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(Axion-like pakticle)

Original proposal for Axion ( F.Wilczek, 1978 and others) : prediction as a consequence of a

possible solution to the ,,Strong CP Problem® 7w 1

' AGCD
Modern interest: Dark Matter candidate. All couplings to matter are weak

~107%Be-cm

Signature of a new pseudoscalar boson: New Short-Range Potential

: : monopole-dipole interactions of range A _  h
Moanopole-dipole; mediated by new light boson of mass M A  Mece
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=Tannoudji et al., PRL 22 (1969),7

Results:

> 3He spin precession: T,* = 2h 20min

» sensitivity of Rb-magnetometer:
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Signal:
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parameters: p,.= 4.5 mbar; P,.=15%; R, ,=2.9cm; d = 6cm

int

expected T, . : *1 = 1 + 1 = 1 * 1 —T,. =(69+4)h
’ Lo Dnw (85%5)n (370%64)h -
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FREQUENCY ESTIMATION

He magnetometer:
long coherence time,
coherent oscillation

>t

Accuracy of frequency determination:

O, o< [Fourier width l} X :

7| [# of data points 7]
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Sensitivity of clocks with shc

Cs OPM:
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example : AT =5 min —» = 300 X less sensitive !
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S[n]l=A-cos(2z- f-At-n+®)-exp(-At/T, -n)+wn] n=0,1,23,.,N-1

If the noise w[n] 1s Gaussian distributed, initial phase 1s
known, the Cramer-Rao Lower Bound (CRLB) sets the
lower limit on the variance

> 3 .
>
.

example: SNR =2000:1 O

Jew =1Hz >-‘/O'2 =~ 0,15 nHz?
T= 10000 s !

For more details look article: ,Ultra-sensitive magnetometry based on free
precession of nuclear spins®, accepted in EPJD
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The 7-layered magnetically
shielded room

3He (~2 mbar )
129X e (~ 12 mbar)
N, (~ 35 mbar)

magnetic guiding field = 0.4 UT
(Helmholtz-coils)
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Il !He/ 129Xe clock-comparison experiments

i 7He

Xe

Aw= @y ye 0 v 0

The detection of the free precession of co-located
SHe/129Xe sample spins can be used as ultra-sensitive
probe for
non-magnetic spin interactions

» Search for a Lorentz violating sidereal modulation
of the Larmor frequency

» Search for spin-dependent short-range interactions

» Search for EDM of Xenon



Lay-out of experimental setup

SQUIDs module C
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Density = 3.9 g/cm3

Lead glass samples




ults for transverse re

ion

iIme.

Measurement: | Mass sample(s) Gas mixture SHe / 12°Xe Relaxation time T*,
sample(s) removal time SHe : 129Xe : N, | initial amplitude | 3He /12°Xe before // after
/ (mbar) (pT) sample (s) removal
measurement (hours)
time without
sample
(sec)

Two samples 7200/ 10600 1:8.9:37 2.4/3.3 22.83/5.66//23.77 / 5.75
Right sample 10800/ 42700 2.3:9.6 :36.1 10.7/5.6 17.87/4.70// 18.26/ 4.76
Left sample 10800 / 25800 2.4:12:34.6 6.16/8.26 18.51/4.27 // 18.82/ 4.30




ods for extraction of ampli

Direct fit of signal*

Minimization of sum of the Y 2’
squared residuals: Z [ i (z a )]

F(t,d)=a,+a,sin(a,t+®, )
+ a, sin (a,r+ CIDXe)
d; are assumed as constant parameters for given sample ->

all measurement should be divided in short intervals. Then
He,Xe signal phases vs. time can be found as simple sum:

k
¢H€,X€ (tk ) = Z a2,4|i : At
i=0

while magnetic field magnitude for each time interval can be found as:

Bi = VHe xe @2 i

* Under development with help of U.Schmidt (Heidelberg)



Wthocj:\ S

* First, the measured SQUID signal s(t) is mixed numerically with a reference
frequency ~ <wpyexe)> according to s(t) - exp(-i <wpyexey>t) and is then transformed
into the frequency domain via direct Fourier transformation (FFT).

- After that, a gaussian filter ~ exp(-w?/w,,{) is applied. Its cut-
off frequency determines the bandwidth of our output data.

* The filtered data are then transformed back into the time domain using inverse FFT.

* The result is F e xe)(t). The phase @y xe(t) is found as

Im _[FHe (Xe )(t )]j

Re |.FHe (Xe )(f )J

¢ ()= arctan

and the amplitude is | F yexe)(1) |
— Consecuently errors of phase fit should be scaled with factor:
r = \V(2Vn -sample_rate / )

— Precession frequencies and magnetic field magnitude can be
found via numerical time derivative from phases @y xe)(t)
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| magnetic field (from Xe frequency, direct fit, 1 sec samples) |

o e

| magnetic field (from Xe phase, DL method, tau=10 sec) |
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with direct fit

with digital lockin method
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rther data processing for extractionofst

1. To cancel magnetic field influence we calculate from He,Xe phases
the following weighted phase difference:

Aplr)=g,, ~ 21

Xe

2. Make polynomial fit @, + a,f + a2t2 s 0 A{D(l‘) for
measurements with sample and without

: ¢Xe

3. Compare linearterms v = q, /27 of fit

Preliminary results for left and right samples (with direct fit method):

Right sample Av = 10.6 + 1.7 nHz « AB = 0.33 + 0.05 fT
Left sample  Av= 9.7+1.7nHz «AB =0.30 + 0.05 fT

=> v =15 (Avright sample ~ AV sample )=09+1.2nHz




'Possible false effects=

. Effects due to paramagnetism or magnetization of samples (one
sample shows 2 pT change in magnetic field after removal): distance
between He and Xe mass centres Az, ~ 0.1 um is extremely small
according to Maxwell-Boltzmann distribution:

mx 8 2 _Mx 8z

s ——jzdv

-> therefore expected effects should be << 1 T

2. Effects due to temperature variations, rotation of residual magnetic

field inside magnetically shielded room
-> so far we have no information — should be investigated!

3. Effect from demagnetization field of polarized precessing He, Xe
gases inside cylindrical cell: we observed that weighted phase difference
IS not constant in time and depends on He and Xe transverse

polarization:
Ag(t) ~ Ae™''"# + Be™!/Toxe

-> we used approximation by polynom-fit



action:

The effective PT violating potential of the interaction between spin
of one fermion with another fermion is given by

h? 1 1
Vep(r) = =292 (E : cr) (— + —) e~/ A

Stm  \r rA  r?

V*(r) is coordinate dependent part of V(r).

Average potential <V*(r)> was calculated numerically for cell sizes diameter
6 cm x length 6 cm, gap 3 mm between cell inner volume and lead glass
diameter 57 mm x length 81 mm.

Next, from the measured value of v we get

0s0p < 4 (27)2 Mgy, 8v / (NV h <V¥(r)>),

where V = 2.07 - 104 m3 is volume of lead glass sample,
N = 2.3- 1039 m=3 is its number density,

Result for sensitivity level dv = 1.2 nHz is presented in next transparency.
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Exclusion Plot for new spin-dependent forces
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SQUID signal

0 200 400 600 800 1000 1200

*Goodfellow, ferromagnetic admixtures < 1 ppm.



agnetic field measured by SQUID via He precession signal in presence of
block of aluminium (diameter 56 mm length 70 mm)

magnetic field (from He frequency, direct fit, 1 sec samples) |



Conclusion and Outlook s

« A novel 3He/12°Xe co-magnetometer was used to probe macroscopic
short range spin-dependent interactions (pseudo-scalar interaction)

* It was shown that high sensitivity of such co-magnetometer and
immunity to the influence of magnetic field fluctuations allow us to reach
a new constraints on pseudo-scalar interaction in range 0.2 — 10 cm.

 Further work on investigation of possible systematic effects and
on materials suitable for samples for such measurements can give
an opportunity to improve significantly existed constrains.



