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SUMMARY OF THE PROPOSAL: 

Ultrancold neutrons (UCN) can be confined in a material bottle, because UCN energies are less than the Fermi potential of the material.  Confined neutrons are used for neutron electric dipole moment (EDM), b decay, gravity, and neutron target experiments.  UCN density is the key parameter in these experiments.  The precision of the current EDM measurement is limited by counting statistics, namely UCN density in the experimental bottle.  For the improvement of the UCN density, we have been producing UCN in super fluid helium (He-II) placed in a spallation neutron source at RCNP.  We obtained a UCN density of 15 UCN/cm3 in an experimental volume for neutron energies less than 90 neV at a proton beam power of 390 W, which is the world highest UCN density.
In the EDM experiment, neutron spin precession in a material bottle, which is permeated by a weak magnetic field and an electric field, is observed.  The precession phase is measured as a fringe in a magnetic resonance, which is referred to Ramsey fringe.  A shift of the Ramsey fringe, which is proportional to the electric field, is measured for the extraction of the EDM.

Our aim in this proposal is to observe the Ramsey fringe.  We will study
1. UCN spin transport from a UCN spin polarizer to a EDM cell, and from the EDM cell to an UCN spin analyzer,
2. T1 relaxation time of UCN in UCN guides and the EDM cell, and T2 relaxation time of UCN in the EDM cell
3. UCN Ramsey resonance in a weak magnetic field.
We will also improve the UCN source.  The UCN density is obtained from the product of a UCN production rate and a UCN storage lifetime.  We will increase the UCN storage lifetime by placing a UCN valve on the He-II bottle.  We will also increase the proton current.  In this proposal, we will measure 

4. UCN production rate and storage lifetime for the improved source.
1. Neutron EDM and Ramsey resonance
The existence of matter in the universe is related with CP violation (T-violation assuming CPT theorem).  The neutron electric dipole moment (EDM) has been providing strict constraint on theories, which explain CP violation.  The standard model predicts very small neutron EDM of 10-29 to 10-32 e∙cm.  But, the standard model can’t explain the baryon asymmetry in the universe. Super symmetric theory, multi Higgs model and left right symmetric model predict larger neutron EDM.  For example, SUSY predicts neutron EDM of 10-26 to 10-27 e∙cm by use of the baryon asymmetry in the universe.

The present upper limit of the experimental value of the neutron EDM is 3×10-26 e∙cm [1].  The separated oscillatory field magnetic resonance of Ramsey was used for the EDM measurement, where the neutron spin precession phase in an electric field was looked for.  The precision of the EDM measurement was limited by the counting statistics.  For the EDM measurement of 10-27 to 10-28 e∙cm, we need to suppress the systematic error which arises from a geometrical phase effect (GPE) [2].  The magnetic moment, in addition to the EDM, couples with the electric field, because neutron motion in the electric field induces a magnetic field.  Therefore, the relativistic effect behaves as a false effect.  The false effect is canceled in a UCN gas motion in an EDM cell.  But, the relativistic effect remains as a GPE, if the magnetic field is not homogeneous.  The relativistic magnetic field rotates upon the UCN motion in the EDM cell, and then couples with the magnetic field rotation, which arises from inhomogeneity, via the Bloch Siegert shift.  The coupling has linear term in the electric field, which is proportional to the square of EDM cell diameter and the magnetic field gradient.  

We will apply a small EDM cell and a spherical coil and to our EDM measurement for the suppression of the GPE induced by the field gradient.  The spherical coil has cylindrical symmetry, which is suitable to produce a homogeneous magnetic field to suppress the GPE.  We will produce a UCN density much higher than any other UCN sources in the world for compensation for the small EDM cell volume.  The systematic error also arises from magnetic field fluctuation.  We will use 129Xe as well as 199Hg nuclear spins as co-magnetometers for magnetic field monitoring in the EDM cell. 

2. Present status of the He-II spallation UCN source

We have been improving the He-II spallation UCN source [3], for neutron EDM and b-decay, gravity, and neutron target experiments.  The UCN density in the He-II bottle is obtained from the product of the UCN production rate　P and the storage lifetime t.  The storage lifetime is represented as t = (1/tph + 1/tw + 1/t3He + 1/tb)-1.  The parameter 1/tph is a phonon up-scattering rate, which strongly depends on He-II temperature.  We have built a He-II cooling system by use of a 3He cryostat, which has realized a He-II temperature of 0.8 K.  The UCN storage lifetime in He-II is tph ~ 600 s at 0.8K.  The parameter 1/tw is a loss rate at the wall of a UCN bottle, which mainly depends on hydrogen contamination in the wall and temperature.  After baking in vacuum, a small loss rate of 1/tw = 1/300 s-1 will be realized at a low temperature.  The parameter 1/t3He is a neutron absorption rate by 3He contamination in He-II, which is 1/(28 ms) at the 3He natural abundance of 1.37 ppm.  The parameter 1/tb is the b decay rate, which is 1/tb = 1/(886 s).  The production rate P is the product of a UCN production cross section, and an incident neutron flux in He-II, which is proportional to proton beam power to the spallation target.  The production rate is estimated to be (2~4) 
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Fig. 1 He-II spallation UCN source

×10-9×fcn UCN/cm3∙s in terms of the cold neutron flux fcn (n/cm2∙s) [4].  The cold neutron flux was estimated by means of the Mote Carlo simulation code MCNP to be 

1/8×1.5×1010 n/cm2∙s at 400MeV×1mA.  The cold neutron flux predicts a production rate of 4~8 UCN/cm3∙s.

The present UCN source is shown in Fig. 1.  The history of our UCN source development at RCNP is shown in Table 1.  At the first UCN production in 2002, the proton current was 200 nA and the He-II temperature was 1.2 K.  In June 2006, we realized a He-II of 0.96K by using a 3He cryostat, and then in November 2006, 0.8K by suppressing He-II film flow.  We increased the proton current up to 1 mA.  In July 2007, we removed the 3He contamination from He-II.  In April 2008, we made Fomblin coating on some part of the UCN guide from the He-II bottle.  As a result, the storage 

Table 1

	Date
	Ip
	t
	THe-II
	He-II film

diameter
	3He contamination

	2002
	200 nA
	14 s
	1.2 K
	8.5 cm
	Normal 4He

	June 2006
	1 mA
	29 s
	0.9 K
	8.5 cm
	Normal 4He

	November 2006
	1 mA
	34 s
	0.8 K
	5 cm
	Normal 4He

	July 2007
	1 mA
	39 s
	0.8 K
	5 cm
	Pure 4He

	April 2008
	1 mA
	47 s
	0.8 K
	5 cm
	Pure 4He
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Fig. 2 UCN production with UCN valve operation

lifetime increased up to 47 s.  The rather shorter storage lifetime than the estimation arises from UCN loss at an-coated part of UCN guide.  The UCN density increased up to 15 UCN/cm3 at a critical energy of 90 neV.
The storage lifetime was measured in the following way.  A proton beam of 200 nA impinged on the spallation target for 100 s, and then switched off.  After an interval td, the UCN valve was opened for UCN counting.  This cycle was repeated changing the interval td from 0 to 25, 50, 75, 100 and 125 s.  The results are shown in Fig. 2.  The UCN counts gradually increased after UCN valve opening and then decreased with a time constant.  The gradual increase shows a UCN diffusion from the production point to the detection point.  The decrease arises from UCN losses in the He-II and the UCN guide and the detector.  From the td dependent peak counts at the different cycles, we obtained a UCN storage lifetime of 47 s in the source part. 

The UCN density was obtained in the following way.  We counted UCN also without the UCN valve operation.  The UCN valve was kept opened.   The UCN count just after switching off the proton beam was consistent with the UCN count shown in Fig 2 just after UCN valve opening.  The result suggests UCN behave like a gas.  If UCN behave like a gas, UCN flow from the source part to the detector part does not depend on the valve operation, which is represented as 1/4 ∙ r∙ vav ∙ S in terms of a UCN density r, an average UCN velocity vav and a UCN guide cross section S in the horizontal UCN guide shown in Fig. 1.  The effect of UCN loss at the detector was very small, because we placed an annular stainless steel disk of a 1 cm diameter on the detector.  The maximum UCN energy Ec is 90 neV at the horizontal UCN guide, and then the average velocity is estimated to be 3.1 m/s.  The UCN count rate is represented as the product of a detection efficiency e and the flow rate.  As a result, the UCN density was obtained to be 15 UCN/cm3 from the UCN count rate at a proton current of 1 mA.  Assuming a UCN statistical distribution, UCN production rate in the He-II was obtained to be 4 UCN/cm3∙s from the UCN density, the storage lifetime, the total volume, and the He-II volume.  The value is consistent with the prediction by MCNP.  The UCN density in the ILL EDM cell is 2 to 3 at Ec = 90 neV.  Recently, UCN production experiment was carried out at ILL.  The production rate in He-II was 1 UCN/cm3∙s in a cold neutron beamline at ILL.  Our present UCN source is world competitive.
In these several years, many institutes, Los Alamos, NIST, North Carolina and Indiana (US), and ILL, PSI, Munich, Mainz and PNPI (Europe), have been studying new generation UCN sources.  However, our UCN source was the only practical UCN source in the world for the past several years, except the reactor based traditional UCN source of ILL.  
We will increase the UCN density by placing a UCN valve on the He-II bottle and closing it during proton impingement.  We expect the UCN storage lifetime increases up to 150 s in the He-II bottle.  The UCN valve will be opened after the proton beam impingement.  We will also increase the proton current at RCNP up to 5 mA.  If we use a horizontal UCN extraction from the He-II bottle, we can obtain two times more UCN density.  As a result, we can expect a gain factor of 30, and then a UCN density of 450 UCN cm3 at Ec = 90 neV and 2000 UCN cm3 at Ec = 250 neV at RCNP. 

3. Present status of UCN storage and polarization experiments 
We have studied the property of our new generation UCN source, for example energy spectrum by using the storage bottle shown in Fig. 3, which is connected to the UCN valve in Fig. 1.  The storage bottle is equipped with UCN valves for filling and emptying, and a UCN energy limiter, which is a polyethylene piston moving up and 
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Fig. 3 UCN storage bottle

[image: image4.wmf]Fig. 4 UCN decay spectra for different piston height


Fig. 5 UCN differential spectrum

down.  UCN are absorbed in polyethylene, because it has a negative Fermi potential and an absorption cross section.  At UCN production, the piston was set at a height h.  The UCN valve at the source part and the filling valve were opened during proton beam impingement, and then closed at switching off the proton beam.  UCN distribution in the storage bottle depends on energy.  UCN diffuse up to the heights which are limited by their energies.  The height of the polyethylene limits the maximum energy in the storage bottle.  After a time interval td, the emptying valve was opened for UCN counting.  A UCN decay spectrum was obtained by changing the time td.  The decay spectra were obtained at different piston heights.  The results are shown in Fig. 4.  We obtained a differential spectrum from Fig. 4, which is shown in Fig. 5.  We are now analyzing the data for the derivation of the UCN energy spectrum.

We have placed a Teflon bottle in the storage bottle as an EDM cell and observed UCN decay in the EDM cell.  The result is shown in Fig. 6.  The storage lifetime in the Teflon bottle was 210 s.  The value is long enough for the EDM measurement.

For the EDM measurement, we need UCN polarization.  At the downstream of the UCN valve shown in Fig 1, we have installed a magnetized iron foil as a UCN
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Fig. 6 Measurement of UCN decay in a Teflon bottle

[image: image6.jpg]Iron magnetization

T RF Ec=90 neV
Analyzer Spin flipper Polarizer
VFtuH i 400 200 | 300 S

210 £120 neV

8%

L=

250

=
% [
Gravity VF-uH=210 -120 ngV =90 neV
accelerator 1

- —

¥
[

600

730

|

&=

UCN detector

oy

1100





Fig. 7 UCN spin polarizer and analyzer.

[image: image7.wmf]
Fig. 8 Flipping asymmetry of UCN transmission through magnetized iron foil

spin polarizer, a radio frequency UCN spin flipper and another magnetized iron foils as a UCN spin analyzer as shown in Fig. 7.  The maximum UCN energy is 90 neV at the UCN valve.  We accelerate UCN by gravity so that the maximum energy becomes 130 neV.  In iron, the magnetic potential is 120 neV, while the Fermi potential is 210 neV.  For parallel UCN spins to the magnetic field, the total potential becomes 330 neV and for anti-parallel spins 90 neV.  Therefore, only anti-parallel spins pass through the iron foil at the polarizer, and then UCN spins are polarized.  The anti-parallel spins also pass through the iron foil at the analyzer.  When we apply the RF field before the analyzer, the UCN spins are reversed to the parallel state.  The parallel spins can’t pass through the iron foil at the analyzer.  A flipping asymmetry, 1 – N(flipper on)/N(flipper off) was obtained as a function of time.  We observed the asymmetry as a function of time after UCN valve opening.  We found time dependence of the asymmetry.  The time dependence suggests UCN polarization relaxation.  We changed magnetic fields applied to the iron foils.  Time-averaged asymmetries are shown in Fig. 8 as a function of applied magnetic field.  From the asymmetries, we obtained UCN polarization of ~70% at magnetic fields higher than 600 G.

4. Measurement of Ramsey resonance 

We will use the UCN polarization for the EDM measurement.  The EDM is measured by means of the separated oscillatory field magnetic resonance method of Ramsey.  Firstly, UCN polarized upon transmission through the magnetized iron foil fill a material bottle, which is permeated by a weak magnetic field and an electric field, and then UCN spins are rotated from parallel to perpendicular direction to the magnetic field by means of the first RF field.  Secondly, the UCN spins precess around the magnetic and the electric fields.  Thirdly the second RF field, which is coherent with the first RF field, is applied so that the UCN spin rotates from perpendicular to parallel direction.  The difference between the spin precession phase of wot and RF rotation phase of wt, (w–wo)t is transform to a projection angle on the magnetic field, and then is measured by the UCN spin analyzer.  Here, wo is the resonance frequency and w RF frequency.  The parameter t is the precession time.  As a result, a sinusoidal oscillation is observed as a function of RF frequency in the magnetic resonance curve, which is referred to Ramsey fringe.  The effect of EDM is extracted by electric field reversal.
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Fig. 9 Ramsey resonance apparatus

For the EDM measurement of 10-27 to 10-28 e∙cm, the geometrical phase effect (GPE), which arises from magnetic field inhomogeneity, should be controlled.  The GPE is proportional to the square of EDM cell diameter and the magnetic field gradient.  Our approach to this problem is to use a smaller EDM cell, a spherical coil and a 129Xe co-magnetometer.

The spherical coil produces a homogeneous magnetic field with compact size, which has cylindrical symmetry about the coil axis.  The symmetric field is more preferable than the field produced by the cylindrical cosq coil, which is perpendicular to the cylinder axis, therefore has a quadrupole component.  The quadrupole field induced a rather large GPE in the last ILL measurement.  A dipole field of UCN valve material also induced a large GPE in the ILL measurement.  We will use complete non-magnetic materials around the EDM cell.

Magnetic field stability is also very important to improve the EDM measurement, because the magnetic effect is much larger than the EDM effect.  We are thinking to use a 129Xe co-magnetometer, in addition to the 199Hg co-magnetometer which is used at ILL.  Xenon is an inert gas, while mercury is a metal.   Therefore, xenon gas is better than mercury vapor, when we apply to a high voltage cell.  The neutron absorption cross section of 129Xe is much lower than 199Hg.  Therefore, we can increase the xenon nuclear number density in the application to the co-magnetometer so that the xenon gas itself works as a buffer gas to suppress the Bloch Siegert shift.

We have already developed the Ramsey resonance technique by using a pulsed neutron beam [5].  The application to UCN is an extension of this technique.  We are constructing a UCN Ramsey resonance apparatus, which is shown in Fig. 9.  The apparatus will be connected to the UCN valve at the source part.  UCN from the source pass through UCN guides, a rotary valve, a polarizer/analyzer iron foil, a door valve and then fill an EDM cell of silica.  The EDM cell is placed in a weak magnetic field of the spherical coil, which are installed in a Permalloy box for Earth’s magnetic field shielding.  The door valve is closed after UCN filling.  UCN spins are rotated by p/2 so that they precess about the weak magnetic field, and then are rotated by p/2 again.  The door valve is opened so that UCN pass through the polarizer/analyzer foil.  UCN are guided to a detector by the rotary valve.  If we repeat this process for different RF frequencies around the resonance frequency, we can observe the Ramsey fringe in the neutron magnetic resonance.  This is the first step to the EDM measurement.  In the EDM experiment, a shift of the Ramsey fringe, which is proportional to the electric field, is measured.


In the present proposal, we will establish the UCN Ramsey resonance.  For the Ramsey resonance, we need firstly UCN polarization in the EDM cell. Therefore, we will study

1. UCN spin transport from the polarizer to the EDM cell, and from the EDM cell to the analyzer,
2. UCN depolarization, namely T1 relaxation time in the UCN guides and the EDM cell.

We will study materials for the UCN guide and the EDM cell.  Secondly, we need to control precisely the static magnetic field and the oscillatory field.  We need to study T2 relaxation time, in addition to T1, so that we can observe clear

3. UCN Ramsey resonance in the weak magnetic field.

For the EDM measurement, we need to improve the UCN source.  We will also measure

4. UCN production rate and storage time for the improved UCN source.
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5.  Experimental plan
We request the following proton beam,

proton beam power: Ep = 392 MeV, Ip = 1 A (as high as possible),

proton pulse width: 0.1 to 200 s,

repetition period: several 10s to several 100s.

The beam time request is the following.

For 1) UCN source improvement



5 days

For 2) UCN spin transport




5 days

For 3) T1 and T2 relaxation time of UCN spin


5 days

For 4) Measurement of Ramsey resonance


5 days

6.  Experimental cost
We need the following budget:

EDM cell



1,200,000 yen
UCN valve and controller

2,600,000 yen
Precision current source

1,000,000 yen

Liquid helium


4000 l 
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piston





Filling


valve





Emptying


valve





UCN detector





h





� EMBED Excel.Sheet.8  ���





td = 0 s





25 s





50 s





75 s





100 s





125 s





td = 0 s





40 s





120 s





240 s





Prompt neutrons





Proto beam





Prompt neutrons





Protons








PAGE  
4

_1165714278.xls

