.g., from Begeman, Broeils, and Sanders, 1991]

The observed circular speed does not track 
the luminous mass. Most of the cosmic energy budget 

 is of an unknown form!

  Observational Evidence for Dark Matter
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• stable or effectively on Gyr time scales

• not “hot” - i.e., not relativistic at the time it decoupled from matter in the 
cooling early Universe

• have no substantial strong or electromagnetic charge

We do know DM must be... 

It has long been thought that if DM were produced as a 
“thermal relic” that it would be a Weakly Interacting Massive 

Particle or “WIMP”

Such candidates appear in models with 
weak-scale supersymmetry (MSSM)

They can be detected directly in low-background experiments

  Dark Matter (DM) Knowns
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10 Cosmic Frontier
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Figure 4-4. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for U.S.-led direct
detection experiments that are expected to operate over the next decade. Also shown is a band indicating
the cross sections where WIMP experiments will be sensitive to backgrounds from solar, atmospheric, and
di↵use supernovae neutrinos.

the solar neutrinos give way to the more energetic atmospheric neutrinos and di↵use supernovae background.
The flux of these neutrinos is much lower, and exposures with sensitivities to WIMP-nucleon cross sections
of ⇠ 1 ⇥ 10�48 cm2 are required to be sensitive to this neutrino component. Depending on the particular
WIMP mass under consideration, these neutrino backgrounds can have a recoil spectrum that is very similar
to an authentic WIMP signal. Given the Poisson fluctuations from the neutrino signal and their relatively
large total flux uncertainties, this creates a challenge to improving the sensitivity of WIMP searches much
beyond such cross sections [39]. Figure 4-4 shows not only the current landscape, but also the projected
sensitivities of proposed experiments superimposed on the neutrino background, where coherent neutrino
scattering will begin to limit WIMP sensitivity. This will eventually require either background subtraction
or techniques such as directional or annual modulation to press beyond this background in the absence of a
positive WIMP sighting.

Community Planning Study: Snowmass 2013

Limits rely on local DM density and velocity distribution 

[arXiv:1401.6085]

   Direct Detection: Dark Matter “WIMPs”
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[arXiv:1401.6085]

   Theory: Possible DM Candidates4.3 Non-WIMP dark matter 17
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Figure 4-7. The landscape of dark matter candidates [from T. Tait].

Figure 4-8. The range of dark matter candidates’ masses and interaction cross sections with a nucleus of
Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates have an enormous range of
possible masses and interaction cross sections.

Community Planning Study: Snowmass 2013
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  What if DM is not a WIMP?
Its relic density need not be fixed by thermal freeze-out,

and its stability need not be fixed by a discrete symmetry.

What mechanisms then are operative and  
how do we discover them?

A complex hidden sector?

The hidden sector could be  
asymmetric,  

as baryons are?
[Nussinov, PLB 1985; Barr, Chivukula, Farhi, PLB 1990; Harvey and Turner, PRD 1990; Ellis et al., NPB 1992. Ryttov 
and Sannino, arXiv:0809.0713 [hep-ph]; Kaplan, Luty, Zurek, arXiv:0901.4117 [hep-ph].]  

• Its stability may be guaranteed by a hidden 
conserved charge, much as the electron in the 
SM is stable.                                                                                                                

• Its relic density may be related to the cosmic 
baryon asymmetry.

• [axions]....
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Experimental Signatures

Both interactions can give rise to anomalous nuclear recoils.... 
[Bagnasco, Dine, and Thomas, PLB 1994; Barger, Keung, Marfatia,  arXiv:1007.4345; Banks, Fortin, and Thomas, arXiv:1007.5515]  

A magnetic Faraday effect can also discover dark matter if it possesses a

magnetic moment... and establish asymmetric dark matter.  

• ADM models can give distinctive collider signatures

• Direct detections signals can arise from interactions that could

✴ eliminate the symmetric DM component
✴ transfer the fermion asymmetry

E.g. long-lived metastable states, new charged states at the weak scale, 
and/or colored states at a TeV. (All not seen as yet.)  

These could be realized through magnetic moment or charge radius couplings.  

   Asymmetric Dark Matter (ADM)

S. Gardner, PRD 79, 055007 (2009)
S. Gardner, PRL 100, 041303 (2008) 
 

 some reviews: K.M Zurek, Phys. Rep. 537, 91 (2014),  D.E. Kaplan et al., PRD 79, 115016 (2009), … 
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  Experimental Signatures of ADM
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Figure 1: A DM particle with mχ = 7 GeV and an EDM, MDM or CFF reproduces CoGeNT data

from a 56-day run with 0.33 kg of germanium. Note that the shape of the CFF curve is identical

to that for spin-independent scattering.

In Fig. 1, we show that a 7 GeV DM particle with an EDM of dχ = 10−20 e·cm (equivalently

ΛEDM = 1.97 PeV), or an MDM with gχS = 0.00454 (equivalently ΛMDM = 3.09 TeV), or a CFF

with ΛCFF = 187 GeV (corresponding to σ(p)
CFF = 5.8×10−40 cm2 or σ(p)

SI = 1.1×10−40 cm2) easily

reproduces the CoGeNT event excess below 2 keVee; we employed an energy-dependent quenching

factor, E(keVee) = 0.19935ER(keV)1.1204, which converts the total nuclear recoil energy ER to the

energy detected by the experiment (in the form of ionization, scintillation or heat) with units of

equivalent electron energy (keVee). The corresponding χ2 values for the 3-parameter fit to 30 data

points between 0.45 keVee and 1.9 keVee are χ2
EDM = 26, χ2

MDM = 22 and χ2
CFF = 20, where [14]

χ2 =
∑

i with Nexp
i ̸=0

2(N th
i −N exp

i +N exp
i ln

N exp
i

N th
i

) +
∑

i with Nexp
i =0

2N th
i ,

8

mDM = 7 GeV
EDM: dχ = 10-20 e∙cm (ΛEDM = 1.97 PeV)
MDM: gχS = 0.00454 ( ΛMDM = 3.09 TeV 

Impact on recoil spectrum: 
here CoGent

V. Barger et al., arXiv: 1007.4345v2
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  Constraints on Magnetic Moments of DM

Properties of DM: Possibility of (anomalous) magnetic moments


Constraints for MDM  1 MeV: 


• precision electroweak measurements → e.w. radiative corrections


anomalous mag. moment (κ): |κ| < 4 ✕ 10-6 for MDM = me


•                     →  μντ ~ few ✕ 10-6 μBe+e� ! ⌫⌫̄�

H. Grotch and R.W. Robinett, Z. Phys. C 39, 553 (1988)  

Can Faraday rotation be used to probe μDM?

≤

J. Erler and P. Langacker, review in W.M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006)  
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Introduction to Faraday Rotation
Faraday Effect: 1846 !! 
Optical activity is induced in 
matter by magnetic field

Faraday, M., Phil. Mall., 28, 294 (1846) ; 

Phil. Trans. Roy. Soc. London, 1 (1846)

Angle of rotation:

V:  Verdet Constant → Contains physics

https://en.wikipedia.org/wiki/Faraday_effect#/media/File:Faraday-effect.svg

✓ = V ·B · L = V

Z L

0
Bdl

L
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  Measurement Principle

D. Beck’s talk: Principle of measuring neutron EDMs

polarizer analyzer detector

uniform B and E fields

neutrons
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  Measurement Principle

Principle of measuring Faraday rotation

polarizer analyzer detector

B field

photons
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Similar to PVLAS Experiment
PVLAS: “Testing the polarization of  the vacuum with lasers”

Nonlinear effects due to 

magnetic birefringence


(of vacuum)

→sensitivity to axions

Department of Physics and National Institute of Nuclear Physics in Ferrara, Italy

G. Zavattini et al, Int. J. Mod. Phys. A  27, 1260017 (2012)

15

Figure 4. Optical scheme (top) and photograph (bottom) of the test apparatus in
Ferrara. At the center one can see the two dipole permanent magnets. The optics
is supported by antivibration stages whereas the magnet supports are on the floor.

a picture of it. At the center one can see the two permanent magnets each generating a 20 cm
long magnetic field of maximum intensity B = 2.3 T. For these magnets the measured

R
B2 dL

is 1.85 T2 m. The whole optical setup is placed on a seismically isolated optical bench,
whereas the magnets are supported by a separate structure resting on the floor and are thereby
mechanically isolated from the optics. The finesse of the cavity wasF = 240 000 and the oxygen
pressure inside the apparatus was 0.278 mbar.

New Journal of Physics 15 (2013) 053026 (http://www.njp.org/)

Ae < 2.9 · 10�21 T�2

no effect observed:

�n = 3A
e

B2
ext

Total sensitivity: Δθ ~ 10 nrad

Laser

Polarizer Analyzer

Detector

“nonlinearity” const.

https://en.wikipedia.org/wiki/Istituto_Nazionale_di_Fisica_Nucleare
https://en.wikipedia.org/wiki/Ferrara
https://en.wikipedia.org/wiki/Italy
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  Sensitivity to Magn. Moments of Light DM

ability to determine !0=l. In the PVLAS experiment [36],
the error in !0=l is determined to be 0:5 ! 10"12 rad=m.
Since l ¼ 4:4 ! 104 m, !0 itself is determined to 2:2 !
10"8 rad. Assuming then that !0=l can be determined to
1 ! 10"12 rad=m at 95% confidence interval, we find the
limit on j"j, or j#j, as a function of M. In Fig. 3 we show
the limit on j"j for candidate masses up to 1 MeV, whereas
in Fig. 4 we show the limit on j#j for masses from 1 to
100 MeV. The limits depend on the dark-matter polariza-
tion P as well. To illustrate the relative importance of P
and the determination of !0=l to the limit on j"j, we show
not only how the limits change if B0 is increased from 7 to
20 T but also, in Fig. 5, the value of jP j associated with
each limiting value of j"j in Fig. 3. The increase in B0

makes little difference at the lightest mass scales we con-
sider, simply because the polarization at these scales is
already near unity. Indeed, increasing the value of B0

simply increases the largest value of M for which we can
reasonably constrain the value of j"j. Our assessment of
the polarization as per Eq. (27) is that of a lower bound, yet
the polarizations we find are large enough that our upper
bounds on j"j are no more than a factor of a few larger than
what we would find after a realistic simulation of the
geometry and orientation of the magnetic field region. It
thus emerges that the limits to be set depend overwhelm-
ingly on the ability to determine!0=l. Let us consider then
the determination of this quantity and its consequences
carefully.

In Figs. 3 and 4 we show how the limits improve as the
determination of !0=l improves by orders of magnitude.
This can be realized by either increasing l or by bettering
the measurement of the rotation angle. We note that better

determinations of !0 are possible [123] and that precision
polarimetry at the shot-noise limit has been demonstrated
[124,125]. In this limit the error in!0 is set, crudely, by the
number of photons counted, $!0 ’ 1=ð2 ffiffiffiffiffiffiffiffi

IoT
p Þ, where I0 is

the number of photons per second and T is the measure-
ment time. Assuming a 1 W laser in the optical regime so

that E% & 1 eV, we have $!0 ’ 2 ! 10"10 rad-s=
ffiffiffiffiffiffiffiffiffi
T½s(

p

[123,125]. Moreover, it has been demonstrated that the
use of squeezed light makes it possible to evade this
quantum limit and realize yet more precise polarimetry
[125,126]. All this suggests that the significant gains in the

FIG. 3 (color online). The limit on j"j at 95% confidence
interval, where # ¼ "#M and #M ¼ e@=2M, as a function of
M up to 1 MeV for various limits on !0=l and for different
values of the magnetic field B0. The solid lines correspond to
B0 ¼ 7 T, whereas the dashed lines correspond to B0 ¼ 20 T.
The limit on !0=l in each case is 10"12, 10"13, 10"14, and
10"15 rad=m, respectively, at 95% confidence interval, as one
sweeps from the top to the bottom of the figure.

FIG. 4 (color online). The limit on j#j in units of #B at 95%
confidence interval, as a function ofM for masses ranging from 1
to 100 MeV for various limits on!0=l and for different values of
the magnetic field B0. We employ the notation of Fig. 3 through-
out and note that the dotted line corresponds to B0 ¼ 89 T and a
limit on !0=l of 10

"15 rad=m at 95% confidence interval.

FIG. 5 (color online). The assessed polarization fraction jP j
associated with the limiting value of j"j for fixed M shown in
Fig. 3. We assume, as in Fig. 2, that vE k B0, to yield a
geometry-independent lower bound to the polarization. The
conditions which specify the various curves are as given in
Fig. 3.

SUSAN GARDNER PHYSICAL REVIEW D 79, 055007 (2009)
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✏ = 1 + 4⇡N↵

µ = 1 + 4⇡N�

Matter in e.m fields: dielectric displacement and magnetic induction

→ dielectric constant

→ permeability

D = ✏E

B = µH

Matter in E. & M. Fields
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D = ✏E+ igH+ if1E⇥H0 + kH⇥H0

B = µH� igE+ if2H⇥H0 � kE⇥H0

✏ = 1 + 4⇡N↵

µ = 1 + 4⇡N�

g = !4⇡N�

f1 = !4⇡N⌘

f2 = !4⇡N⇠

k = 4⇡N�

Matter in e.m fields: dielectric displacement and magnetic induction

→ dielectric constant

→ permeability

→ natural gyration constant 

→ magneto-optical gyration constants 

→ contribution to polarizability and birefringence 
 in optically active molecules

}

E,H→e.m. wave

→static fieldH0

  Magnetic Moments in E&M  Fields
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  Magnetic Moments in E&M  Fields

→ gyromagnetic optical rotation 
independent of frequency

D. Polder, Philos. Mag. 40, 99 (1949) 
C.L. Hogan, Rev. Mod. Phys. 25, 253 (1953) 
S. Gardner, PRL 100, 041303 (2008)

dM

dt
=

gµM

~ M⇥B0

�
dM

dt
=

gµM

~ (M⇥B0 +M0 ⇥ (B� � ⇥ E

c
))

M± = ±!M (1 + �)

�! ± !B
B± ⌘ �±B±

Precession of M in B0:

Relativistic eq. (BMT eq. for neutral particles)

For LH and RH circularly polarized light:

n± =
p
1 + �±

n� � n+ =
!M (1 + �)

�c

! � !B

✓ =
gµMM0L

2~c

!
M

= gµ
M

M
o

/~
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   FR on Different Systems
Here: Far off-resonance FR →different frequency dependence  073107-4 Phelps et al. Rev. Sci. Instrum. 86, 073107 (2015)

FIG. 2. Plot of the Verdet vs. λ for the 4 mm GE-180 sample from NIST.

the Faraday rotation probes the total thickness of the two
walls that the light traverses. However, subjecting the front
and back wall to different fields, e.g., by generating a field
gradient across the sample, the contributions from the two
walls can be determined separately.

An additional GE-180 sample was obtained from
Princeton University, and the Verdet constant was extracted
at λ = 632 nm. This measurement yielded a result of VPrinceton
= (3.790 ± 0.007 ± 0.050) × 10−6 rad/(G cm), which is
approximately 20% lower than the NIST GE-180 sample.
The difference between the two extracted values is larger
than the determined uncertainties. This may be attributed to a
difference in manufacturing procedures or in the chemical
composition between the two GE-180 samples. It should
be noted that the origin of the two samples could not be
reconstructed.

VI. CONCLUSION

A sensitive Faraday rotation setup with a noise floor
of 60 nrad has been developed. The system is based on a
triple modulation technique using a single-path laser beam.

The Verdet constant of the aluminosilicate glass GE-180 was
extracted for the first time. It was found that two different
calibration samples yielded two slightly different values for
VGE-180, an indication of a minor difference in chemical
composition or manufacturing process. GE-180 is a very
popular material for the production of dense polarized helium-
3 targets, which are often utilized in modern low, medium, and
high energy scattering experiments. The technique described
here may usher in a new procedure for diagnosing such
target cells where the precise knowledge of the cell wall
thicknesses, relevant information for radiative corrections,
and the understanding of multiple scattering effects are
important.
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FARADAY EFFECT IN YTTRIUM GARNET 
AT INFRARED FREQUENCIES 

G. S. KRINCHIK and M. V. CHETKIN 

Moscow State University 

Submitted to JETP editor February 13, 1960 

J. Exptl. Theoret. Phys. (U.S.S.R.) 38, 1643-1644 
(May, 1960) 

THE rotation of the plane of polarization when 
light passes through magnetized ferrite (Faraday 
effect ) was measured in the visible region, 1 and 
also2 in the near infrared region at a fixed wave-
length A. = 1 JJ.. It was shown that in this region 
of the spectrum both the Faraday effect and the 
absorption of light by the ferrite are connected 
with the electron transitions. In this note we give 
the results of measurement of the Faraday effect 
in garnet ferrite of yttrium Y3Fe50 12 with the 
wavelength varying from 0.94 to 9JJ., that is, in 
the region where light absorption connected with 
electronic transitions ends and absorption due to 
lattice vibrations begins. 

The experimental apparatus was a modification 
of that previously described for the investigation 
of the magneto-optical Kerr effect in the infrared 
region. 3 Polarized light passed through the sample 
and analyzer, which was oriented at 45 deg to the 
polarizer. The sample was a plate made of a 
single crystal of yttrium garnet 7 5 microns thick. 
The. change in intensity of the transmitted light 
was measured with the specimen magnetized in a 
field of 3500 oe, from which one could readily cal-
culate the specific rotation of the plane of polari-
zation in degrees per centimeter. The figure 
shows the dependence of the Faraday effect on the 
wavelength of infrared light. Near the edge of the 
electronic-absorption band, at A. "' 1 JJ., the rota-
tion of the plane of polarization drops off sharply. 
In the region of maximum transparency of the fer-
rite, and also in the region where the phonon ab-
sorption of light begins, the rotation remains ap-
proximately constant. 

For non-ferromagnetic semiconductors, two 
causes of the rotation of the plane of polarization 
of infrared light have been discussed in detai1:4 

1) electronic transitions, at which the angle of ro-
tation is proportional to A. - 2, 2) motion of free 
electrons, which leads to a rotation of the plane 
of polarization proportional to A. 2• The first reason 
can explain the sharp drop in the effect in the re-
gion of 1 JJ., where the angle of rotation is actually 
proportional to A. - 2• The second reason can ex-
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Faraday effect (left-hand scale) in yttrium garnet for infra-
red light. 1- glass prism, 2- prism of rock salt, 3- trans-
parency of plate of yttrium garnet 75 micron thick without cor-
rection for reflection (right-hand scale). 

plain neither the sign, nor the dependence on the 
wavelength, nor the value of the effect in the in-
terval from 4 to 9 JJ., since the resistivity of the 
garnet is seven or eight orders of magnitude 
higher than the resistivity of the semiconductors 
in which the Faraday effect connected with free 
electrons is measured. It is possible that the 
considerable rotation of the plane of polarization 
of infrared light for A. > 4 JJ., which is independent 
of the frequency, is observed only in ferromag-
netic semiconductors and requires a special 
theoretical analysis. 

We note that in our experiments the intensity 
of the transmitted light at A. "' 1 JJ. was changed by 
the Faraday effect by approximately 30% when 
the specimen magnetization was reversed. This 
may be of practical interest for the construction 
of devices of the controllable-gyrator type or 
light-modulator type. At other wavelengths in 
the investigated range, by virtue of the great 
transparency of the garnet, one can also obtain 
comparable changes in the intensity, if the thick-
ness of the specimen is increased. 

We express deep gratitude to Professor A. G. 
Smolenski! for providing us with the single crystal 
of yttrium garnet. 
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  Gyromagnetic Faraday Effect

�±
M

Gyromagnetic FR:  
• off-diagonal elements of magnetic susceptibility tensor:   
• precession of the      under the influence of the B-field of e.m. wave~M

G.S. Krinchik & M.V. Chetkin, Sov. Phys. JETP 14, 485 (1961) 
S. Gardner, PRD 79, 055007 (2009) 
…..

density
polarization

length

magnetic moment
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  Test Case: Polarized 3He

• Can produce dense highly polarized targets 
• No unpaired electrons ☞diamagnetic atoms



Conditions: 
• Independent of frequency 
• Small rotations:  
• L = 40 cm, p = < 8 atm, P < 1 
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  Gyromagnetic Faraday Effect on Polarized 3He

Some order of  
magnitude numbers:

off-resonance

Material Length Θ at B = 4G

Flint Glass 1.27 cm 80 μrad
Aluminosilicate 
glass

0.4 cm 6.5 μrad

Air 3 m 1.5 μrad

λ = 633 nm

Expectation: 490 nrad for p = 8 atm, P = 1

Pol. 3He as a test case for DM:
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 Producing Densely Polarized 3He Gas

m  = +1/2J

+

m  = −1/2J

m  = −1/2J

m  = +1/2J

5P1/2

Collisional Mixing

5S1/2

(a) Optical pumping

He3

Spin−
Exchange

Rb

K

(b) Two-step spin-exchange

Figure 3.5: (color) Subfigure (a) shows how Rb is optically pumped (in this case into the
mF = +3 state) and subfigure (b) shows the 2-step process of spin-exchange first from
rubidium to potassium and then from potassium to 3He.

target using MEOP. Instead a three-step process was used in the Gn
E experiment13. First,

rubidium is optically pumped by circularly polarized laser light corresponding to the 5S1/2−5

P1/2 (D1) transition, the polarization is then transferred to potassium via (electronic) spin-

exchange and then finally to 3He by spin-exchange via hyperfine interaction.

Since the magnetic moment of 3He is negative (µ
3He = −2.12µB), the 3He spins being

parallel to the magnetic holding field reduces the Zeeman splitting whereas the spins being

anti-parallel increases the Zeeman splitting.

3.4.8 Spin Exchange

Hybrid SEOP (Spin Exchange Optical Pumping) relies on rapid spin transfer from the

Rb to the K atoms. The K-Rb spin-exchange cross section is extremely large, about 200

Å [Babcock et al., 2003]. At typical densities of 1014 cm−3 or more, the K-Rb spin-

exchange rate exceeds 105/s which is much greater than the typical alkali spin-relaxation

rates (∼ 500/s). Thus, the K and Rb atoms are in spin-temperature equilibrium and have

equal electron spin polarizations PA. The 3He gains polarization PHe by collisions with

both polarized K and polarized Rb atoms, and loses it in other processes at a rate γHe

[Babcock et al., 2003]:

dP
3He

dt
= γSE(PA − P

3He)− γ
3HeP3He, (3.2)

13In previous experiments, a two-step process was used since the cells had only one alkali metal, viz.
rubidium.
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Figure 4.3: The hybrid cell is divided into three regions. The uppermost region is the
pumping chamber, where circularly polarized light is incident upon for the optical
pumping of the Rb atoms. The middle region is the transfer tube, where polarized 3He
is di↵used from the pumping chamber to the bottom of the cell, the target chamber.
Linearly polarized light is incident upon the target chamber to probe the Faraday
e↵ect of polarized 3He.

was regularly monitored. Inside the oven, a Resistive Temperature Device, or RTD,

was attached to the bottom plate to measure the temperature. The PID device kept

the oven at a temperature of (240 ± 4)�C. Furthermore, an air outlet allowed for

warm air to exit the oven, where the output air was monitored with a flow meter.

4.2 Calibration of Triple Modulation Technique

Modulation techniques, such as that described in the SMOKE set-up, provide an

e↵ective experimental environment, with the use of lock-in amplifiers to improve the

signal to noise ratio. A triple modulation technique was proposed to be utilized in the

Faraday e↵ect of polarized 3He to isolate the background rotations, the contributions
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Figure 4.4: The torlon oven used to maintain a temperature of 240� C around the
pumping chamber. Below the oven and pumping chamber, the target chamber rests
on two hangers that help to support the cell.

of which are due to air, the target chamber end windows, and N
2

gas that may be

intermingled with the 3He. First, the triple modulation technique was used on a

sample that generates a large rotation and has a known Verdet constant. SF57 flint

glass meets such criteria, and was used as the first calibration sample. In addition to

SF57 flint glass, pyrex glass, and a measurement of contribution due to air, were used

to establish the triple modulation technique as values extracted agree with previous

measurements at a wavelength of � = 633 nm.

The data was collected at room temperature ⇠300 K, and in low field conditions,

with the maximum magnetic field used of ⇠61 G. Furthermore, only a single pass

through the sample was used. These conditions, in addition to utilizing a triple

modulation method, makes our set-up unique. Most Faraday rotation experiments

implement much larger fields, typically in the kilo-Gauss region or higher, and/or

use a cavity to e↵ectively increase the sample length via multiple passes through the

60

40 cm

Polarizing 3He: 
spin exchange  
optical pumping 
 (SEOP) 

~220○C

~30○C

Jefferson Lab geometry
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93% power 
transmitted

  Polarizing 3He: SEOP

Pumping on D1 line: 
 ~100 W CW @ 795 nm

Light at 795nm reflected back into diode

FWHM = 0.23 nm 
well matched to pressure 
broadened Rb atoms 
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  High Pressure Cells

Pumping(Chamber

Transfer(Tube

Target(Chamber

Linearly(Polarized(Light(for(Faraday(Effect

Circularly(Polarized
@(795(nm

Figure 4.3: The hybrid cell is divided into three regions. The uppermost region is the
pumping chamber, where circularly polarized light is incident upon for the optical
pumping of the Rb atoms. The middle region is the transfer tube, where polarized 3He
is di↵used from the pumping chamber to the bottom of the cell, the target chamber.
Linearly polarized light is incident upon the target chamber to probe the Faraday
e↵ect of polarized 3He.

was regularly monitored. Inside the oven, a Resistive Temperature Device, or RTD,

was attached to the bottom plate to measure the temperature. The PID device kept

the oven at a temperature of (240 ± 4)�C. Furthermore, an air outlet allowed for

warm air to exit the oven, where the output air was monitored with a flow meter.

4.2 Calibration of Triple Modulation Technique

Modulation techniques, such as that described in the SMOKE set-up, provide an

e↵ective experimental environment, with the use of lock-in amplifiers to improve the

signal to noise ratio. A triple modulation technique was proposed to be utilized in the

Faraday e↵ect of polarized 3He to isolate the background rotations, the contributions
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initial probe beam 

exiting probe beam 
(1 pass) 

exiting probe beam 
(3 passes) 
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• New SEOP cell: flat, anti-reflective 
coated end windows designed for 
multiple passes with laser. 


• Target chamber length: 40 cm 

• Fill density is 3.6 amg (atm). 

(Lower density due to flat end windows)

rotation angle drops by factor of 2:

→ θ~250 nrad 

  High Pressure Cell for FR Studies

Corning 1720/1723
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Zeeman shift in Rb  
due to pol. 3He

Δf/f < 2∙10-6

  Determining the Polarization
Polarization measurement and monitoring

Absolute pol. measurement: 
• Electron Parametric Resonance 

(EPR) (pumping chamber) 
• Zeeman level shift in Rb due to 3He 

“magnetization” 
• NMR (target chamber)

active B-field stabilization (ΔB ~ nT level)

B0 - ΔBHe

B0 + ΔBHe
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simulation

P ~ 0.16→ θ ~ 50 nrad !!! 

  Polarized 3He

Pmax = 57%

temperature fluctuations
repumping

Peq ~16%

Target cell polarization studies

B R
F

t [s]200 400 600 800

AFP frequency sweep 
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073107-2 Phelps et al. Rev. Sci. Instrum. 86, 073107 (2015)

FIG. 1. Schematic of the triple modulation setup, which includes a linear
polarizer, Helmholtz coils with an applied sinusoidal magnetic field, PEM,
second linear polarizer, optical chopper, and detector. LabVIEW was used
to control the magnetic field and to collect the data. The G-Iron/Metglas
magnetic shielding was implemented to eliminate any magnetic fringe fields.

Three parameters are modulated in our setup: (i) the
magnetic field, (ii) the light polarization, and (iii) the
light intensity. A Wavetek 81 function generator is used
to drive the current supply to the Helmholtz coils, which
generates a sinusoidal magnetic field at a low frequency of
1 Hz or below. To dynamically polarize the light, a Hinds
photoelastic modulator, with a nominal frequency of 50 kHz,
is implemented. For the minimization of drifts in the DC
signal, a Thorlabs MC2000 optical chopper, with an operating
frequency of 300 Hz, is placed after the polarization state
analyzer. Utilizing the Stokes vector formalism, the intensity
at the detector is given by the following expression:

I = I0 (1 − 4J1(A)ϵ(t) sin(ωt) + 4J2(A)φ(t) cos(2ωt)) , (2)

where A is the Bessel angle of the PEM, Ji(A) results from
the Bessel angle expansion of the retardation of the PEM, ϵ
represents the ellipticity, and φ is the rotation. The quantity A
is typically chosen to be 2.405 rad, such that J1(A) = 0.519
and J2(A) = 0.432. Eq. (2) may be divided into three terms: the
overall scaling factor, I0, is proportional to the laser intensity,
a term that is at the frequency of the PEM (50 kHz), denoted
as the 1ω term, is related to the ellipticity, and a quantity at
twice the frequency of the PEM (100 kHz), referred to as the
2ω term, gives rise to the rotation.

III. SIGNAL ANALYSIS

The light detector signal is modulated three-fold; there-
fore, three lock-in amplifiers (Signal Recovery, model 7265)
were used to extract the desired signal. One lock-in amplifier
is referenced to the frequency of the optical chopper with an
integration time of 500 ms; this signal is given by I0 in Eq. (2).
A second lock-in amplifier uses the 100 kHz signal from
the PEM for detection of the rotation, where an integration
time of 320 µs was used; however, the sinusoidally driven
magnetic field results in an additional time dependence of the
rotation. Since the magnetic field is modulated at a slow rate
of 1 Hz or less, this component of the signal essentially is
not effected by the 100 kHz lock-in amplifier, such that it
can be passed through the device for further processing. A
third lock-in amplifier was used to detect this slowly varying
signal, where integration time constants up to 1000 s were
applied, depending upon the magnitude of the magnetic field
amplitude and the Verdet constant of the sample.

Care must be taken when extracting the Faraday rotation
signal, so that all of the correct conversion factors are included.
The rear output of the 100 kHz lock-in amplifier generates a
voltage signal that is scaled as a percentage of 10 V, based
upon the percentage of the front panel voltage value to the
sensitivity setting. Therefore, one may express the real signal
in terms of the 100 kHz lock-in amplifier’s front panel display,
V LI , as

V real
mod =

2 ·
√

2 ·
√

2
10 V/GLI

V LI
mod =

2 · GLI

5 V
V LI
mod. (3)

In the above expression, GLI represents the sensitivity setting
on the front panel of the 100 kHz lock-in amplifier in units
of Volts. The factor of 2 is a result of the optical chopper,
which decreases the overall signal by 2. Also, the front panel
voltage of lock-in amplifiers displays the rms value of the
signal instead of the peak value. Therefore, to recover the
modulated rotation signal, two factors of

√
2 are included,

since two lock-in amplifiers are used. This was verified by
measuring the output voltages on an oscilloscope.

Furthermore, the signal of the 300 Hz lock-in amplifier
is affected by the square wave signal of the optical chopper,
such that a Fourier decomposition of the signal is needed. The
displayed voltage on this lock-in amplifier multiplies the real
signal by a factor of 2/π, with the recovery of the peak voltage
signal, here denoted as I0, being expressed as

I0 =

√
2

2
πILI0 . (4)

Once again the additional factor of
√

2 comes from the
lock-in amplifier displaying the rms value. Therefore, upon
normalizing to I0, the ratio of 2ω/I0 to isolate the rotation
signal becomes

4J2(A)φ(t) =
4
√

2 · GLI

10π
V LI
mod

ILI0
, (5)

such that the Faraday rotation is obtained to be

φ(t) =
√

2 · sens
10πJ2(A)

V LI
mod

ILI0
= VlB0, (6)

where V is the Verdet constant, l is the effective length of the
sample, and B0 is the amplitude of the applied magnetic field,
which was measured using a Lakeshore 475 Gaussmeter with
an axial probe.9

IV. EXPERIMENTAL RESULTS

Three Thorlabs lasers were used in mapping V vs. λ for
four wavelength values: a λ = 632 nm frequency stabilized
HeNe, and two external cavity Littman configuration tunable
diode lasers with nominal wavelengths λ = 770 nm and λ
= 1550 nm. The wavelengths probed were 632 nm, 773 nm,
1500 nm, and 1547 nm, where a Burleigh WA-1500 waveme-
ter was used to measure the wavelength. For measurements
made at λ = 632 nm and λ = 773 nm, a Hinds DET-100
photodiode detector was used, where the photodetector had an
active area of 16 mm2. A Hinds DET-200 photodiode detector,
with an active area of 8 mm2, was used for measurements at
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   Faraday Detection
Triple modulation technique

Three different mod. frequencies: 
•  polarization mod. of light (100 kHz) 
•  intensity mod. of light (~100 Hz) 
•  field mod. (~ < 1 Hz (→ few mHz))

1/f  noise!!

PS
D

 [μ
V2

/H
z]
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  Complete Setup

Pump and probe  
laser systems

Target region
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• Does the FR from 
multiple objects in the 
beam path add up 
with our 
measurement 
method?  

• Are there errors 
associated with 
windows in the beam 
path?

  Some Systematic Checks
1 window 2 windows

test window A test window B windows A + B
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 Light Depolarization

Polarization loss: < 3%

s- and p-polarizations:  
• depolarization due 
to reflections 
•  effect of magnetic field

[degree]



• Flat mirrors: not optimal         
need better beam focusing  

• Cylindrical mirrors: concave ✓  

• Spherical mirrors: concave ✓

  Increased Sensitivity (Multi-pass Cavity) 

Herriott Cavity

Improving SNR: θFR is additive under reflection → θFR increases



Gyromagnetic Faraday Rotation on Polarized 3He Wolfgang Korsch, LEPONP17, May, 2017

Two spherical mirrors with glass windows

Cylindrical mirrors Gold covered 

spherical mirror

Single photon pattern 

on mirror surface

  Optimizing Mirror Geometry
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  Cavity Mirrors
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# of passes  θ”meas” [μrαd] θair [μrad] θglass [μrad]

1 8.95 2.15 6.80
15 ✕ 1 134.25 - 102.00

15 126.05 1.69 100.24

  Experimental Tests
Single pass vs multi pass: 4 mm GE180 + air

Single pass: B-field scan 4 mm GE180 + air
Single pass: On-resonance


10 cm Rb gas at Troom

system not completely optimized
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  First FR Measurement on Polarized 3He
Preliminary!! 

Best measurement so far (w/o 3He cell): θ = (15 +/- 9) nrad  (15 passes) 
→ (1 +/- 2) nrad/pass
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  Summary

•  Gyromagnetic Faraday rotation as a probe of a possible DMAU


•  Developed apparatus with a sensitivity of 2 nrad/pass 


→ Δn ~ 4 ✕ 10-14/cm @ 633 nm


•Test case → polarized 3He: no effect at level of ~10 nrad/40 cm 

observed yet


•  Further systematic studies in progress


•  Do results place limits on SME  (e.g. limit on                  

correlations ?)

~�photon · ~�3He


