EPJ Techniques and Instrumentation S P rin ge roO pen O

This Provisional PDF corresponds to the article as it appeared upon acceptance. Fully formatted
PDF and full text (HTML) versions will be made available soon.

Development of a 3He magnetometer for a neutron electric dipole moment
experiment

EPJ Techniques and Instrumentation 2014, 1:8 doi:10.1140/s40485-014-0008-0

Andreas Kraft (kraftan@u.washington.edu)
Hans-Christian Koch (hans-christian.koch@unifr.ch)
Manfred Daum (manfred.daum@psi.ch)
Werner Heil (wheil@uni-mainz.de)
Thorsten Lauer (thorsten.lauer@tum.de)
Daniel Neumann (dneumann-82@web.de)
Anatoly Pazgalev (pazgalev@yandex.ru)

Yuri Sobolev (iouri@uni-mainz.de)

Antoine Weis (antoine.weis@unifr.ch)

Published online: 01 October 2014

ISSN 2195-7045
Article type  Research article
Submission date 3 July 2014

Acceptance date 30 July 2014

Article URL  www.epjtechniquesandinstrumentation.com/content/1/1/8

This peer-reviewed article can be downloaded, printed and distributed freely for any purposes (see
copyright notice below).

For information about publishing your research in EPJ Techniques and Instrumentation go to
www. epjtechniquesandinstrumentation.com/authors/instructions/
For information about other SpringerOpen publications go to

http://www.springeropen.com

© 2014 Kraft et al.; licensee Springer on behalf of EPJ
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which
pemits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly credited.



www.epjtechniquesandinstrumentation.com/content/1/1/8
http://www.epjtechniquesandinstrumentation.com/authors/instructions/
http://www.springeropen.com
http://creativecommons.org/licenses/by/4.0

Development of a*He magnetometer for a neutron
electric dipole moment experiment

Andreas Kraft%"
*Corresponding author
Email: kraftan@u.washington.edu

Hans-Christian Koch?
Email: hans-christian.koch@unifr.ch

Manfred Daur
Email: manfred.daum@psi.ch

Werner Heit
Email: wheil@uni-mainz.de

Thorsten Lauér”
Email: thorsten.lauer@tum.de

Daniel Neumanh
Email: dneumann-82@web.de

Anatoly Pazgalev
Email: pazgalev@yandex.ru

Yuri Sobolev®
Email: iouri@uni-mainz.de

Antoine Weig

Email; antoine.weis@unifr.ch

Linstitute of Physics, Johannes Gutenberg University, 55128 Mainm&w

2Physics Department, University of Fribourg, CH-1700, Fribourg, Saiénd

3Institute of Nuclear Chemistry, Johannes Gutenberg University, 551282yiGermany
4Paul Scherrer Institute, CH-5232, Villigen, Switzerland

%|offe Institute, St Petersburg 194021, Russian Federation

SPresent address: CENPA, Department of Physics, University ofivi@ten, WA 98195,
Seattle, USA

"Present address: Forschungs-Neutronenquelle Heinz Maieritze{fBRM-I1),
Lichtenbergstrasse 1, 85748 Garching, Germany

8Petersburg Nuclear Physics Institute, Gatchina 188300, Russiarafieder



Abstract

We have developed a highly sensitittde magnetometer for the accurate measurement of the
magnetic field in an experiment searching for an electric dipole moment of theone By
measuring the Larmor frequency of nuclear spin polaritéel atoms a sensitivity on the femto-Tesla
scale can be achieved. #e/Cs-test facility was established at the Institute of Physics of the
Johannes Gutenberg University in Mainz to investigate the readditefree induction decay with
a lamp-pumped Cs magnetometer. For this we designed and built an ultra-¢@mga@nsportable
polarizer unit which polarize&He gas up to 55 % by metastability exchange optical pumping. The
polarized®He was successfully transfered from the polarizer into a glass cell nbiméemagnetic
shield and théHe free induction decay was detected by a lamp-pumped Cs magnetometer.

Keywords
3He magnetometry; Ultra-compatitie polarizer; Neutron electric dipole moment; Ultracold neutrons
PACS numbers

07.55.Ge Magnetometers for magnetic field measurements; 13.40 Electric ametimagpments; 14.20
Protons and neutrons

Background

In 1950, Purcell and Ramsey [1] were the first to point out that the existef an electric dipole
moment (EDM) in an elementary particle with spin would violate the parity symmetnAlthough
there were strong arguments favoring the view that elementary particlébeginthteractions conserve
parity, Ramsey and Purcell called for an experimental search for EDBlertly after the discovery
of P violation in 1957 [2-5] in weak interactions, Smith, Purcell, and Ramsey [@dnted the first
(null) result of an experimental search for a neutron EDM. Besidesn EDM also violates time
reversal invariancel’, and the discovery of’ P violation in the neutral K-mesons decay [7] in 1964
(being equivalent td-violation when assuming’P1T" conservation) removed objections against the
possible existence of an EDM in elementary particles. However, besidesdet observation af' P
violation in the B meson system [8,9], no other experimental evidena®@ fsror T-violation has been
revealed in elementary particle physics experiments nor in experiments on atonwecules up to
date. Among all elementary particles, neutrons provide the best possibiititeef EDM search, since
they are electrically neutral, may have a long-lived spin coherence,aandecstored for a long time in
an environment which can hold a strong electric field.

The current upper limit of the neutron electric dipole moment (nEDM) [@Q],< 2.9-10726¢ - cm
(90% c.l.), represents one of the most precise measurements in physiosndindes to challenge our
understanding of fundamental physics, in particular the so-termed Kg&@ Problem™ and “SUSY
CP Problem™, see, e.g. [11,12]. Today, various efforts to improve thsiteity to an nEDM are un-
derway [13-17]. The nEDM collaborati8mt the Paul Scherrer Institute (PSI) in Villigen, Switzerland
is currently developing a next generation EDM setup which will use ultraoeldrons (UCN) delivered
by a new spallation-based UCN source with a solid deuterium moderatoeftencombination [18].
The nEDM experiment at PSI uses the conventional approach of std€@hgin a trap at room temper-
ature. Additional improvements of the experiment are aimed at a sensitivitpfyaiare than one order
of magnitude. The gain in measurement sensitivity, sets new challenges tortitenng of systematic
effects, in particular effects associated with magnetic field changes éhed@aelated with the switching



of the electric field and which may mimic a false nEDM signal.

In this paper, we describe the technical realization dfla magnetometer system that shall be imple-
mented into the PSI n2EDM experiment.

3He magnetometer for the n2EDM experiment

The planned n2EDM experiment at PSI [19,20] is an attempt to increaseniéigty of the neutron
electric dipole measurement by more than one order of magnitude. The peledkeic and magnetic
field configurations will be in the vertical plane, as shown in the left pafigdire 1. The spin precession
chamber , i.e., the neutron storage volume will have a cylindrical double aragelometry similar to
the one used in [21] in order to minimize systematic effects. Further improvemendanned by the
implementation of a new and effective magnetic shield, a better control of theetiadield and its
gradients as well as an improved magnetometry system.

Figure 1 Projected layout of the spectrometer chamber (left) ad UCPU of the n2EDM exper-
iment. (1) coil system, (2) CsOPM, (3)He magnetometer vessel, (4) neutron guides, (5) storage
chamber shutter, (6) double neutron spin precession chamber siebhby electrode system, (7) valve,
(8) multi-layer magnetic shielding, (9) non-magnetic piston compressorp(lajized®He storage cell,
(11) volume for metastable optical pumping, (12) transfer line andy@@)reservoir.

Precise knowledge of the magnetic field inside the neutron precession ehdaring Ramsey cycles
is of crucial importance for controlling several systematic effects. Opeoagh described here, is to
infer the magnetic field amplitude from the Larmor precession frequencyaléar spin polarizedHe,
detected by its free induction decay (FID) [22].

The *He magnetometer will be placed in the electric field free region near the UChiggt@mhamber
to avoid geometrical phase dependent systematic effects otHthauclei proper [23]. Since the he-
lium magnetometer is based on the free precession of nuclear spins, itdeonetto many systematic
frequency shifts that are inherent to phase-locked optically pumpedt ediur magnetometers and
additionally gains in overall sensitivity due to the lofige coherence times. The proposite sand-
wich configuration, Figure 1, enables the control of vertical gradigritseomagnetic holding field with
high precision, whose knowledge and control is of great importanceéoing tiny geometrical phase
effects in the nEDM spectrometer.

A magnetometric sensitivity in the femto-Tesla range has been demonstratgd5@ifiD (supercon-
ducting quantum interference device) magnetometers for the readout pfetbessingHe spins [24].
However, the required cryogenic infrastructure is a severe obstaadpération of these magnetometers
under the experimental conditions of an EDM experiment (vacuum, highgelstabilized temperature,
exclusive use of nonmagnetic materials). As shown for the first time byrGdaenoudii et al. [25] in
1967 optically pumped alkali (Rb) magnetometers are a promising alternatitreeforeadout of théHe
precession signal. Based on the expertise with optically pumped Cs magnes(@=s@PMs) gained
in the ongoing phase of the PSI-nEDM experiment, we plan to deploy a Csla’kd, rather than a
SQUID-based detection of thiHe FID signal. The CsOPM are developed by the Fribourg Atomic
Physics group (FRAP) [26-28], member of the nEDM collaboration at P84 polarizer unit necessary
for spin polarization of théHe gas was built at the Johannes Gutenberg University (JoGu), Maidz,
is described in detail below.

During nNEDM measurementHe at a pressure of 1 mbar will be polarized in an ultra-compact and
transportable polarizer unit (UCPU) outside the n2EDM chamber in a field@duss. The gas is then
compressed to a pressure~fL00 mbar and stored in low-relaxation glass cell. The whole UCPU is



enclosed in a mu-metal cylinder to provide shielding from environmental field$aaallow generation
of a homogeneous magnetic field by an internal cylindrical coil. Upon stqtige compressed and
polarized®He in the storage cell will be transferred into the magnetometer vessels theopglyte-
trafluoroethylene (PTFE) tube surrounded by coils producing a suitaédgetic holding and guiding
field on the order of 1 t@00 uT.

The magnetometer vessels will be two flat cylindrical glass cells mounted ingd&®2&DM vacuum
tank, above and below (top, bottom) the neutron spin precession chaedperctively (Figure 1). Since
both magnetometer cells are traversed by almost the same magnetic flux as thehai@bkers, the
average value of frequency measuremenfs = (w; He + wh,me)/2 Yields a best guess for the neutron
spin precession frequency, = (v, /v1e) we, While the frequency difference determines the magnetic
field gradientd |B| /0z = (wy He — wh He)/ (7He - Az) t0 @ high precision. Here)z is the distance
between the centers of gravity of the upper and lower magnetometer vasseindwy, 1. are the free

spin precession frequencies of thee in the top and bottom magnetometer vessels, respectively, and
Y. is the?He gyromagnetic ratio.

The®He FID is started by applyinga/2 spin flip pulse. The long coherence time of tée FID signal,
which strongly depends on the absolute magnetic field gradien®)(ET /cm), the magnetometer cell
material, the size of the magnetometer vessels as well adHbgressure{ ~ mbar) [29], reaches
the order of one hour under the typical operating conditions of the EDMrapus. Assuming a typical
Ramsey cycle time for the ultracold neutrons0200 s, it is thus possible to run 2—3 Ramey cycles with
a single®He filling without significant decay of théHe FID signal amplitude. After these cycles the
partly relaxed®He will be pumped out, eventually recovered [30] and replaced bylfrgsitarized gas
that has been prepared by the UCPU during the Ramsey cycles. Théipreavill require the UCPU
to deliver freshly polarizedHe gas every 10 to 15 min in order to ensure a high signal to noise ratio
(SNR) of the recorded spin precession signal. A quasi-continuoustipe of the>He magnetometer
will thus be possible.

Results and discussion

3He/Cs magnetometer test facility

A dedicated test facility was installed at the JoGu in order to construct antheeproposedHe/Cs
magnetometer system. As main part of this facility, a cylindrical four layer muinsbtald (MS)
[31] with magnetic shielding factors of 100 (longitudinal) and 1000 (trars®)ewas adapted to the
requirements imposed by tHele FID studies. In order to lower existing magnetic field gradients and
to record the’He FID signal, the innermost mu-metal cylinder (610 mm diameter, 1300 mm length)
was equipped with a magnetic coil system (solenoid and cosine theta coilflipgpmagnetic fields
parallel and perpendicular to the cylinder axis. The coils were wound @wuble-walled cardboard
cylinder which was then covered with five layers of Metglas [32]. With tresangements, magnetic
field gradients of 150 to 350 pT/cm could be achieved in the longitudinalttbrecFor the transverse
field gradients, values in range of 350 to 450 pT/cm were determined. Wiikimdgnetic environment
two basic types of experiments have been performed:

- FID detection of in-situ polarizetHe in a small cell, and
- FID detection of externally polarized and transferfétk.
The setup for in-situ polarization éHe is presented in Figure 2. The mechanical support of the compo-

nents was produced from non-magnetic materials, e.g., acrylic glass pmthytene. The optical axis
was aligned to the cylinder axis of the solenoidal coil. A beam of linearly [zadrlight from a 5W



ytterbium doped 1083 nm fiber laser was sent via an optical fiber into theetiaghield. A beam ex-
pander coupled to the fiber (Figure 2, item 1) widened the incoming laser tuea diameter of 30 mm.
The light was circularly polarized by a polarizing beam splitter cube (PBE®)an attached/4-plate,
item 2 of Figure 2. The laser beam can be blocked aftet\feplate by means of a compressed-air
driven shutter (item 3 of Figure 2). The cylindricie precession cell, made from borosilicate glass
and filled with3He at a pressure of 1 mbar is positioned in the center of the setup. A caplgoitdu-
pled AC high voltage produced by a Tesla transformer (item 4 of Figurei&rdat 1.7 MHz is used

to ignite and sustain a discharge inside thie cell during the metastability exchange optical pumping
(MEOP) [33]. The optical pumping beam is retro-reflected by a dichrptzal mirror (item 7 of Fig-
ure 2) for a second passage through the cell. Fluorescense lighb of6&ansmitted by the dichroic
mirror is analyzed by an optical polarimeter (OPN), item 8 of Figure 2. Tlyeedeof circular polari-
sation of the fluorescense light measured by the OPN is proportional teetjineedof spin polarisation
of the3He gas and can hence be used to monitoPHhe polarisation build-up [34]. A discharge lamp
pumped cesium magnetometer (Figure 2, item 6) operated in the self-oscill&timyode [26,35] is
positioned close to théHe cell. The output of this type of magnetometer is a continuous sinusoidal
voltage signal of constant amplitude, whose frequengy is related to the modulus of the magnetic
field via the Cs gyromagnetic ratio

wes = Yos | Bl (1)

For the field & 1 T) applied in the present studygs is ~ 3.5 kHz. When the solenoid coil is powered
and a discharge is ignited inside the cell, tiée pump laser produces nuclear spin polarization along
the directionB,, of the solenoid axis. The degree of polarization reaches approximatétys&r two
minutes of optical pumping. There are two different ways to initiate’ the FID after the discharge and
the laser have been switched off:

- The magnetic field can be switched rapidly from the longitudinal solenoish@ajeaxis) to the
transverse cosine-theta coil (field-flip) alofgxis, inducing a non-adiabatic field rotation when
the switching time is much shorter than thée precession period

: > VHe 2
switch

- A pulse of resonant rf radiation can be applied with the cosine-theta coittée the*He spin
polarization by 90 (7/2 spin flip pulse).

Please note that after a field flip thide polarization will precess arourig},, in thez — ¢ plane, while a
spin flip results in a precession aroug,; in the# — 2 plane. The macroscopic magnetizatiarthat is
associated with the spin-polarisation of thée atoms produces - outside of a spherical cell containing
the3He gas - a magnetic dipole field that is given by

_ po3r(m-r)—m-r?

Bdipole(r) = An 5 . (3)

When the magnetization precesses around the applied magnetiBfjetdhus gives rise to a small
alternating magnetic fielbye(t) = Baipole cos whet in the vicinity of the3He cell which is vectorially
adds taB,. The magnetic field at the position of a nearby CSOPM is thus modulated#étslarmor
frequency )

WHe = ’YHe‘BO + bHe(t)| ~ ’7He|BU + Bo - bHe(t)| . (4)



As a consequence the CsOPMs output signal becomes frequency teddii) by the’He FID, the
FM showing up as sidebands in the Fourier transform of the CsOPMikabsry signal. Eq. 4 shows
that the Cs magnetometer reading is only sensitive (to first ordg@sin/|Bo|) to the projection of
by onto By. Inspection of Eq. 3 shows that for a spherical cell in the FID-geomatdyigure 3
this projection is maximal when the Cs magnetometer is located on a cone with ghbalfig angle
of 45° with respect taBy. Numerical calculations have shown that the 46ndition is also a good
approximation for the (60 mm long, 60 mm diameter) cylindrical cell used in theahexperiments.
Consequently, the CsOPM was positioned such that the center of the €&8 sethwas roughly on the
45° cone to maximize the measurement signal. It is equally important to minimize the dibitmeen
the CsOPM and théHe cell since the dipole field drops withyr3, as can be seen from Eq. 3. The
minimum achievable distance imposed by the sizes ofeeand Cs cells wag = 70 mm. A typical
result of a®He FID measurement is shown as the Fourier transform of the Cs magnetermstélating
signal in Figure 4. The displayed FFT spectrum was calculated from doh@schunk of data. The
characteristic carrier and sideband components of the FM signal amtyclésble. The sidebands
resulting from théHe FID are offset by 32.8 Hz with respect to the carrier, each one havimmplitude
Ape = 0.1mV with a carrier amplitude oA s =2.2V. One can show that [36] the amplitudg,. of
the oscillatory field produced by the precesstite nuclear spins and the characteristic parameters of
the Fourier spectrum is given by

47vHe AHe
bye = .

“Cs ACs

(5)

For the measurement presented in Figure 4, Eq. 5 yields= 8.5 pT which represents a SNR of
about 34 in a bandwidth of 1 Hz. We inferrred tiig¢-time from a measurement of the time dependent
decay of the amplitudd .. For different measurements in both g, andB. field configurations
spin coherence times of up to one hour were obtained. The feasibility ofetheest setup for fur-
ther investigations of the functionality of an ultra-compdide polarizer unit (UCPU) is successfully
demonstrated.

Figure 2 Inner setup of the®He/Cs test setup consisting of a beam expander (1), beam splitterlo
(2), shutter (3), Tesla transformer coil (4), closed glass cell filkewith 3He (5), Cs-magnetometer
(6), dichroic mirror (7) and optical polarimeter (8).

Figure 3 Alternating dipole field produced by the precessing magnet&tion m of spin polarized
3He atoms around the main magnetic fieldBg. The sensor cell of the CsOPM must be positioned as
close as possible in a 4&arrangement to maximize the CsOPM signal.

Figure 4 Discrete Fourier spectrum obtained from a 10 second longata sample from the lamp-
pumped CsOPM. Peak of carrier frequency at 3513 Hz, sidebands fron? e FID and50 Hz side-
bands are visible}He was polarized in situ and precession occured around the cosindigtetirec-
tion. The output signal of the CsOPM was digitized at a sampling rate of 50wktHza resolution of
18 bits.

Methods
Ultra compact polarizer unit
As mentioned above the main component of the futitfe magnetometer system, thide polarizer unit

(UCPU) should be able to deliver periodically i.e., every 10-15 mirl,6 mbar - 1 of spinpolarizedHe
gas, corresponding to*e pressure of about 1 mbar in the two magnetometer vessels that have a total



volume of 16 1. The UCPU is a ultra-compact transportable polarizer following several generations
of polarizer facilities which were developed at JoGu for medical applicagspectively fundamental
research [37-45]. It has been specifically designed to fulfill the ;eéthe planned n2EDM experiment
at PSI.

As shown in Figure 5 and 6, the working principle of the polarizer can Iserd®ed as follows3He
from a high pressure reservoir is fed into the gas system of the polafizepressure inside the system
is controlled by a Barocel pressure sensor (item B100 in Figure 5)tihemaompany Edwards Vacuum
and a feedback-driven electrically adjustable valve from the compan$.Mier purification by means
of a getter-based purifier from the company SAES (impurities < ppm§Hleeyas is filled via a specific
nonmagnetic valve (item EV in Figure 5) into the optical pumping cells OPZ1 argkROPhe EV is
an custom-made all-metal construction that is actuated by compressed apfida pumping cells
consist of two connected borosilicate glass tubes (length 1.1 m, diameter 54 ittm)aauum tight
antireflection-coated\(=1083 nm) fused silica windows at the ends. The vacuum grease Aptemon
used as a sealing between the fused silica windows and the glass tubesic $peer flanges allow
differential pumping to prevent capillary cracks in the vacuum greaseattiby outer air pressure [36].
The total optical pumping volume is approximately 51. The pressure inside tingipg cells is con-
trolled by a second Barocel pressure sensor (item B10 in Figure Sytoesefficient optical pumping.
Thin stripes of cooper foil at top and bottom of both cells serving as elbetroonnected to the power-
amplified output of a frequency generator for sustaining a weak digetiathe*He gas, necessary for
MEOP. The light beams enter both pumping cells through a polakiZeplate combination and are
back-reflected by dichroic mirrors after the cells’ exit windows. A tunéibler laser from the company
Keopsys with a maximal output power of 5W (linewidth2 GHz) is used for optical pumping. The
laser is tuned to the C8-liRef the *He line spectrum and its frequency stability can be monitored by
measuring the fluorescence light from a small auxillittie reference cell. The linearly polarized laser
beam is widened by a beam expander to a diameter of 30 mm to illuminate the whs$eserction
of the pumping cells. The light becomes circularly polarized after passingBl$&eand\/4 plate and
is then sent through the pumping cells. The mirrors at the far ends of thehaglsa high reflectiv-
ity in the 1083 nm range but high transmission for the 683 nm fluorescertte pigoviding a low-loss
double-passage of the 1083 nm light through each cell while permitting to méhéalegree ofHe
spin polarization with an optical polarimeter (OPN) by polarization analysiseo8@8 nm fluorescence
light. The longitudinal relaxation timé&'; was measured by using the OPN to observe the decay of
polarization after switching off the laser. With a burning discharge we Ting,ine = 1.5 min while
without gas discharge the measurement yidlgg,,x = 8 min. When the nuclear spin polarization of
3He in the optical pumping cells has reached the steady state value of typicdiy%0a valve (item
V1 in Figure 5) is opened to suck out part of the polarized gas into the eroptypressor volume of
V=3I. The piston compressor then pumps the gas into a small storage celBdit€.¥olume. The
storage cell is made of a special glass mixture GE180 to miniftieepolarization relaxation during
wall collisions [46]. The compressor is built entirely from non-magneti¢gpand driven entirely by
compressed air. The compressor volume is closed by a head with six vaiginirmalves (items V1-
V6 in Figure 5), which open and close the connections between the casopredume, the optical
pumping volume, the storage cell and the vacuum system. All valves arategdry custom-modified
compressed air driven actuators from the company Festo. Great aar@ken to isolate thtHe gas
system from the compressed-air line. In places where compressedi@mpossibly leak into théHe
circuit, small separation volumes connected to a vacuum pump were intibttumove any possible
leakage flow i.e., item PL3 in Figure 5. All relevant volumes of the systemanrrected by four tubes
(items PL1-PL4 in Figure 5) to two turbo molecular pumps (items TP1 and TP2 imé=wand can be
evacuated. During movement of the piston we measure a residual gasrpras low a30~% mbar in
the compression volume. The UCPU is mounted inside a solenoid coil (length dli&8meter 0.52 m)
which produces a magnetic field of 2pW at a coil current o200 mA. In order to minimize stray fields
and to improve the homogeneity of the magnetic field the coil is enclosed in a dgéihdingle layer



mu-metal shield. Additionally, a correction coil is mounted at each of the fécaps of the shield to
further homogenize the field inside. All components inside the shieldingpeXoe pressure sensors,
are manu-factured from non-magnetic materials (e.g. titanium, brass, aluntimangid any degrada-
tion of the field homogeneity. As a result, the relative magnetic field gradients iawrta of the optical
pumping volume and the storage cell are beléB, /0z) /B, < 3.8 - 10~* cm ™!, where z is the direc-
tion along the cylinder axis. The automatic operation of the UCPU is establisteeddftware package
written under the LABVIEW environment. The system can work autonomausiiyno user interaction
is required under normal conditions. In various tests the polarizer usishecessfully demonstrated
its working performance by periodically delivering polarized and conga@He. In a cyclic mode of
operation the degree of spin polarization in the optical pumping volume reaghe 52 %, as shown in
Figure 7. The losses of polarization occuring during compression intadhege cell are below % and
thus negligible. We have also demonstrated that the required 16lmbpolarized?He for the planned
magnetometer setup can be produced within an optical pumping time of less ¥eamsautes (within

9 cycles of 455s).

Figure 5 Schematic sketch of the UCPU.Details, see text. Solenoid and magnetic shielding are not
shown.

Figure 6 Ultra-compact polarizer (height ~ 2 m, width of mounting plate 70 x 70 cm?), gas sys-
tem and vacuum pumps. Right: Optical pumping cells with ignited discharge.

Figure 7 Time course of polarization observed with OPN demonstratinghe cyclic operation of

the UCPU. The maximum polarization ot 52 % is reached seven times in sequence. The sharp peaks
are artefacts that result from changes in discharge color and brgghirfeen polarized gas is transferred
into the compression volume or when non-polarized gas is filled into the optiogbipg volume.

Polarization maintaining transfer

Once the polarizedHe is prepared by the UCPU it is delivered to the installed magnetometer vessels
using polarization-stabilizing magnetic guiding fields. As shown in Figure 1digtance between the
polarizer unit and the n2EDM setup is on the order of several meters apdongain a few bended
sections. In order to investigate and, if necessary, to optimize polarizagssedaluring transfer, we
have installed a demonstration transfer line system consisting of a 6 m lorig f8bE with an inner
diameter of 6 mm, as shown in Figure 8. This transfer line connects an outletofathe compressor
head (see Figure 5, item V5) with a spherical glass cell (GE180, volMing = 0.091) inside the test
setup. After injection of the gas the cell is shut off by a separate congatessdriven nonmagnetic
valve. The main challenge in the polarized gas transfer was to provide alsuitzlding field along
the transfer line which has tw@)° bends. In order to minimize polarization losses by gradient induced
spin-flips, the gradients along the transition from &3 T field inside the UCPU’s shield to the

1 uT field of the cosine-theta coil in the test facility had to be minimized. Along the vépass of

the line, above the UCPU and at the transition through the MS, solenoid cigls¢, (1) and (3))
provided these fields. The relative gradie(@®,/9z) /B, were found to bd — 6 - 10~2 cm~! for the

first solenoid and — 5 - 102 cm ™! for the second respectively, whetds the solenoid axis. For the
horizontal part of the transfer line Figure 9 (2), a dedicated arrangeaidour wires running along
each side of the tube was used to generate the required holding field. iRieldttons were done to
ensure small gradients in tiieandy direction. Measurements of the relative field gradient along the
horizontal part of the transfer line yieldddB,/0x) /B, < 3-10~2cm~!. To quantify the transport
losses,16 mbar-l of *He with a polarization of about 52 were prepared by the UCPU and filled via
the transfer line into the evacuated magnetometer cell. The filling process wokhien 0.5s and



yielded an inner cell pressure of approximately 30 mbar. *Hhe FID was initiated by a non-adiabatic
field switch and the FID was measured as described i’ BetCs magnetometer test facility. The 10's
FFT spectrum of the CsOPM signal show$He amplitude ofAy. = 18 mV with a carrier amplitude
of Acs = 2,2mV (see Figure 10). Using Eqg. 5 we infer that the magnetic field seen by thel@sO
is 157 pT, which corresponds to a SNR of 21 per 1 mbar and 1 Hz bandwidifuming no transfer
losses we can estimate the expected field strength from Eq. 3. The magnetioitmonmeside the
magnetometer cell is given by

2.127uxPNApV
RT '

m = ppge PN = (6)

Figure 8 CAD drawing of the transfer setup: The storage cell of U®U (shown without solenoid
coil and shielding) at the left is connected via a transfer line (red) t@ magnetometer vessel inside
the MS on the right. (1) - (3) Coils to provide polarization conserving guiding fields along thesfier
line.

Figure 9 Interior of the MS coil system for transfer measurement (1) PTFE transfer tube, (2) non-
magnetic pressed air driven valve, {8)e magnetometer cell and (4) lamp pumped Cs-magnetometer.

Figure 10 Discrete Fourier spectrum of lamp pumped Cs-magnetonter signal with 30 mbar mag-
netometer cell pressure and 52 % initial polarization. Cs-carrier frequency shifted to zero. Side-
bands at- 32 Hz resulting from*He FID and50 Hz perturbations are visible. The small satellite peaks
result from vibrations of the setup during measurement.

With a polarization P of 52%, a pressure p of 30 mbar and a volume V of 0.98 dbtains
m = 3.66 - 1077 Am?. Assuming that at = 0 the magnetic moments are oriented in theirection
and knowing that

the centers of théHe cell and the CsOPM cell are placed in the-  plane of the MS coil system
on the 48 cone (Figure 3) at a distance r of 70(2)mm the expeétéel magnetic field seen by the
CsOPM isbye = 160(14) pT. The difference between the prediction, assuming a lossless tramefer, a
the measured value is below 10 %. From this we expect the transfer lodse2 1(9) %.

Conclusion

A test facility for the recording ofHe FID by a lamp pumped CsOPMs was installed at University of
Mainz. A compact, transportabfHe polarizer was built and its functionality demonstrated. It was
shown that the device is capable of delivering the required amounts aizeulegas for the n2EDM
experiment with 52 % of spin polarization during cyclic operation. For the fiinse the transfer of
polarized®He gas from a cyclically working polarizer into a multilayer mu-metal shield, ¢hsough a
transfer line having two 90bends, with negligible depolarization was successfully demonstrated, Thus
together with*He magnetometers made of flat cylindrical cells [22], all essefHa magnetometer
parts (see Figure 1) were built and tested. Further improvements of thestoaggter largely depend
on the magnetic field conditions in the next generation nEDM spectrometere(léHg transverse
relaxation times, lower magnetic field noise, higher SNR in3He precession detection). Besides
this the construction of a recovery and recycling system for desdgas will help to drive the whole
magnetometer setup in a more economical way [30]. A detailed analysis oftifevaale sensitivity
and possible systematic effects in the n2EDM spectrometer with a comtited@s-magnetometer is
ongoing and will be published elsewhere.



Endnotes

dist of n2EDM members, see also http://nedm.web.psi.ch
bC8: 23S, F=1/2 — 23P;, F=1/2, X =1083,06nm

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

AK designed and built the apparatus especially the UCPU, carried ouxplegiments and drafted the
manuscript. DN constructed essential parts of‘tHe/Cs magnetometer test facility. HCK, TL, DN,
AP and YS participated in the experiments. HCK, MD and TL participated in ncaipapreparation.
WH supervised the described work. WH and AW both gave scientific asléied helped draft the
manuscript. All authors read and approved the final manuscript.

Acknowledgement

The described work benefited from the excellent support of the maehamorkshops of the Institute
of Physics and the Institute of Nuclear Chemistry of the University of Maéspgecially L. Funke and
glassblower R. Jera. We also thank Yu. V. Borisov, Konstantinov Nu@tagsics Institute, St. Peters-
burg, who did some preliminary studies including prototyping of the flat magmeter vessels antHe
polarimetry. The research was enabled by the loan of the mu-metal testlshi€liirch and B. Lauss,
PSI, Switzerland. This work was supported by the DFG under the comnatber HE 2308/10-1. We
wish to thank M. J. Kraft, Wiesbaden, Germany providing support in thatimn of the illustrations.

References

1. Purcell EM, Ramsey NFOn the possibility of electric dipole moments for elementary particles
and nuclei. Phys Rev 1950,78:807.

2. Lee TD, Yang CNQuestion of parity conservation in weak interactions.Phys Rev 1956,104
254,

3. Wu CS, Ambler E, Hayward RW, Hoppes DD, Hudson ERperimental test of parity conser-
vation in beta decay.Phys Rev 1957,105:1413.

4. Garwin RW, Lederman LM, Weinrich MObservation of the failure of conservation of parity
and charge conjugation in meson decays: the magnetic moment di¢ free muon.Phys Rev
1957,1051415.

5. Friedman JI, Telegdi VLNuclear emulsion evidence for parity nonconservation in the decay
chain7™ — u* — e*. PhysRev 1957,106 1290.

6. Smith JH, Purcell EM, Ramsey NExperimental limit to the electric dipole moment of the
neutron. Phys Rev 1957,108 120.

7. Christenson JH, Cronin JW, Fitch VL, Turley Ruindamental aspects weak interactiorRPhys Rev
Lett 1964,13: 138.



10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

. Aubert B, Boutigny D, Gaillard DIM, Hicheur A, Karyotakis Y, Lees B®bbe P, Tisserand V,

Zghiche A, Palano A, Pompili A, Chen GP, Chen JC, Qi ND, Rong G, WarghR YS, Eigen
G, Stugu B, Abrams GS, Borgland AW, Breon AB, Brown DN, Button-&haf Cahn RN, Gill
MS, Gritsan AV, Groysman Y, Jacobsen RG, Kadel RW, et&arch for T and CP violation in
BY — BY mixing with inclusive Dilepton events.Phys Rev Lett 2002,88:231801.

. Abe K, Abe K, Abe T, Adachi |, Aihara H, Akatsu M, Asano Y, AsoAulchenko V, Aushev T,

Bakich AM, Banas E, Bay A, Behera PK, Bizjak |, Bondar A, Bozek Aa&ko M, Brodzicka J,
Browder TE, Casey BCK, Chang P, Chao Y, Chen KF, Cheon BG, GhR{aChoi Y, Choi YK,
Danilov M, Dong LY, et al.: Improved measurement of mixing-induced CP violation in the
neutral B meson systenPhys Rev D 2002,66:071102(R).

Baker CA, Doyle DD, Geltenbort P, Green K, van der Grinten MD@&iyrld PG, laydjiev P, Ivanov
SN, May DJR, Pendlebury JM, Richardson JD, Shiers D and Smithi{proved experimental
limit on the electric dipole moment of the neutron.Phys Rev Lett 2006,97:131801.

Khriplovich 1B, Lamoureux SKCP Violation Without Srangeness. Springer: Berlin, Heidelberg;
1997.

Pospelov M, Ritz AElectric dipole moments as probes of new physica&nn Phys 2005,318119.

Matsuta K, Masuda Y, Hatanaka K, Kawasaki S, Matsumiya R, Mihgrdddng SC, Watanabe
Y, Adachi T, Nishimura D, Asahi K, Martin JW, Konaka A, Miller A, Bidinosti, Dawson T, Lee
L, Davis CA, Ramsay WD, van Oers WTH, Korkmaz E and BuckmaAhEDM measurement
with a new comagnetometer and a high density UCN sourc@lP Conf Proc 2013,156Q152.

Serebrov AP, Kolomenskiy EA, Pirozhkov AN, KrasnoshekovaVasiliev AV, Polyushkin AO,
Lasakov MS, Fomin AK, Shoka IV, Solovey VA, Zherebtsov OM, GeltenBpyZimmer O, lvanov
SN, Alexandrov EB, Dmitriev SP, Dovator NANew measurements of neutron electric dipole
moment. arXiv 2013, 1310.5588 [nucl-ex]

Zenner JThe search for the neutron electric dipole moment PhD dissertation. University of
Mainz; 2013.

Altarev |, Beck DH, Chesnevskaya S, Chupp T, Feldmeier W, Fientiiy Frei A, Gutsmiedl E,
Kuchler F, Link P, Lins T, Marino M, McAndrew J, Paul S, Petzoldt G,Hhicaier A, Stoepler R,
Stuiber S, Taubenheim B next generation measurement of the electric dipole moment of the
neutron at the FRM II. Nuovo Cimento-C 2012,35(4):122.

Ilto TM: Plans for a neutron EDM experiment at SNS.J Phys. Conference Series 2007,
69(1):012037.

Anghel A, Atchison F, Blau B, van den Brandt B, Daum M, DoellingRips R, Duperrex PA,
Fuchs A, George D, Gliltl L, Hautle P, Heidenreich G, Heinrich F, HekiiedHeule S, Hofmann
T, Kasprzak M, Kirch K, Knecht A, Konter JA, Korhonen T, Kuzniak, Mauss B, Mezger A,
Mtchedlishvili A, Petzoldt G, Pichimaier A, Reggiani D, Reiser R, et dlhe PSI ultra-cold
neutron source.Nucl Instrum Methods Phys Res A 2009,611:133.

Altarev |, Bison G, Ban G, Bodek K, Burghoff M, Cvijovic M, Daum Mierlinger P, Gutsmied| E,
Hampel G, Heil W, Henneck R, Horras M, Khomutov N, Kirch K, Kistryn $hdppe-Grineberge
S, Knecht A, Knowles P, Kozela A, Kratz JV, Kuchler F, Kuzniak M, ead, Lauss B, Lefort T,
Mtchedlishvili A, Naviliat-Cuncic O, Paul S, Pazgalev AS, et abwards a new measurement of
the neutron electric dipole moment.Nucl Instrum Methods Phys Res A 2009,611(2—3):133—-136.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

Altarev |, Bison G, Ban G, Bodek K, Burghoff M, Chowdhuri Z, ida M, Dusing C, Fertl M,
Fierlinger P, Franke B, Grab C, Gutsmied| E, Hampel G, Heil W, HennedkdRras M, Khomutov
N, Kirch K, Kistryn S, Knappe-Grineberg S, Knecht A, Knowles Pz&a A, Kraft A, Kuchler
F, Kratz JV, Lauer T, Lauss B, Lefort T, et alAn improved measurement of the electric dipole
moment of the neutron.Nucl Phys A 2010,844(1-4):47C.

Altarev IS, Borisov Yu V, Brandin AB, Egorov Al, Ezhov VF, lvan SN, Lobashov VM, Nazarenko
VA, Porsev GD, Ryabov VL, Serebrov AP and Taldaevet RRsearch for the electric dipole
moment of the neutron using ultracold neutrons.Nucl Phys A 1980,341(2):269.

Borisov Y, Heil W, Leduc M, Lobashev V, Otten EW and Sobolev Faasibility study of a3He-
magnetometer for neutron electric dipole moment experimentdNucl Instrum Methods Phys Res
A 2000,440(3):483.

Pendlebury JM, Heil W, Sobolev Yu, Harris PG, Richardson JBkBeRJ, Doyle DD, Geltenbort
P, Green K, van der Grinten MGD, laydjiev PS, Ivanov SN, May DJR @mith KF: Geometric-
phase-induced false electric dipole moment signals for particles in tgas. Phys Rev A 2004,
70:032102.

Gemmel C, Heil W, Karpuk S, Lenz K, Ludwig Ch, Sobolev Yu, TullneyB&irghoff M, Kilian W,
Knappe-Grineberg S, Muller W, Schnabel A, Seifert F, Trahms LBaeSSler StUltra-sensitive
magnetometry based on free precession of nuclear spinsur Phys J D 2010,57(3):303-320.

Cohen-Tanudji C, DuPont-Roc J, Haroche S, LaloBdtection Of the static magnetic field pro-
duced by the oriented nuclei of optically pumped®*He gas.Phys Rev Lett 1969,22(15):758—760.

Groeger Skaser-pumped cesium magnetometers for the PSI-nEDM experinrg. PhD. disser-
tation. University of Fribourg; 2005.

Groeger S, Bison G, Schenker J-L, Wynands R and We#s iigh-sensitivity laser-pumped M
magnetometer.Eur Phys J D 2006,38:239.

Knowles P, Bison G, Castagna N, Hofer A, Mtchedlishvili A, Pazgaland Weis A:Laser-driven
Cs magnetometer arrays for magnetic field measurement and cordl. Nucl Instrum Methods
Phys Res A 2009,611(2-3):306.

Cates GD, Schaefer SR and Happer Rélaxation of spins due to field inhomogeneities in
gaseous samples at low magnetic fields and low pressur@ys Rev A 1988,37(8):2877—-2885.

Zimmer St,Optimierung und Charakterisierung eines *He Magnetometers fuer nEDM-
Experimente. Diploma thesis. University of Mainz; 2013.

Brys T, Czekaj S, Daum M, Fierlinger P, George D, Henneck Rpkzaak M, Kirch K, Kuzniak
M, Kuehne G, Pichlmaier A, Siodmok A, Szelc A, Tanner L, Assmann C, Bieoh S, Drung D,
Schurig Th, Ciofi C and Neri BMagnetic field stabilization for magnetically shielded volumes
by external field coils.Nucl Instrum Methods Phys Res 2005,554(1-3):527-539.

Kubo S, Sasada | and HaradaH&fective shielding for low?level magnetic fieldsJ Appl Phys
1988,64(10):5696—-5698.

Happer WQOptical pumping. Rev Modern Phys 1972,44:169-250.

Hasse JCharakterisierung und Optimierung eines *He-Kompressors.Diploma thesis. Univer-
sity of Mainz; 2000.

Groeger S, Pazgalev AS and Weis@amparison of discharge lamp and laser pumped cesium
magnetometers Appl Phys B 2005,80(6): 645.



36

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Kraft A, Aufbau und Inbetriecbnahme eine hochsensitiven®He-Magnetometers fuer ein
zukuenftiges Experiment zu Bestimmung eines elektrischen Dipolmoemts des freien Neu-
trons. PhD. dissertation. University of Mainz; 2012.

Becker J, Heil W, Krug B, Leduc M, Meyerhoff M, Nacher PJ, @tE8VN, Prokscha Th, Schearer
LD and Surkau RStudy of mechanical compression of spin-polarizedHe gas.Nucl Instrum
Methods Phys Res Sect A 1994,346(1-2):45-51.

Ebert M, Grossmann T, Heil W, Otten EW, Surkau R, Thelen M, LeduBachert P, Knopp MV
and Schad LRNuclear magnetic resonance imaging with hyperpolarised helium-3rhe Lancet
1996,347(9011):1297-1299.

Surkau R, Becker J, Ebert M, Grossmann T, Heil W, Hofmann Dniblat H, Leduc M, Otten EW,
Rohe D, Siemensmeyer K, Steiner M, Tasset F and TrautmarRebllization of a broad band
neutron spin filter with compressed, polarized®He gas.Nucl Instrum Methods Phys Res A 1997,
384(2-3):444-450.

Deninger AJ, Eberle B, Ebert M, Grossmann T, Heil W, Kauczdratier L, Markstaller K, Otten
E, Schmiedeskamp J, Schreiber W, Surkau R, Thelen M and Weil@uisntification of regional
intrapulmonary oxygen partial pressure evolution during apnea by?He MRI. J Magn Reson
1999,141(2):207-216.

Ebert M,Entwicklung eines leistungsstarken Polarisators und Kompressorsuer 3He fuer
medizinische MR Tomographie.Ph. D. dissertation. University of Mainz; 2000.

Schmiedeskamp Weiterentwicklung einer Produktionsanlage und der Speicherungsbzw.
Transportkonzepte fuer hochpolarisiertes®He, Anwendungen in Kernspintomographie und
physikalischer Grundlagenforschung.PhD. dissertation. University of Mainz; 2004.

Thien F, Friese M, Cowin G, Maillet D, Wang D, Galloway G, BreretdRdbinson PJ, Heil W and
Thompson BFeasibility of functional magnetic resonance lung imaging in Australia vith long
distance transport of hyperpolarized helium from Germany. Respirology 2008,13(4):599-602

Krimmer J, Distler M, Heil W, Karpuk S, Kiselev D, Salhi Z and Otten EMhighly polarized He
target for the electron beam at MAMI. Nucl Instrum Methods Phys Res A 2009,611(1):18-24.

Tullney K, Allmendinger F, Burghoff M, Heil W, Karpuk S, Kilian W, Kppe-Gruneberg S, Muller
W, Schmidt U, Schnabel A, Seifert F, Sobolev Yu and Trahm€adnstraints on spin-dependent
short-range interaction between nucleonsPhys Rev Lett 2013,111(1-5):100801.

Schmiedeskamp J, Heil W, Otten EW, Kremer RK, Simon A and Zimmeatamagnetic relax-
ation of spin polarized 3He at bare glass surfacesEur Phys J D 2006,38(3):427—438.









d direction AU\/

— 77T\



Amplitude / (V)

0,14
0,01
1E-3 4

1E-4

1E-5

150 Hz

Cs

*He

50 Hz

3460

T
3480

3500 3520
Frequency / (Hz)

T
3540

T
3560



B

3He reservoir

OPN

TP2

PL4

TP1

pressurized air control







Polarization / [%]

75

70

65

60 —

55

50

45

40

AT

T T T T T T T T T T T T T
45 90 135 180 225 270

Time / [s]









L

[/2)
O
o W L
T L
(3]
- - — ™ < [Te)
. s _ _
e S u u S

[A] 7 epnydwy

v—v, /[HZ]



