
ABSTRACTDUBOSE, FRANKLIN H. Development of Two Components for the Neutron ElectricDipole Moment Experiment. (Under the direction of Dr. P. Hu�man).A new search for the electric dipole moment of the neutron has been proposed thatwill be housed at the Spallation Neutron Source at Oak Ridge National Laboratory [1]. ThenEDM experiment is part of a class of new experiments aimed at searching for physics be-yond the Standard Model, particularly in the CP and T violating sectors. Several proposedextensions to the Standard Model predict values for the electric dipole moment of the neu-tron. Thus, the discovery of a nonzero electric dipole moment for the neutron (nEDM)would have a fundamental impact upon the current understanding of the weak and strongnuclear interactions.The nEDM measurement takes place in liquid helium, doped with trace amountsof polarized 3He that functions as both a detector of neutron spin alignment and as a comag-netometer. When a neutron captures on 3He, the decay products ionize the surrounding4He atoms, resulting in the production of excited singlet and triplet helium states alongthe ion path. When these excited states relax, light is produced in the extreme ultraviolet,which is then detected. The character of this scintillation light depends on the mass andenergy of the ionizing particle. We are therefore characterizing this scintillation light foruse as a method of discriminating neutron capture from backgrounds.After the 3He depolarizes, it is necessary to remove it before adding more polarized3He. It has been proposed that the depolarized atoms be removed using di�erential evap-oration. We have developed a test evaporative puri�cation apparatus that can facilitatethis removal, therby lowering the concentration of 3He in 4He from approximately 10�10to 10�12. The operating temperature for the experiment, 350 mK to 500 mK, places aconstraint upon the e�ectiveness of this technique. It is therefore necessary to design andoptimize an apparatus capable of performing the above mentioned pur�cation in a timemuch less than the nEDM measurement time of approximately 22 minutes. Additional ex-perimental concerns involve minimizing the introduction of heat to the system, e�ectivelyremoving the evaporated gas from the testing area, and testing of evaporator performance.
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1
Chapter 1
IntroductionA new search for the electric dipole moment of the neutron has been proposed thatwill be housed at the Spallation Neutron Source at Oak Ridge National Laboratory [1]. ThenEDM experiment is part of a class of new experiments aimed at searching for physics be-yond the Standard Model, particularly in the CP and T violating sectors. Several proposedextensions to the Standard Model predict values for the electric dipole moment of the neu-tron. From the results of the nEDM experiment, several of these theories could either becon�rmed, or ruled out [2, 3].The proposed sensitivity of this experiment is �10�28e�cm. To achieve this, nu-merous stages of research and development, from calculations and tests which guide materialselection, to the design and testing of cryogenic systems are required. Much of this researchand development is dedicated to control signal backgrounds to the level necessary to per-form such a sensitive measurement. Central to the nEDM experiment is 3He, which servesthe dual function of co-magnetometer, re
ecting any magnetic �eld inconsistencies, andas an indicator of neutron spin alignment. This work provides an overview of the nEDMexperiment and details the progress of two components of the research and development:signal processing for background reduction and the handling and removal of 3He.1.1 Motivation for the nEDM SearchThe Standard Model provides a framework for the properties and interactions ofthe fundamental particles [4]. These fundamental particles can be grouped as quarks or



2leptons, and interact through the strong, weak and electromagnetic forces.Quarks can be grouped into one of six categories, termed 
avors: up, down, top,bottom, strange, and charm. These particles, which make up the neutron as well as theother hadrons, have the properties of color charge, electric charge, mass, and spin. Of thefundamental particles, only quarks experience the strong force. Interactions via the strongforce are mediated by gluons.Leptons, which do not experience the strong force, also have six 
avors, comprisedof three particles and their respective neutrinos. These are the electron (e�), electron neu-trino (�e), muon (��), muon neutrino (��), tauon (��), and tauon neutrino (�� ). Leptoninteractions involving the weak force are mediated by W� and Z0 bosons. Both quarks andleptons experience the electromagnetic force. Interactions of particles via the electromag-netic force are mediated by photons.Central to the development of the Standard Model is symmetry, as it relates tothe transformations of charge conjugation (C), parity (P), and time reversal (T). Chargeconjugation e�ectively changes a particle to its own antiparticle. Under a parity transfor-mation, the spatial coordinates of a system are reversed. Thus, when the parity operatorP acts on a system, P	(~r) = 	(�~r) (1.1)where 	 is the wave function for the system. The time reversal transformation acts simi-larly on the time coordinate. These transformations can also de�ne symmetries when usedtogether, as in CP and CPT. Our use of the Standard Model in understanding the natureof the universe is derived from both the conservation, and breaking, of these fundamentalsymmetries.Parity violation has been measured in several systems. The earliest observationwas in the � decay of polarized 60Co, which showed an asymmetric spatial distributionof decay products with respect to the direction of the nuclear spin [5]. This violation iswell represented in the Standard Model through the chiral coupling of fermions to gaugebosons [4]. CP violation was later observed in the decay of the neutral kaon system [6].CP violation in the Standard Model can be seen in the quark { quark interactionvia the weak force [7]. In this reaction, a quark can change 
avor, resulting in a net changein its electrical charge. Thus, an up quark, for instance, with charge 23e can become a downquark, with electrical charge -13e, where e is the fundamental electric charge. The charge



3current resulting from this e� change is de�ned asJ� = (�u �c �t)
�(1� 
5)2 U 0BB@ dsb 1CCAwith the matrix U given by U = 0BB@ Vud Vus VubVcd Vcs VcbVtd Vts Vtb 1CCAwhere 
� = f
0;�
1;�
2;�
3g are the gamma matrices and 
5 = i
0
1
2
3 [8]. The3 � 3 matrix U is known as the Cabibbo{Kobayashi{Maskawa matrix (CKM) [9]. TheCKM matrix de�nes the probability that an up, top, or charm quarks will become a down,bottom, or strange quark through the weak interaction.In the Standard Model, the CKM matrix contains four independent parameters.These are the three mixing angles in the quark �eld space and a complex phasemboxeiÆCKM . It is this complex phase that can account for CP violation in the weakinteraction [10].CP violation in the Standard Model also appears in the e�ective Quantum Chro-modynamics (QCD) Lagrangian, written asLe� = LQCD + L�with LQCD = �14G���G��� � �n	n [Æ � igA�t� +mn] (1.2)L� = � g232�2G��� ~G��� (1.3)where G��� is the color gauge-covariant gluonic �eld strength tensor, g is the strong couplingconstant, A� is the color gauge vector potential, and t� is the set of generators of color [11,12, 13]. The terms G and ~G are related by ~G��� = 12�����G��� where ����� = ������ isthe total asymmetric tensor. Thus, for a nonvanishing �, the QCD Lagrangian contains anexplicit violation of CP.The existence of possible further CP violation motivates the search for nonzeroelectric dipole moments. Asymmetry in CP can be observed in the case of spin 1/2 particles



4subject to an electric �eld. The energy of such a particle is given byEp = dp~� � ~Ewhere dp is the particle dipole moment, ~� is its Pauli spin matrix, and ~E is the electric�eld. This relationship is odd under a CP transformation. The CPT theorem states that�eld theories with local, Lorentz invariant, hermitian Langrangians must be invariant undera combined C, P, and T transformation [14, 15]. Thus, an observed CP asymmetry alsoimplies T violation.The QCD model does not contain any predictions for the value of �. It musttherefore be determined experimentally by measuring certain physical quantities, such asparticle dipole moments, which can then be applied to models that predict values of �.Calculations have shown that dn � O(10�16)� where the current experimental limit on theneutron is dn � 2.9�10�26 e�cm [16, 7, 17]. This corresponds to a value of � <10�9�1 [18].The so-called \Strong CP problem" refers to the small experimental limits imposed on �,as compared with � � O(1), implied by equation 1.2.Measurement of an electric dipole moment for the neutron in particular can providedirect insight into the � term in the QCD Lagrangian. This stems from the G and ~G terms,which couple to quarks, but do not induce 
avor change [13]. Thus, the � term is moresensitive to dn than ÆCKM . This sensitivity does not exist for kaons and electrons. Therefore,measurement of a dipole moment for the neutron can be used to determine the value of afundamental parameter of the Standard Model.Another motivation to search for electric dipole moments is the desire to under-stand the source of CP violation beyond the scope of the Standard Model. Evidence of thisunexplained violation can be found in the existence of the universe itself. In its beginnings,the universe was made of equal parts of both matter and antimatter. Mutual annihilationshould have left a universe �lled with only photons. Since this is not the case, there mustbe some mechanism, such as CP violation, that led to a matter dominated universe.The number of photons in the cosmic background is evidence of matter{antimatterannihilation in the past. Measurements of the cosmic background are used to quantify thisobserved asymmetry, written as nB � n �BnB + n �B



5where nB and n �B are the number of baryons and antibaryons respectively. A comparison ofestimates of the present number of baryons with the cosmic background gives a few baryonsfor every 1010 photons [19, 20]. This observation calls into question how physical processescould have caused an asymmetry to develop.A possible explanation for the baryon asymmetry of the universe (BAU) wasgiven in the work of Sakharov, where he outlined conditions necessary for an inequalityin baryon/antibaryon number to develop. He stated that reactions which lead to the prefer-ential population of baryons must 1) change the number of baryons (B-violating) 2) violateCP, and 3) occur in non-equilibrium processes [21]. B-violating processes have not beenobserved experimentally, though they are no longer considered forbidden in the StandardModel [22]. While CP violation has been observed, the CP violation seen in the StandardModel is many orders of magnitude less than what would be required to explain the observedbaryon asymmetry [23].The purpose of the nEDM experiment is to either search for a new source of CPviolation or set tigther constraints on CP violation within the Standard Model.1.2 Previous ExperimentsMany theories exist, both within and outside the framework of the StandardModel,that attempt to explain the experimentally observed CP violation. Using these theories,one also predicts a range of values for the electric dipole moment of the neutron. Withimproving experimental methods, many of these models have been successfully ruled out.The progress of these experiments is shown in Figure 1.1, alongside some representativetheoretical models.Until roughly 1950, parity conservation was assumed to be a fundamental sym-metry. However, this assumption was not backed up by experiment, which led Purcell andRamsey [24] to develop an experimental test. Their aim was to measure the dipole momentof a neutron, as a neutron dipole moment is forbidden under parity symmetry. Neutronswere chosen because they are electrically neutral and could therefore traverse a large electric�eld without being accelerated out of the measurement region [25].In their experiment, a beam of neutrons passed through an electric �eld regionbetween two oscillatory magnetic �elds. Any change in the magnetic resonance frequency
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Figure 1.1: Improvement in the experimental upper limit on the neutron Electric DipoleMoment as a function of time [1]. Given on the y{axis are a few of the models that arebeing tested or have been ruled out by neutron electric dipole moment experiments. Theproposed 10�28e�cm sensitivity of the nEDM experiment will allow testing of the limits ondn proposed by the Supersymmetry and Left{Right Symmetric models.



7of the neutrons could be attributed to a neutron electric dipole moment. The experimentdetected no neutron electric dipole moment, to a level of 5�10�20 e�cm.Because parity violation had not been observed in any system up to this point, theassumption of parity conservation was seen as a suÆcient argument against the existence ofan electric dipole moment for the neutron. However, near the time of the Purcell and Ram-sey experiment, parity violation in the weak interaction was proposed to explain anomaliesin the decay of the K meson, and measured in the � decay of 60Co [5, 26]. This observationwas suÆcient to eliminate parity conservation as an argument against the existence of aneutron electric dipole moment.Under a symmetric CP or T tranformation, dipole moments of the fundamentalparticles are forbidden [27, 28]. Thus, the �nal symmetry argument against the existenceof a neutron electric dipole moment was disproved with the observation of CP violation inthe decay of the K0L meson.Several models were developed to explain the observed CP violation in the K0Lmeson. These theories also predicted values for the neutron electric dipole moment. Thisrenewed interest in the search for violations in the CP sector. As a result, several experi-ments using the beam resonance technique were developed to measure the neutron electricdipole moment.The most sensitive of these experiments was performed by Dress et al. [29]. Inthis beam experiment, neutrons were passed through a 17 G magnetic �eld region, alsocontaining a 100 kV/cm electric �eld. The neutrons were polarized and analyzed by mag-netized iron mirrors, also located within the �eld region. Once polarized, oscillatory �eldswere used to change the orientation of the neutron spins [30]. The e�ects of changing theelectric �eld orientation with respect to the magnetic �eld could then be measured as achange in the neutron resonance frequency. The results of this experiment served to lowerthe experimental upper limit to (4�15)�10�20 e�cm.In these beam-type experiments, the neutron velocities averaged between 80 and180 m/s. Inherent in beam magnetic resonance experiments is uncertainty about the e�ec-tive magnetic �eld due to the neutron velocity. The shift caused by this e�ective �eld:�B = ~v � ~Ec2set an upper limit on the uncertainty of beam experiments. Experiments to measure the neu-



8tron electric dipole moment therefore shifted to the use of slower neutrons. In these experi-ments, electric dipole measurements were made using ultracold neutrons (v < 8 m/s) thatwere stored in bottles via total internal re
ection from the walls due to the Fermi potential.The next generation of experiments were all stored ultracold neutron (UCN) exper-iments. In addition to reducing the velocity e�ects seen in beam studies, magnetic resonanceexperiments using stored neutrons gave a much narrower resonance peak (�0.01 Hz) thanthe approximately 80 Hz width peak seen in beam experiments [28, 31, 32, 33, 34, 35]. Inthe early bottle experiments, neutrons were stored in an electric/magnetic �eld region for5 { 80 s [28, 36, 37]. Using adiabatic fast passage nuclear magnetic resonance, the neutronresonance was measured, subject to an electric �eld applied parallel or antiparallel to themagnetic �eld. The lowest measurement limit published from these early experiments is(0.3�4.8)�10�25 e�cm [37].These early experiments were limited by ultracold neutron density and an inabilityto assess magnetic �eld inconsistencies. The problem of uncertainty due to low ultracoldneutron density was addressed through improvements in moderator technology, as wellas the introduction of neutron re
ecting turbines, which remove one component of theneutron's velocity [38]. The larger uncertainty arises from changes in the magnetic �eldwhen the electric �eld is reversed. Concerns over the limits imposed by variations in theconstant magnetic �eld led to the introduction of a co-magnetometer, present in the neutronexperimental volume, to directly measure the �eld.Baker et al. published the most recent experimental limit of the neutron electricdipole moment in 2006, using an atomic mercury co-magnetometer [39]. A direct measure-ment of the magnetic moments of the mercury atoms as they precessed in the magnetic �eldregion, was used to sample the magnetic �eld experienced by the neutrons. This samplinghad to be scaled due to the di�erent gyromagnetic ratios of neutrons and mercury, where
n=
Hg = �3:842. This group set an experimental upper limit of dn �2.9�10�26 e�cm.The principal uncertainty in this experiment is the geometric phase e�ect. This shift in theLarmor precession frequency due to the random motion of spins in an applied electric �eldcan mimic a dipole moment. An extensive discussion of this e�ect as it relates to trappedneutrons is given in Pendlebury's 2004 paper [40] and by Golub and Lamoreaux [41]. Cur-rent neutron electric dipole moment experiments have reached sensitivities where this e�ectmust be accounted for and/or minimized.
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Chapter 2
Two Components of the nEDMExperimentThis chapter provides an overview of two components of the research and devel-opment for the nEDM experiment. The �rst is an identi�cation of neutron capture eventsand the second is the removal of depolarized 3He from the target cell.In the nEDM experiment, magnetic resonance will be used to make an electricdipole moment measurement of stored, polarized ultracold neutrons. Ultracold neutrons,which have a known magnetic moment ~�n, are placed in a uniform magnetic �eld ~B0. Thespins of these neutrons are then rotated into the plane perpendicular to the magnetic �eld,generating a torque on the neutrons de�ned by � = ~�� ~B. This torque causes the particlesto precess in the plane perpendicular to the magnetic �eld. For the neutron, a spin 1/2particle, the frequency of the precession is �n = �2�nB0=~. A similar precession frequencyexists for a spin 1/2 particle possessing an electric dipole moment ~d subject to a staticelectric �eld E0, given by � = �2dE0=~. Thus, the Hamiltonian of a neutron in an externalparallel magnetic and electric �eld region is given byH = �( ~�n � ~B0 + ~dn � ~E0)giving a precession frequency of � = �(2�nB0 + 2dnE0)=~where dn is the neutron electric dipole moment.



10A deviation from the magnetic �eld induced neutron precession frequency can beattributed to dn{E0 interactions. This is quanti�ed by applying the electric �eld bothparallel and antiparallel to the magnetic �eld. In the antiparallel con�guration, the neutronprecession frequency is given by � = �(2�nB0 � 2dnE0)=~giving a net di�erence in precession frequency of �� = 4dnE0=~. For the neutron, thisfrequency shift is potentially on the order of �Hz. For a known electric �eld E0, thisfrequency shift corresponds to an electric dipole moment uncertainty ofÆdn = ~Æ��n4E0 (2.1)where Æ��n is the uncertainty in precession frequency shift. For a dn � 10�27e�cm, Æ��nshould be � �Hz. In order to achieve this precision, the magnetic �eld should be measuredwith a co-magnetometer, which samples the same volume as the neutrons. The nEDMexperiment collaboration has chosen to use polarized 3He as this co-magnetometer, sinceit disolves in liquid 4He and has a magnetic resonance frequency near that of the neutron.The 3He atoms in the measurement cells precess subject only to the external magnetic �eld.This is due to Schi� shielding, in which the two 3He electrons e�ectively cancel any electric�eld e�ects [42]. Because the EDM is thus several orders of magnitude smaller for 3He, aswell as its large di�usion coeÆcient(�730 cm2/s), the 3He atoms can be used to uniformlysample the magnetic �eld. At suÆcient densities, the magnetic moments of these atomscan be detected using superconducting quantum interference devices (SQUID), allowingan in situ measurement of the magnetic �eld. The use of co-magnetometers has been acommon feature of stored neutron EDM experiments, beginning with the work of Ramsey,who introduced the use of mercury of this purpose [25].The applied electric �eld has a design strength of 50 kV/cm, with a 1% uniformityover the cell volume and a < 1% shift over the measurement cycle. The magnetic �eldstrength will be �10 mG.The nEDM experiment will use neutrons produced by bombarding liquid mercurywith a high energy (�1 GeV) proton beam [43, 44]. H2 and H2O are used as moderators,creating a source of cold and thermal neutrons respectively. Since 8.9 �A neutrons arethe primary component needed for the superthermal production of ultracold neutrons (see



11Figure 2.1), these neutrons are Bragg re
ected out of the beam and directed into theapparatus using alkali-intercalated graphite monochromators. A polarizing supermirror isthen used to select for a particular spin state. Experimentally, this supermirror techniquehas been shown to produce greater than 95 % polarization [18].In order to maximize the counting statistics, ultracold neutrons will be produceddirectly in the measurement cells. This is done using a momentum transfer process known asthe superthermal process, �rst proposed by Golub and Pendlebury [45, 46]. In this method,8.9 �A neutrons enter the liquid within the acrylic cells with momentum ! = ~2k2=2m. Thismomentum expression de�nes the dispersion curve for the neutron in the liquid, shown asthe parabolic curve in Figure 2.1. When plotted against the dispersion curve for excitationsin He{II, the curves cross in the linear region of the super
uid curve, at 2�/k� =8.9�A,corresponding to an energy E� = (~k�)2=2m �12 K. Neutrons with wavelengths at or near8.9�A and momentum ~ki, upon crossing the acrylic cell boundary and encountering thesuper
uid region, lose nearly all momentum and downscatter into the ultracold regime,with energies of <100 neV.Conservation of energy and momentum, i.e.~Q = ~ki � ~kf (2.2)~2k2i2m = ~2k2f2m +E(Q) (2.3)dictates that these now ultracold neutrons can only absorb phonons with energy E� = 11 K.The probability of the reverse process of neutron upscattering by phonon absorption isminimized by the 350 { 400 mK temperature of the super
uid. This is due to the lowtemperature suppression of the phonon density, which scales with the Boltzmann factore�~!=T . Neutron production thus proceeds at a rateP = 7:2 d2�d�d
�3u Æ
 ncm3 � s (2.4)where d�/d� de�nes the neutron spectral density at 8.9 �A and �3u is the maximum neutronwavelength that the cell can trap. The tightly bound 4He nucleus has a neutron absorptioncross section of zero, resulting in no UCN loss to absorption on 4He. Several experimentshave been conducted to measure this production rate, with varying levels of agreement withtheoretical UCN production rates [49, 50, 51, 52, 53, 54].
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Figure 2.1: Single{phonon excitation energy (K0) vs. momentum tranfer(~Q) for super
uid4He [47]. The solid curve is the energy vs momentum curve for neutrons. The dotted curveis a parametrization by Maris [48] .



13Once in the low energy state, the ultracold neutrons are trapped within the exper-imental cells, since they no longer have suÆcient kinetic energy to overcome the materialwall potentials. While the neutron beam is on, an ultracold neutron population then buildsup within the liquid helium volume, subject to the loss constraints of the experiment. Inthe two nEDM measurement cells, these constraints are dominated by wall losses, neutron� decay, and neutron capture on 3He. The UCN loss rate is thus de�ned as��1 = ��1wall + ��1� + ��13He + : : : (2.5)which limits the maximum UCN density.The expected UCN production rate is �0.4 UCN/cm3�s. Thus, given the 134 neV,de�ned by the deuterated polystyrene doped with deuterated tetraphenyl butadiene, theexpected 500 s storage time should yield neutron densities of roughly 150 UCN/cm3.Once a suÆcient population of UCN has been achieved in each of the cells, theneutron beam is turned o� and polarized 3He from an atomic beam source is introduced intothe cells. These polarized atoms from the beam are incident upon a free liquid 4He surfacein the 3He injection storage volume, and are transported into each of the measurement cellsthrough either di�usion or the use of heat currents.One of the central challenges of the nEDM experiment is the controlled movementof 3He. After injecting polarized 3He into the injection volume, it must be moved, in apolarity conserving process, into the measurement cells. This can be accomplished eitherthrough the passive di�usion process, or through an active heat 
ush. A primary restrictionon using di�usion for transport in the nEDM experiment is the dependence of the di�usionrate on temperature. The planned operating temperature for the experiment is roughly400 mK. Di�usion of 3He in 4He limits this technique to a maximum temperature of 300 mK.Secondly, while the di�usion process can proceed fairly quickly below 300 mK, there is someconcern over the amount of depolarized 3He atoms remaining in the injection volume thatcould di�use into the cells in the next measurement cycle. For these reasons, it has beenproposed that an active heat 
ush process be used to transport 3He.The heat 
ush method is an established technique for removing 3He from 4He,though at temperatures closer to 1.5 K. Developed by McClintock, the heat 
ush reliesupon the dual nature of liquid helium below the lambda point [55]. Whereas liquid heliumis termed a super
uid below the lambda point, it is actually composed of a mixture of
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Figure 2.2: Relative normal 
uid and super
uid composition of pure 4He below the �point (2.18 K). �s and �n indicate the super
uid and normal 
uid densities respectively [56].super
uid and normal 
uid. The relative concentrations are temperature dependent, andare shown graphically in Figure 2.2. In the presence of localized heating, the super
uidmoves toward the source, while the normal 
uid component moves away from the source.Because in a solution the 3He atoms interact with the normal 
uid, a localized heat sourcecan be used to drive these atoms toward colder areas [55]. This method has been verywell characterized at temperatures �1.5 K, and it has been shown that di�usion of 3Heatoms against the direction of normal 
uid movement is negligible. An extensive theoreticaltreatment has been given to extending the heat 
ush to operatate at temperatures below0.5 K [57].The viscosity of the normal 
uid �p is de�ned as the product of the normal 
uidphonon density and the di�usion constant of the phonon gas. When a heat source is intro-duced, the 3He atoms travel subject to the velocity, viscosity, and density of the surroundingnormal 
uid, while undergoing convection and di�usion. A model has been developed todescribe this convective/di�usive motion and has determined the heat 
ush to be a viablemechanism for 3He transport. Theoretically, this can be done while still maintaining over



1590 % polarization [57].The polarized 3He atoms are 
ushed into the cells with their spins aligned with theneutrons. The spin vectors of both species are then rotated into the plane perpendicularto the magnetic �eld and electric �eld using a magnetic �eld pulse, applied at 3.165 Hzfor 1.58 s. In order to conserve angular momentum, the neutrons and the 3He atoms startto precess about B0 at their respective Larmor precession frequencies. The 3He Larmorprecession frequency di�ers from the neutron precession frequency due to the di�erence inmagnetic moments of the two species (�n=�3He � 0:9).When both species are polarized and brought into the �eld region, neutron captureproceeds as n +3 He! p + H+3 + 784 keVwhich will occur when their spins are antiparallel. The recoil proton and triton from neutroncapture on 3He ionize the helium which produces extreme ultraviolet light (�EUV � 80 nm).The EUV light propagates undisturbed through the liquid [58], until it encounters thewavelength shifting coating on the inner walls of the acrylic cell, where it is converted tovisible light (� � 430 nm). The blue light is transported down a series of waveguides tophotomultiplier tubes and detected. A diagram of the detection mechanism is shown inFigure 2.3.The spin alignment requirement, coupled with the di�erent precession frequenciesof the two species, implies a periodicity to the neutron capture rate. In order to accuratelymeasure electric �eld e�ects on the neutron precession frequency, it is necessary to accuratelydetermine the rate of neutron capture. This is complicated by backgrounds arising as aresult of the use of 4He scintillation as an indicator of neutron capture.Any ion with suÆcient energy can produce scintillation in 4He. This includes theproducts of neutron � decay n! p+ e+ ��e + 782:6 keVwhich can potentially be a large source of backgrounds. In Chapter 3, I discuss my workin developing a method of distinguishing n{3He capture light from scintillations inducedby other radiation sources. The method was applied to data collected in an experimentin which neutrons were passed through a cell containing a mixture of 3He and 4He. Theresulting scintillation light data contained background signals comparable to and greater
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Figure 2.3: Detection of neutron capture on 3He through liquid 4He scintillation. The recoiltriton and proton deposit energy in the surrounding 4He atoms, producing excited states.When these excited states relax, they emit photons in the extreme ultraviolet. An organic
uor converts these EUV photons to blue light for detection.than the neutron capture signal. The character of this light di�ers when the radiationsource is a heavy ion, as compared with � or 
 sources. This di�erence can be exploitedto isolate light originating from neutron capture. Successfully categorizing the source ofinduced scintillations in such an experiment represents a crucial step towards a precisionnEDM measurement.Polarized 3He depolarizes after some �nite time, depending upon experimentalconditions. Once the atoms depolarize, they can no longer be used for the electric dipolemoment measurement or magnetic �eld assessment. Therefore, the depolarized atoms mustbe removed from the measurement cells. Removal requires a second heat 
ush to drive thedepolarized atoms to an isolated volume. Once the measurement cell has been emptied of3He atoms, the removal of these atoms can proceed in parallel to data collection.In the nEDM experiment, it has been proposed that an evaporative puri�er be usedto remove depolarized 3He from the system [59]. Chapter 4 therefore covers progress towardsthe development of an apparatus to remove 3He atoms from 4He. To test the viability ofevaporative puri�cation, I have worked in the development of a prototype apparatus which



17will be used to remove 3He impurities from 4He. The puri�cation process is a distillation,using the di�ering vapor pressures of 3He and 4He to preferentially remove 3He atoms.Discussed are speci�cs of apparatus design, performance, and testing. Also discussed arethe issues involved in using this system in a sub{1 K experiment.The goal of the nEDM experiment is to achieve at least a factor of 200 improvementin the sensitivity to a neutron EDM over previous experiments. The application of thesetwo components will have a direct impact upon this desired result.
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Chapter 3
Temperature dependence of n{3Heinduced scintillations in 4HeIn the nEDM experiment, polarized ultracold neutrons (UCN) will be trappedin a volume containing super
uid 4He, with a 10�10 concentration of polarized 3He. Theneutrons and 3He atoms are subject to an applied magnetic �eld. The interaction of theirmagnetic moments with this �eld causes the species to precess about the �eld axis withslightly di�erent frequencies in the liquid, due to the 10% di�erence in their gyromagneticratios. Neutron capture on 3He depends strongly on the relative spin alignment of the twospecies. When the spins are anti-parallel, the 3He adsorption cross section �abs for ultracoldneutrons is 2.4�106 barns, whereas �abs � 0 when the spins are aligned parallel [60, 61].Thus, one obtains a time dependent capture rate as the species precess. This capture rateis the signal of interest in the nEDM experiment.When a neutron captures on a 3He atom in the reaction given byn +3 He! p+ +H+3 + 765 keVenergy is deposited in the surrounding 4He atoms by the recoil products, creating excitedstates in the helium. These excited states relax by emitting ultraviolet light. The timedependent rate of neutron capture on 3He is measured by detecting this scintillation light.A major source of background events are the products of neutron �-decay, given
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Figure 3.1: Energy deposited in liquid helium by ionizing radiation. The triton and protonare decay products of neutron capture on 3He. Neutron � - decay yields a proton and elec-tron. For completeness, � - particles are included, as they exhibit a known time dependencefor scintillations induced in 4He.by n! p+ + e� + ��e + 782 keVsince the energy from the recoil electrons can also excite 4He atoms. The scintillation lightproduced as a result of this decay is comparable in both size and rate to the neutron capturesignal. Thus a means of discriminating neutron capture from �-decay events is desirable.The energy deposited in 4He from the decay products of neutron capture, neutrondecay, and �{decay is shown in Figure 3.1. The energy loss per unit length of �-decay eventsis considerably longer than that for neutron capture. For a typical �-decay, the electrontravels almost 1 cm, whereas for a neutron capture event, the heavier particles travel lessthan 1 mm. One would expect that the dynamics of the scintillation process will be di�erentfor the two types of events. I have therefore investigated a particle identi�cation method tocorrelate scintillation light with the type of ionizing radiation.
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Figure 3.2: Temperature dependence of �{particle induced scintillations in 4He. The scin-tillation intensity decreases sharply as the temperature is lowered from 1.2 K to 0.6 K, andbecomes nearly constant at lower temperatures. This e�ect has been attributed to a thedecrease in roton density that accompanies decreasing temperature [62].The temperature dependence of scintillation induced by �{particles has been pre-viously measured by Roberts and Hereford [62]. The results of that experiment are shownin Figure 3.2. From Figure 3.2, it is clear that the scintillation intensity when using an�-source decreases by roughly 25 % as the temperature is lowered from 1.2 K to 0.6 K.I am also quantifying the temperature dependence of the scintillations produced throughneutron capture.3.1 Physics of Liquid Helium ScintillationWhen ionizing particles pass through liquid helium, they lose energy to the sur-rounding atoms. If the ionizing particles are of suÆcient energy (E > 42:3 eV), they cansingly ionize atoms in the liquid [63]. This leads to the production of excited atomic andmolecular helium states along the ion path. The population rate and density of these excitedstates depends strongly upon the charge and mass of the ionizing particle. Thus, the energy



21deposited per unit length, dE=dx, for an electron is di�erent from that of an � particle,producing di�erent excited state populations. The energy deposited per unit length for �particles is 50 eV/�m [64]. Therefore, the electron's journey through the liquid producesionization events every 846 nm. On average, the 2.5�104 eV/�m energy deposition of �particles, however, produces ionization events roughly every 1.6 nm.The ionized He+ and e� pairs have a separation of approximately 10 nm. Within600 ps of ionization, the He+ ions interact with the surrounding liquid, eventually formingHe+3 . It is believed that these charged molecules attract surrounding helium atoms, formingwhat is termed a snowball, with an e�ective mass of 40 times the mass of a 4He atom,m4 [65]. The free electrons repel the surrounding helium atoms, forming what is termed abubble, with an e�ective mass of �240 m4. Though the bubble forms within 4 ps, it movesslowly through the liquid due its large e�ective mass [66]. Thus, the He+3 snowball{e�bubble recombination He+3 + e� ! He2 +Hetakes roughly 3 ns. The He2 molecules are formed in both He2(A1�+u ) singlet and He�2(a3�+u )triplet states.The population of singlet and triplet state molecules depends upon the type ofionizing radiation [67]. Because the ion{pair spacing arising from � particles is roughly846 nm, compared to the 10 nm He+-e� spacing, there is a high probability that theionized atom will recombine with its freed electron. This results in the singlet states beingpreferentially populated. The 1.6 nm ion{pair spacing produced by � sources, however,increases the likelihood of mixing among the He+ ions and freed electrons, producing arelatively higher number of triplet state molecules; the observed triplet:singlet state ratiohas been measured as 3:1 when using an � source.Secondary contributors are singlet He(21S) and triplet He�(23S) state metastableatoms, produced as helium atoms absorb energy from the ionizing radiation. The sin-glet:triplet state ratio of these is roughly 5:1 [68]. The singlet atoms interact with theliquid to form singlet molecules, though the lifetime of this reaction is not well understood.Triplet state atoms interact with atoms in the liquid to form triplet helium molecules. Thisreaction occurs with a lifetime of approximately 15 �s [69, 68, 70]. The decay of singletstate molecules occurs on a nanosecond timescale and is characterized by a large pulse ofEUV light.



22After the decay of the singlet state molecules, some singlet and triplet state atomsand triplet molecules remain. These molecules are responsible for smaller light pulses whichwe refer to as \afterpulses". This light emission can stem from either the decays or inter-actions of these excited states. The degree of interaction is driven by the density of excitedstates. Thus, di�erent types of ionizing particle reactions can produce di�erent afterpulsingcharacteristics.Light emission from the afterpulses occurs with both � and � sources. Using a �source in 250 mK liquid helium, the afterpulsing rate has been show to decay exponentiallywith a 2 �s time constant [71, 70]. It is speculated that the source of this exponential decayrate is the interaction of helium singlet atoms with the surrounding liquid to form singletstate molecules, i.e. He(21S) + He ! He2(A1�+u )which decay within a few nanoseconds[72]. Triplet state atoms can similarly interact withthe surrounding atoms to form triplet molecules[73].In addition to the exponentially decaying afterpulse rate, � sources have a longerlived component that varies inversely with time and also decreases in intensity with decreas-ing temperature. Possible sources of this component are the singlet atoms, triplet atoms,triplet molecules, helium ions, or electrons that remain after the fast singlet molecule de-cays. Given the ion density produced by � sources, as compared with that of � sources,it is most likely that the source of this tail is the interaction of metastable states. Thehigh excitation densities produced by � particles make Penning ionization the most likelymechanism for tripet state destruction.Penning ionization, i.e.He�2 +He�2 ! 3He + He+ + e�He�2 +He�2 ! 2He + He+2 + e�occurs with near unity probability when molecular collisions occur. Because this reactionrequires no activation energy and occurs with a very high probability when molecular col-lisions occur, Penning ionization can greatly erode the number of triplet state moleculesin experiments with high excitation energies. As the triplet molecules destructively in-teract, they produce singlet state atoms and molecules which can then radiatively decay,contributing to the afterpulsing rate.



23The afterpulsing rate resulting from Penning ionization depends on the density ofexcited triplet state molecules. Initially, this distribution is de�ned by the path traced bythe ionizing particles through the liquid. As an ionizing particle travels through the liquid,one can assume that it produces excitations that form a cylindrically symmetric Gaussianshape. As the excited singlet and triplet atoms and molecules interact and expand outward,they maintain the Gaussian shape. Because the resulting second generation singlet stateatoms and molecules have a Gaussian distribution, the light produced can be modeled asI 0(t) = kfkttTsNT (0)2�ttttt �1 + td2ttt ln�1 + ttd�2�2 �1 + ttd�where ktt is the triplet{triplet destruction lifetime, �s is the singlet decay lifetime, and tdis the time constant for the decrease in triplet state density at the center of the ionizationtrack, de�ned as td = r0=4DT ; r0 is the initial track radius [62]. The outward expansionof triplet state molecules away from the ionization track decreases the triplet state density,reducing the probability of Penning ionization occuring.The rate of expansion along the ionization path depends on di�usion, which is itselftemperature dependent. Because ionizing radiation can considerably raise the temperatureof the liquid along the ionization track, the rate of di�usion depends more on the ion en-ergy deposition than on the temperature of the surrounding liquid. As the temperature isincreased, excitons along the ionization track di�use more rapidly. Therefore, when heliumis irradiated with �'s, for example, the resulting excitons can be expected to expand awayfrom the ionization track more rapidly than for electrons. This increased di�usion rate candecrease the probability of singlet production after the initial prompt pulse. This mecha-nism was initially proposed by Hereford and Roberts to explain the observed temperaturedependence of the prompt pulse produced using � sources [62].After the expansion immediately following ionization, the excitons thermalize withthe surrounding liquid. The decrease in scintillation intensity with decreasing tempera-ture observed when helium is ionized by �'s can be explained using this rapid expansionmodel [70].As the unreacted triplet molecules di�use through the liquid, they exert a repulsiveforce on the surrounding helium atoms. One can therefore assume that the excited moleculesbehave in the liquid as they would in a vacuum. The radiative lifetime of He�2(a3�+u ) in



24vacuum has been calculated to be �18 s [74, 75]. The molecules are relatively stable invacuum because a radiative decay to the ground state, i.e. two singlet state atoms, is aforbidden transition, requiring a spin 
ip. Therefore, if the molecules do not lose energydue to interaction with other excited species, or by colliding with the container walls, theycan have a radiative lifetime of several seconds. Because Penning ionization occurs withsuch a high probability, this long lifetime decay has not been observed in a vacuum.3.2 Overview of the HMI Particle Identi�cation ExperimentTo quantify the scintillation temperature dependence, and the e�ectiveness of thescintillation character as a means of background discrimination, an experiment was con-ducted whereby a cold neutron beam was passed through a cell containing a dilute 3He/4Hesolution. Two di�erent 3He concentrations were used to focus on either n{3He capture orbackgrounds. The neutron beam was also blocked in order to measure scintillations inducedby Compton scattered 
's, originating from neutron interactions with collimators, �lters,etc., along the beam path. The experiment was conducted over a range of temperaturesbelow the � point of 4He. This was done to measure the e�ect of temperature on the inten-sity of triplet decays resulting from neutron capture, as well as to assess any temperaturedependence in the measured backgrounds.3.3 Experimental SetupThe experiment was performed at the 10 MW Berlin Experimental Reactor (BER{II) at the Hahn-Meitner Institut (HMI) in Berlin, Germany. Neutrons from the reactor coreare moderated by water and an approximately 10 cm thick layer of cold hydrogen to yielda Maxwellian temperature distribution of �30 K. The cold neutrons leaving the source �rsttravel through a series of neutron guides before entering a polarizer, which preferentiallyselects for one spin state, although polarization is not necessary for this experiment. Thebeam of polarized neutrons is then collimated using a lithium{loaded aperture. This emerg-ing beam is nearly uniform in intensity across the diameter of the beam at the image planedownstream.Although the source produces mostly cold neutrons, there can still be a signi�-
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Figure 3.3: Layout of the neutron beam line for the pulse discrimination experiment atthe Hahn-Meitner Institute. The �30 K neutrons were produced in the H2 moderated coldsource at the BER{II reactor. The neutron beam has a 
ux after the lithium collimator of10�6n/cm2�s, and loses roughly 20% on transmission through the bismuth �lter.cant number of high energy neutrons and gamma rays created as a byproduct of �ssionin the reactor and neutron capture along the beamline. Thus, the beam line contains abismuth �lter, placed directly downstream of the collimator, to �lter high energy neutronsand gamma rays. The initial neutron beam 
ux was approximately 106 n/cm2�s, with across section of 1 cm2 before the bismuth �lter (see Figure 3.3). We estimated the 
uxof neutrons entering the cell based on a calculated 80% transmission for cold neutronswith wavelengths > 6.5 �A through a 77 K bismuth �lter [76]. To vary the neutron 
ux tothe measurement cell, the lithium{loaded beam stop was partially or completely removed.With the lithium{loaded beam stop removed, the 
ux to the cell was � 0.8 �106n/cm2�s.A second beam stop, placed beyond the measurement cell, absorbed neutrons that were notcaptured.The measurement cell was an acrylic cylinder with a total liquid capacity of334.5 cm3. The inner walls of the cell were coated with a layer of deuterated polystyrenedoped with deuterated tetraphenyl butadiene (dTPB-dPS). Before coating, the cylinderbarrel and one 
at end surface were glued together using Stycast 1266. The liquid dTPB-dTS mixture was then brought into the partial assembly, then allowed to run out, creating atransparent coating on the inner surfaces. After similarly coating the remaining disk, all ofthe components were annealed. The cylinder assembly was completed using Stycast 1266.This coating served to convert the ultraviolet scintillation light to blue light for transmissiondown the light guides.



26The neutron beam passed through the cell perpendicular to the cylinder axis.Scintillation light was measured using two photomultiplier tubes (PMT), positioned 180Æapart and perpendicular to the beam direction, as shown in Figure 3.4. The photomultipliertubes were at room temperature, and each was located approximately 30 cm from the endof the cell, and 40 cm from the neutron beam. These PMTs were operated in pulse counting
Figure 3.4: Acrylic cell and light collection layout for the pulse discrimination experimentat the Hahn-Meitner Institute. Measurements were made primarily with the cell contain-ing a dilute solution of 3He/4He, with varying 3He concentrations. Two photomultipliertubes (one shown), facing the ends of the cylindrical cell, allowed both coincidence andnon-concidence measurements.mode at a voltage of between 1.75 kV and 1.9 kV. The operating voltage was varied in orderto account for any gain di�erences in the two PMTs. An additional gain factor, determinedfrom the PMT outputs, was introduced as needed in the data analysis software.The PMT output was read using a LeCroy oscilloscope, with a maximum timeresolution of 125 ps/point. For the data collection runs used to determine the neutroncapture count rate, data was recorded without coincidence in 10 ms intervals, with a timescale resolution of 1 or 10 ns/point. Data used for triplet pulse counting was taken incoincidence, with an afterpulse counting window of 20 �s, at a timescale resolution of1 ns/point. After each run, the oscilloscope trace was saved to disk, with each trace �lecontaining information about the hardware settings. A typical trace contained large voltagespikes, indicative of singlet decay, followed by a series of smaller after pulses. There are alsopulses, with a height comparable to the after pulses, that follow a singlet trigger. Thesepulses are attributed to ringing in the photomultiplier tube signal. A sample trace is shownin Figure 3.5.
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Figure 3.5: Sample photomultiplier tube output, resulting from the neutron beam incidenton a 90 mK 3He/4He solution with a 3He concentration �10�5. The large \Primary Pulse"is indicative of singlet decays, with the triplet decay \Afterpulses" shown following theroughly 1.5 �s of PMT ringing.
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Figure 3.6: Comparison of signal backgrounds with neutron capture at � 300 mK. The back-gound curve results from neutrons incident on a cell containing natural helium (x3 �10�7).After increasing the 3He concentration to �10�5, neutron capture occurs



283.4 Data Collection and AnalysisData was taken without neutron capture in two ways. The �rst was through theuse of lique�ed natural helium with a 3He concentration � 10�7. With natural helium inthe cell, the neutron capture rate was low enough that this could serve to quantify thebackground rates. By increasing the 3He concentration to 1.5�10�5, one can begin to seeneutron capture. From the comparison of data collected at the two 3He concentrationsshown in Figure 3.6, it is apparent that the additional 3He allows one to see the neutroncapture events, producing a clearly de�ned peak, centered �1.6 nV�s.Data was taken in both non-coincidence and coincidence modes. For measurementstaken without coincidence, the PMT's were read independently and all data was recorded.Events from the resulting traces could then be examined for each individual PMT, or com-bined using a coincidence algorithm in the processing software. From the non-coincidencedata, we were able to compile information on event counts, pulse heights, and integratedpulse areas. Analysis of non-coincidence traces was used to 1) quantify neutron 
ux at thevarious beam sizes, 2) determine individual PMT backgrounds, 3) observe any temperaturedependence in the pulse area distribution, 4) observe any temperature dependence in thepulse height distribution, and 5) quantify the neutron capture count rates.The aim of using coincidence is to �lter out background events not originatingin the cell and single photoelectron events in the cell. Single photonelectrons can oftenresult from luminescence, induced as neutrons interact with the materials surrounding thehelium [77]. For a double PMT setup, the rate of single (non-coincident) photons can beestimated by Rs = 2�R1R2 (3.1)where Rs is the rate of single photons detected, R1 and R2 are the trigger rates of eachPMT, and � is the discrimination binwidth, set by the electronics of the data acquisitionsystem [68].For coincidence analysis, a 15 mV lower discrimination level and a 20 ns coincidencewindow were set in the software. After an event trigger, identi�ed as the primary singletpulse, afterpulsing events were recorded for 8 �s. Counting was started 1.5 �s after the initialtrigger to account for any PMT ringing e�ects from the primary pulse. This separation ofmeasured pulses into two event classes allowed for a direct correlation of after-pulsing with



29temperature and beam 
ux. With these software settings, we were able to 1) characterize thetime and temperature dependence of after-pulsing for neutron capture on 3He, 2) quantifyafter-pulsing for background events, 3) correlate the number of afterpulses with the primarypulse area, and 4) distinguish neutron capture scintillations from those induced by Comptonscattered 
's.Data was taken with the measurement cell empty, containing natural abundancehelium (natural helium runs), and containing 4He with a 3He concentration of 1.5�10�5(doped 3He runs). In each case, exclusive of the empty cell, data was collected with andwithout (blocked beam runs) neutrons passing through the cell. The beam intensity wasvaried using collimators with three di�erent geometries, denoted as full beam, small beam,and ultra small beam, corresponding to respective decreases in beam intensity. Data wascollected over a range of temperatures from 90 mK to 1.9 K. A summary of the 16 days ofcollected data is given below.1. Empty cell2. Natural helium �lled cell,- Full Beam: 90 mK, 300 mK, 700 mK, and 1400 mK- Blocked Beam: 90 mK, 300 mK, 700 mK, and 1400 mK3. 3He added, bringing the concentration to 1.5�10�5- Blocked beam: 90 mK, 300 mK, 500 mK, 630 mK, and 1500 mK- Full Beam: 90 mK, 300 mK, 500 mK, 630 mK, and 1500 mK- Small beam: 90 mK, 122 mK, 300 mK, 500 mK, 1500 mK, 1900 mK- Ultra small beam: 90 mK, 1500 mK, 1900 mK3.5 Results and DiscussionThe data sets listed above were analyzed o�ine. Each digitized pulse was recordedusing identical voltage thresholds. The result of this procedure was a set of data �les foreach run that contained triggered voltages with the corresponding event times. These data



30�les were then read into the software package Igor Pro 6.0.3.1 which was used for furtheranalysis. The events in each data �les were binned to construct histograms of pulse heightand area, given in volts and V�s respectively. The measured voltages and areas are propor-tional to the energy deposited in the liquid. Data analysis was performed on the summed,binned data. This method of producing pulse area spectra can allow clear discrimination ofthe one, two and sometimes higher photoelectron peaks. The energy deposition sensitivityof the experiment was equally sensitive with respect to pulse height and pulse area. Thisanalysis focuses on pulse area distributions.Characterization of Background CountsIt is important to �rst understand what backgrounds are present. Speci�cally,one must determine how the backgrounds vary with temperature and thresholds, and whatmeans can be taken to suppress them. The purpose of the background analysis was toquantify any temperature dependence in the background count rates.Background events are observed to contain a time dependent component, arisingfrom short lived activation of materials for neutron capture and neutron induced lumines-cence of materials, and a time-independent component, for long lived activation from eitherthe neutrons or naturally occuring and prompt gammas from the reactor and neighboringexperiments. These time dependent sources can be grouped as 1) radiation originatingfrom the source, along the beam path, and from the materials making up the appara-tus, 2) neutron{acrylic cell interactions, and 3) neutron{4He induced luminescence. Theconstant background can originate either in the experimental apparatus or from outside dueto shielding imperfections.In the processing of non-coincidence background data, the analyzed events werelimited to areas within a given area range by setting low and high voltage discriminationlimits. By varying the voltage discrimination levels, we can separate the largely singlephotoelectron background events from the neutron capture signal.Backgrounds were �rst studied by passing the neutron beam through an empty cellwith a low discrimination level of less than 2 mV. The resulting data was used to produce ahistogram of pulse areas, shown in Figure 3.7. The single photon peak was found to occur
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Figure 3.7: First experimental run using neutrons incident on an empty cell. The PMTvoltage was set at 2 kV and a timescale resolution of 1 ns/point was used. The singlephotoelectron peak (SP) can be seen corresponding to an area of approximately �0.15 nV�s.at � 0.15 nV�s.The counts shown in Figure 3.7 are raw data, taken without collimation and withno bismuth �lter in place. In order to distinguish scintillation photons from radiationresulting from the acrylic cell and light guides, a series of changes were made to optimizedata collection. This optimization involved the improvements in collimation, the additionof a bismuth �lter, and additional shielding on the apparatus.We next analyzed the background count rates with natural helium in the cell.Here, the neutron capture rate on 3He is small enough that it does not contribute to theoverall signal. Data was collected with the incident beam both blocked by the lithium{loaded beam stop and with the neutron beam passing through the measurement cell. Datawas taken at 90, 300, and 1400 mK.Data for each PMT was �rst analyzed individually. From the comparison of datafrom each PMT at 92 mK, and with the cell containing natural helium, shown in 3.8a it
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Figure 3.8: Histogram of pulse areas, in V�s, resulting from a neutron beam traversinga 92 mK cell containing natural helium a) without coincidence b) with software coinci-dence. The PMT counts give a measure of backgrounds arising from neutron induced 4Heluminescence, neutron{cell interactions and 
's produced along the beam path.
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Figure 3.9: Temperature dependent pulse height spectra for a) collimated beam on cellcontaining natural helium b) blocked beam, cell containing natural heliumcan be concluded that both PMT's are recording nearly the same number of counts. Thisis con�rmed in 3.8b, which shows the same data, analyzed with coincidence using a 20 nssoftware coincidence window.1 One can see that the majority of counts are coincidenceevents, with backgrounds dominated by events having a pulse area of less than 0.4 nV�s.A second set of background data was collected with the lithium-loaded beam stopin place. In this way, the neutrons were blocked, but gammas were not. This was doneboth with the cell containing natural helium and with the 3He concentration increased to1.5�10�5. A comparison of the pulse height spectra with and without neutrons is shown1Based upon the geometry of the light collection system, a 15 ns delay is introduced before checking fora coincidence peak.



333He Temperature Full Blockedconcentration (mK) (counts/s) (counts/s)Natural 92 7352 � 30.32 1667.3 � 14.45Helium 300 7350.2 � 30.31 {1400 8761.7 � 33.09 1991.3 � 15.7890 { 1955�22.11Doped 300 { 1923 � 21.93Natural 500 { 1874 � 21.64Helium 650 { 1833 � 21.411500 { 1721 � 20.74Table 3.1: Background count rates, in counts/second. The resulting count rates werecalculated after a software introduced coincidence.in Figure 3.9. With neutrons, the overall counts are roughly 4 times higher than without.The count rates were determined by integrating over the range of pulse areas and dividingby the total data collection time.The resulting count rates with x3 �10�7 and x3 �10�5 are summarized in Ta-ble 3.1. It is clear from Table 3.1 that the full beam background count rates with thecell containing natural helium are roughly four times higher than the natural helium countrates measured with only gammas entering the cell. In addition, at 1400 mK the countrates were roughly 20 % higher than at 98 mK. This was true for both the full and blockedbeam natural helium data. With x3 �10�5, the opposite was true, with the count ratesdecreasing with increasing temperature.It is concluded that, both with the beam blocked, and with neutrons passingthrough natural helium, the pulse height spectra exhibit a temperature dependence. Theinitial aim was to verify constant background levels over the temperature range under study.The observed temperature dependence requires one to group each neutron capture data setwith a corresponding background run taken at the same temperature. Because there wasnot a one{to{one correspondence, certain background rates were estimated, based uponobserved trends.Neutron CaptureBy raising the 3He concentration to 1.5�10�5, the ratio of neutron capture events
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Figure 3.10: Histogram of pulse areas for full, small, and ultra small neutron beams incidenton cell containing 4He with a 1.5�10�5 3He concentration. Run times are normalized to 4secondsto background events is increased. With the measurement cell containing 15 ppm 3He, datawas collected between 90 and 1900 mK, at full, small, and ultra small beam intensities, cor-responding to a particular neutron 
ux. Pulse height spectra taken under these conditionsat 90 mK are shown in Figure 3.10. One can easily see the reduction in neutron 
ux fromthese �gures. One can also see a distinct di�erence in these data as compared to the datashown in Figure 3.8. The peak centered around 1.6 nV�s corresponds to neutron captureon 3He. From Figure 3.10, it is also clear that this peak does not change in position withdecreasing beam current.In each of the background plots shown so far, what appears as a peak is an e�ect ofthe voltage discrimination level, introduced in the software. A lower discrimination level of2 mV removes events with an area less than � 0.1 nV�s. Thus, the neutron capture peak was�rst isolated by raising the lower discrimination level in the analysis software. The initialhardware limit was set to 2 mV. By raising the software limit to �12 mV, correspondingto a pulse area of �0.5 nV�s, one can eliminate most of these events. The cuts were appliedto both the neutron capture and background data, as shown in Figure 3.11.
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Figure 3.11: Removal of events from the neutron capture and background pulse heightspectra by increasing the lower discrimination level (LDL). By raising the LDL to 12 mV,events with an area of less than 0.5 nV�s are removed.



36Temperature (mK) Full Small Ultra SmallBeam Beam Beam85 { 2815.72�18.67 {90 1.52�104�61.64 { 2926�27.05350 1.38�104�58.74 3043.5�39.01 {500 1.31�104�57.23 1311.2�11.45 {630 9.95�103�49.87 { {1500 9.28�103�48.17 3490�132.1 1396�7.471900 { 3440�131.15 1463�8.55Table 3.2: Coincidence neutron capture count rates, in counts/second, in the full, small,and ultra small beam con�gurations. For each run, the count rates were calculated byintegrating the voltage isolated neutron capture peak over the total data collection time.The neutron capture rate was �rst determined without background subtraction.This was done by integrating the histogram of pulse areas from 0.8 to 3.2 nV�s and dividingby the total data collection time. Results of this integration at the maximum neutron 
uxare shown in Table 3.2. The con�guration used for collection of natural helium data isdesignated as Setup 1. Setup 2 was used for all neutron capture data collection. The fullbeam counts without background subtraction show a consistent decrease in neutron capturewith increasing temperature. The small beam count rates di�er from the full beam countsby a factor of � 4. In general, the count rates are consistent at 90 and 300 mK, increasing forT�1500 mK. The exceptions are at 122 and 500 mK. Data was taken at these temperaturesafter a change in the experimental setup. Therefore, the lower observed count rates can beattributed to the apparatus. The ultra small beam count rates were roughly 1/10 of thoseobserved at with the largest collimator.Next, the normalized natural helium data is subtracted from the neutron cap-ture data. The resulting peak is shown in Figure 3.12. One can see that, even withoutbackground subtraction, the 3He capture events can be identi�ed with greater than 90 %probability just by using cuts on the pulse area between 1.0 and 3.0 nV�s.Each subtracted data set is �t to a gaussian of the form y = y0+A exp(x�x0=�)2.The resulting �t parameters at the full neutron intensity are given in Table 3.3. The fullbeam peak pulse area shows agreement to within 99 % for all temperatures. Roughly 90 %agreement is seen at the smaller beam 
uxes. The variation in the small and ultra smallbeam �t data is likely due to a higher uncertainty in their respective background counts,
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Figure 3.12: Comparison of counts for the full beam on a cell containing natural helium and15 ppm 3He/4He. The background subtracted neutron peak is �t to a gaussian function.Beam Temperature (mK) y0 A x0(�10�9) �(�10�10)size 90 Setup 1 -22.78�2.57 822.96�4.48 1.74�0.002 5.47�0.0490 Setup 2 -23.66�3.39 937.78�5.86 1.78�0.003 5.51�0.05Full 350 3.63�2.47 838.65�4.45 1.7608�0.002 5.30�0.04Beam 500 3.20�2.36 787.71�4.28 1.757�.002 5.27�0.04630 -26.99�2.93 600.73�5.13 1.7723�0.004 5.44�0.06500 -28.42�.15 561.01�5.53 1.7806�0.004 5.44�0.0785 4.8341�0.41 73.22�0.775 1.73�.004 5.067�0.0790 -0.381�0.538 79.595�0.963 1.76�0.05 5.33�0.08Small 300 -1.0�0.67 80.18�1.13 1.757�.006 5.61�0.11Beam 500 -8.9449�.069 30.43�1.15 1.62�0.02 5.65�0.291500 -17.14�2.94 117.22�6.96 1.56�0.02 4.01�0.31900 -16.68�2.70 120.3�6.73 1.54�0.02 3.76�0.2690 4.8341�0.41 73.22�0.775 1.73�0.004 5.067�0.07USB 1500 -30.46�3.42 36.07�4.07 2.0�0.06 8.11�1.251900 -30.85�3.21 39.04�3.89 1.99�0.005 7.93�1.08Table 3.3: 2-dimensional Gaussian �t parameters for the neutron capture peaks. Data wastaken without coincidence.



38which were estimated based on a scaling of the full beam background counts.Triplet State Decay AnalysisUp to this point, I have focused on the prompt singlet pulse. The main dif-ference in scintillation light produced by neutron capture on 3He and that produced bybackground events is the triplet afterpulse signature. Due to the dynamics of ionization,�-decay or Compton scattered electrons will have a di�erent ratio of the number of tripletstate afterpulses relative to the area of the prompt singlet pulse. We therefore investigatedthe scintillation light produced in liquid helium that is ionized by both protons and tritonsfrom neutron capture and electrons. The afterpulsing is known to have a time dependence,with di�erent components decreasing with di�erent functional forms.In general, the analysis program triggers when the voltage from the singlet pulserises above the lower discrimination threshold. If this event does not exceed the highdiscrimination threshold, the program searches for a corresponding signal in the second PMTwithin the coincidence window. Finding a coincident event triggers both an integration ofeach singlet pulse, and a counting of triplet state afterpulses, which have signi�cantly loweramplitudes than the singlet pulse. After compiling some initial histograms of the afterpulsetime dependence, the digitization window was set to 8 �s to maximize the sensitivity. The1.5 �s prior to a singlet pulse trigger and last 3 �s following the 8 �s afterpulse countingwindow, were used to assess the beginning and ending background counts respectively.As shown in Figure 3.13a, in the full beam mode, a signi�cant number of afterpulsesfollow each singlet pulse trigger. By comparison, the number of afterpulses in the smallbeam trace data is noticeably lower, as seen in Figure 3.13b. We suspect that the increasedafterpulse counts will have an e�ect on the particle identi�cation technique.As in the non-coincidence data, the coincidence data runs were taken with the cellcontaining natural helium, and doped natural helium, both with and without neutrons. Aseries of contour plots, correlating the area under each trigger pulse with its correspondingnumber of afterpulses were generated for each data set.The di�erence in area distributions and after pulses can be seen clearly in Fig-ure 3.14 { Figure 3.16. With no neutrons, the singlet decay pulses are followed by, onaverage, 3 afterpulses. Analysis of natural helium data showed a wider pulse area distribu-
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Figure 3.13: Sample oscilloscope traces at the high (full) and intermediate (small) beam
uxes at 90 mK. The singlet pulses in the full beam trace (a) are on average followed bya high density of triplet pulse decays. The small beam trace (b) shows fewer triplet pulsedecays. The di�erence in the observed afterpulsing rates is attributed to frame overlap atthe higher neutron 
uence.
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Figure 3.14: Contour plot correlating singlet pulse area with the number of triplet decaypulses with the cell containing natural helium at 300 mK.tion, though still averaged 2 { 3 afterpulses following each singlet decay pulse.As shown in Figure 3.16, the neutron capture peak is highly separated from theevents shown in the background plots, in both pulse area distribution and after-pulsing. Todetermine, or rule out, any temperature dependence, a Gaussian �t of the formFit = z0+A exp �� 12(1� cor2)�(�(x� x0)xwidth �2 + �(y� y0)ywidth �2 � 2 � cor �(y� y0)(x� x0)x0y0 �)was generated for each contour plot.2 The resulting �t parameters are given in Table 3.4.The x0 and y0 terms correspond to the peak singlet pulse area and number of afterpulsesrespectively.As expected, the �ts show little variation in the main pulse area. This is a similarresult to that seen in the two dimensional count rate analysis discussed earlier, with anaverage singlet pulse area of 1.5�10�9V�s. The average number of afterpulses is also nearlyconstant for the small and ultra small beams, at 6 { 7 afterpulses/main pulse. The small2All �ts were made using the two dimensional gaussian �tting routine supplied in Wavemetrics Igor Pro6.0. The resulting �t parameters had greater than 95% con�dence.
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Figure 3.15: Contour plot correlating singlet pulse area with the number of triplet decaypulses with the beam blocked. The cell temperature is 300 mK.
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Figure 3.16: Contour plot correlating singlet pulse area with the number of triplet decaypulses for neutron capture at 90 mK at 20% of the maximum neutron 
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Beam size T (mK) z0 A x0 (10�9) xwidth(10�10) y0 ywidth90 S1 0.57896 256.68 1.41 2.94 9.8969 3.182290 S2 0.71808 250.43 1.43 2.90 10.189 3.1813Full 350 0.65247 264.3 1.42 2.88 9.6659 3.1605Beam 500 0.71768 274.25 1.42 2.88 9.2399 3.0624630 0.7708 292.9 1.43 2.92 8.4749 2.92691500 0.84513 248.38 1.44 2.90 11.207 3.398190 1.1045 273.2 1.41 3.08 6.4595 2.6221122 1.3442 320.95 1.41 3.04 6.4354 2.5861Small 300 1.2533 323.23 1.41 3.04 6.4672 2.6002Beam 500 1.2561 327.7 1.40 3.03 6.4282 2.59131500 1.3587 267.88 1.42 2.99 8.5178 3.07941900 1.2582 186.38 1.43 2.99 10.362 3.505890 1.2968 318.57 1.42 3.05 6.4637 2.6063USB 90 No coin. 1.2248 264.61 1.41 3.18 6.4031 2.6269303 1.3122 331.6 1.41 3.04 6.4621 2.6241USB2 1800 1.7515 164.37 1.38 3.70 9.1751 4.11311900 1.9063 168.98 1.39 3.45 9.7562 4.089Table 3.4: 3-dimensional Gaussian �t parameters for the neutron capture contour plots. S1and S2 indicate Setup 1 and Setup 2, used for natural helium and doped natural heliumruns respectively. The x0 and y0 terms correspond to the singlet decay pulse area andnumber of afterpulses respectively.
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dependenceFigure 3.17: Average number of afterpulses following each singlet pulse trigger. The smalland ultra small beam data show similar behavior, remaining nearly constant below 500 mKand increasing at temperatures near 2 K. The trendline is an estimate of the temperatureresponse in the region where no data was collected. Fluctuations in the full beam data areattributed to frame overlap, contributing a large number of afterpulses to the overall signalbackground.and ultra small beam afterpulsing is consistent below 500 mK and began to increase asthe temperature approaced 1900 mK, similar to the temperature dependence previouslyseen using alphas, shown in Figure 3.2. The number of afterpulses for the full beam data,however, was considerably larger and had large 
uctuations. This behavior is shown inFigure 3.17. The afterpulsing intensity is roughly 30 % higher at 1500 mK than at 90 mK.To identify the source of the full beam afterpulse 
uctuations, we performed ananalysis of the individual PMT outputs. We considered the after-pulse train for each of thefull beam data sets, as well as the background pulses. A contrast of the measured back-grounds and afterpulsing decay rate in the full and small beam con�guration at � 300 mKis shown in Figure 3.18. It was determined that in the full beam data, the count rateswere large enough that there were a signi�cant number of afterpulses from previous triggerscontributing to the afterpulsing rate. On average, this translates to background counts that
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Figure 3.18: Comparison of afterpulse counts for the 300 mK small beam and 350 mK fullbeam. Shown at the beginning are the small beam and full beam background counts, whichcan be assumed to propogate through the afterpulse window.were 3 times higher in the full beam data than for any of the smaller beam 
uxes. Thee�ect of the higher afterpulse backgrounds can be seen in the decay behavior of the fullbeam afterpulses, which clearly have a larger o�set than the data taken with the reducedneutron 
uences. Due to this signi�cantly larger background term, the full beam data wasnot used in the analysis.3.6 ConclusionsAn analysis was performed of data collected at the Hahn-Meitner Institute todetermine the feasibililty of using triplet decay counting as a means of particle identi�cation.It has been demonstrated that the triplet decay counts resulting from neutron captureon 3He in a liquid 4He environment di�ers greatly from the electron afterpulse signature.Further, the behavior of these afterpulses is similar to the observed behavior of pulsesresulting from �'s in 4He, decreasing with decreasing temperature. The behavior is constantbelow 500 mK. Because the neutron electric dipole moment experiment will be conducted



45between 300 { 400 mK, the above described method shows promise as viable approach tobackground discrimination.
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Chapter 4
Evaporative Puri�cation of Liquid4He for the nEDM ExperimentThe apparatus for the measurement of the neutron electric dipole moment willbe constructed at the Spallation Neutron Source at Oak Ridge National Laboratory andwill store ultracold neutrons in two measurement cells containing super
uid liquid helium.Polarized 3He dissolved in the liquid will serve as a co-magnetometer. Because of the largespin dependent n-3He capture cross section, and the expected neutron number density of�102=cm3, the polarized 3He concentration in 4He must be �10�10. Once the 3He atomsdepolarize, they must be removed from the measurement cells, which are then replenishedwith polarized 3He for the next measurement cycle. In the �nal step the depolarized 3Heatoms are removed from the liquid 4He. This chapter will focus on the 3He removal.The total volume of liquid 4He within the measurement cells and associated plumb-ing is 15 l. This includes the two acrylic cells, the 3He injection volume, and the evaporatorvolume shown schematically in Figure 4.1. In each roughly 2000 s experiment cycle, anatomic beam of 3He is spin { state selected using quadrupole permanent magnets. Thispolarized beam is directed upon the free 4He liquid surface, where the atoms dissolve, form-ing a dilute 3He/4He solution. After a suÆcient population of polarized atoms has beenachieved, the 3He is 
ushed into the two measurement cells by a thermal 
ux produced bya heater. The initial population of 3He atoms in the injection volume is chosen so as toproduce a polarized 3He concentration x3 of 10�10 in each of the measurement cells.Recent experiments have placed the expected depolarization time of 3He in the
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Polarized

3He Injection

Measurement Cells

Evaporative

Purifier

Gas Removal

Figure 4.1: Layout of the 3He injection and removal system for the nEDM experiment. Atthe beginning of a measurement cycle, polarized 3He is introduced, via an atomic beamsource, at the free 4He liquid surface in the 3He injection volume, where it dissolves. Thepolarized atoms are then 
ushed into the two measurement cells. After the atoms depolarize,they are 
ushed into the evaporator volume, where they are removed from the system.geometry of the nEDM experiment at �5000 s at 400 mK [78, 79]. The depolarized 3Heatoms can contribute to the signal background of the neutron capture measurement. Thedepolarized atoms are removed from the measurement cells using the same phonon transportprocess used to move atoms into the cells from the injection volume. The 
ush drives thedepolarized atoms from the measurement cells to the �25 cm3 evaporator volume. Theevaporator volume is then isolated from the measurement cells by closing a valve. The heatcurrents are removed and a new measurement cycle proceeds. The helium in the 25 cm3volume has a 3He concentration of �10�8 or higher. These atoms are then removed.It has been proposed to separate 3He from 4He using di�erential evaporation [59].The following sections 1) describe the relevant properties of 3He/4He solutions, 2) outlinea strategy for carrying out di�erential evaporation, 3) describe e�orts to analyze x3 ingaseous samples using a residual gas analyzer and, 4) describe the con�guration of a dilutionrefrigeration cryostat for evaporator testing.
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Figure 4.2: Phase diagrams of a) 4He and b) 3He from reference [80]. 4He undergoes asuper
uid transition at 2.17 K, while 3He remains a normal 
uid down to 2 mK.4.1 Properties of 3He/4He SolutionsAt temperatures below the super
uid transition of 4He, the thermal and transportproperties of dilute 3He/4He solutions depend upon excitations (rotons and phonons) inthe super
uid, as well as 3He - 3He couplings. At temperatures below 2.17 K, 3He and 4Hehave very di�erent properties. As an isotope with nuclear spin 1, 4He obeys Bose statistics.Below the lambda point (T = 2:17 K), 4He becomes a super
uid, exhibiting no viscosityand no entropy. As spin 1/2 particles, 3He atoms obey Fermi statistics. The phase diagramsshown in Figure 4.2 illustrate this di�erence. Below 2 mK, 3He atoms couple and behavelike bosons, allowing a super
uid transition. At temperatures below the 4He lambda point,



49but above 2 mK, 3He/4He solutions behave as a Fermi liquid of 3He quasiparticles movingwithin a 4He vacuum.For the 3He concentration of x3 = 10�10 present in the neutron EDM experiment,we can expect the 3He atoms to behave as an impurity in pure 4He. The volume occupiedby one 4He atom in pure 4He is � 45.8�A3. The volume occupied by a 3He atom in 4He is30 % larger, due to the smaller mass and larger zero point energy of the 3He atom, is givenby E0 = ~22ma2where a = (V3=NA)1=3 is the radius of the sphere de�ned by the 3He atom [81]. The e�ective3He mass in the 
uid is estimated from the classical behavior of a sphere in 
uid,mcl = m3 + 12m4n4v3 (4.1)where v3 is the volume of 
uid displaced by the sphere and m4n4 de�nes the mass densityof the 
uid, and mcl is the classically determined e�ective 3He mass. From equation (4.1),we calculate a classical e�ective 3He mass of mcl = 1.85 m3. This e�ective mass of 3He in4He is pressure dependent. This pressure dependence is given bymclm3 = �1� :57n4n04��1 (4.2)where n04 the 4He density as temperature and pressure approach zero [82]. At a temperatureof 350 mK, the e�ective 3He mass has been measured between 2.3m3 and 2.7m3 [83, 84, 85].We model the respective vapor pressures of 3He and 4He using the method followedby Wheatley et al. in designing the still of a dilution refrigerator [86]. The vapor pressureof each species is treated independently. For 4He, the vapor pressure curve follows theClausius-Clapeyron equation P = A exp�� LRT � (4.3)where L is the latent heat of vaporization, R is the gas constant, T is the temperature, andA is a constant [87]. The latent heat is itself temperature dependent [56]. The measuredlatent heat for 4He in the temperature range of 0.05 K to 3.0 K is shown in Figure 4.3.Below 1 K, the latent heat varies linearly as L = L0+ 52RT , where L0 = 59:83 J/mol is thelatent heat of vaporization at absolute zero. Below 1.25 K, one can express the 4He vaporpressure as P = exp �i0 � L0RT + 52 ln(T )� (4.4)
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Figure 4.3: The latent heat of vaporization of 4He as a function of temperature. This plot isa compilation of experimental results down to 1 K. Below 1 K, the latent heat has a lineardependence with temperature given by L = L0+(5=2)RT , with L0 = 59.83 [88, 89, 90, 91].where i0 = ln[(2�m)3=2k5=2h�3] [56]. Figure 4.4 shows the 4He vapor pressure over thetemperature range of interest.The presence of 3He has little e�ect upon the vapor pressure of the liquid 4He.This is because the total vapor pressure of a system at equilibrium is de�ned asP = nXi=1 pixiwith pi the vapor pressure of each constituent and xi its respective mole fraction or con-centration. This expression is the equational form of Raoult's Law[92]. By rewriting thisexpression to describe the e�ects of 3He on 4He,P = P0�1� n3n4� (4.5)where P0 is the vapor pressure of the pure liquid, it is clear that, for the nEDM experimental3He concentrations, P � P0.Calculating the vapor pressure for 3He begins from the Clausius�Clapeyron rela-tion at the liquid{vapor transition, where the liquid and vapor chemical potentials are equal.
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Figure 4.4: Temperature dependence of the 4He vapor pressure below 1.25 K, de�ned as P= exp(i0�L0/RT+(5/2)ln(T)), where i0 = ln [(2�m)3=2k5=2/h�3].To de�ne the chemical potential of the vapor state �v, we �rst describe the properties ofthe system in terms of the grand canonical partition functionZ =Yi "Xni e (���i)nikBT #for a system of noninteracting identical particles. The index i denotes the exact statesthat the system can occupy, with �i the energy of that particular state and � the chemicalpotential. The di�erent allowed states nk for fermions and bosons give the resultZi =Xni e (���i)nikBT = 8<: 1 + �e���k fermions�1� �e���k��1 bosonswhere � = 1=kBT and � is the fugacity of the system, de�ned as e���. For a 3He system,which behaves as a Fermi liquid, we can consider only the fermion case. It is from thisexpression that we de�ne the grand canonical potential
 = �PV = �kBT lnZwhere ln Z = �Pi e��i .



52In the ideal quantum gas regime, the partition function Z can be rewritten asZ = eV ��mkBT2�~ � 32 :By de�ning the mean number of particles in the system ashNi = ��Æ
Æ��T;Vwe arrive at the expression for the chemical potential of an ideal 3He vapor as�3vapor = kBT (ln� P3kBT �+ ln"�12�� 2�~2m3kBT � 32#) (4.6)which follows from the ideal gas requirement PV = nkBT . Because the liquid heliumenvironment is not a true vacuum, the chemical potential of the liquid uses the e�ective3He volume and mass, meaning N=V is de�ned in terms of a concentration and e�ectivevolume, as well as the binding energy between 3He and 4He, resulting in the expression forthe chemical potential given in equation 4.7 [93].�3liquid = kBT (ln x3w0;4 + ln"�12�� 2�~2m�3kBT � 32#�E0;3) (4.7)At the phase transition, equations 4.6 and 4.7 are equal, giving the temperature and con-centration response for 3He vapor pressure shown in equation 4.8.P3 = kBTx3w0;4 �m3m�3� 32 exp��E0;3kT � (4.8)The constants in equation 4.8 are w0;4 = 27:5 � 10�6 m3/NA and E0;3=kB = 2:7 K. Weassume the value of m�=m to be within the range of 2.3 to 2.7. Over the measured rangeof the 3He e�ective mass, at 350 mK, the 3He vapor pressure can vary by as much as 20 %(Figure 4.5). Shown in Figure 4.7 are vapor pressure curves for 3He (meff = 2.5 m3) and4He at a concentration of 10�8, 10�10, and 10�12. The vapor pressures P3 and P4 will beused to calculate the di�erential evaporation rate of dilute 3He/4He solutions.4.2 Removal of 3He from 4He through Di�erential Evapora-tionThe proposed method to remove depolarized 3He from 4He for the nEDM exper-iment is to evaporate the atoms from the liquid and adsorb them on a charcoal adsorber.
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Figure 4.5: 3He vapor pressure as a function of temperature. For a dilute 3He/4He solution(x3 = 10�8), the 3He e�ective mass is m� = 2.3m3 � meff �2.7m3, resulting in up to a20% variation in 3He vapor pressure.



54The adsorber has a limited gas capacity, which requires that it be regenerated in regularintervals. The eÆciency of this process depends upon the relative vapor pressures of 3Heand 4He. This process is limited by super
uid 4He, which can climb up the inner wallsof the evaporator where it can vaporize, increasing the pressure in the evaporator volume,thereby decreasing the evaporation rate.The evaporative puri�er is designed with a large pumping surface, a method toregulate super
uid �lm 
ow, and a pump to maintain low pressure in the evaporator vol-ume. In this way, the evaporator functions much like the still of a dilution refrigerator,which removes 3He from a 3He/4He solution. The cylindrical evaporator body has an innerdiameter of 0.28 m, giving a free liquid surface area of 0.06 m2. The liquid depth can bevaried up to a maximum operational liquid depth of 0.05 m. A disk containing roughly 50 gof activated charcoal suspended above the liquid surface serves to capture the escaping gas.This plate can be anchored either at the cold plate, held at 1.5 K, or the 4.2 K inner vacuumchamber 
ange. The molar capacity of this adsorber sets an upper limit on the continuousoperation time of the evaporator. At 4.2 K, the adsorptive capacity of activated charcoalfor helium is approximately 4 mol/kg [94]. Thus, the charcoal used in the evaporator shouldcapture roughly 0.2 mol of helium.A diagram of the evaporative puri�er is shown in Figure 4.6. Liquid is broughtinto and out of the evaporator volume via the bottom valve through a 0.16 cm (1/16") lineconnected to a second adjoining volume (lifter) that can be raised and lowered to displacethe liquid. Once the desired liquid level is reached, as measured using a capacitance leveldetector, the evaporator volume is mechanically isolated using a low temperature VCRvalve. For adsorber regeneration, the liquid is removed and isolated from the evaporator,which is then evacuated via a 1.27 cm (0.5") pumping line. As the puri�er is pumped out,the charcoal is heated to a temperature of approximately 15 { 20 K.The puri�cation eÆciency is determined by the respective vapor pressures of 3Heand 4He and maintenance of a low pressure environment during puri�cation. The evapora-tion rate from the free surface of a dilute 3He/4He solution is�dndt� = 2:48A�dn3dt + dn4dt � P0�T� 12 (4.9)derived from the Langmuir formula [95, 96]. The linear dependence of the rate equationon surface area means that the process prefers a large free surface to maximize puri�cation
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Figure 4.6: 3He/4He evaporative puri�er, designed to remove 3He impurities from super
uid4He. The 50 g of activated charcoal can be kept at 1.5 K or 4.2 K to improved gas adsorption.The �lm burner eliminates super
uid �lm 
ow by vaporizing the the atoms in the �lm, whichare then redirected to the liquid below by the ba�e and condensing plate.
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Figure 4.7: Comparison of 3He vapor pressures for x3 = 10�8, 10�10, and 10�12 with the4He vapor pressure. Values of P3 were calculated using an e�ective 3He mass m� =2.25m3eÆciency. Tying the maximum evaporation rate to vapor pressure is the assumption thatduring operation, dn3dt =dn4dt = P3=P4: (4.10)From the graph of the vapor pressures of 3He and 4He shown in Figure 4.7, for several 3Heconcentrations, it is clear that at lower temperatures, the vapor pressure of 3He is enhancedrelative to 4He. The ratio of vapor pressures as a function of temperature, P3=P4 for a 3Heconcentration of x3 = 10�8 is shown in Figure 4.8.At a given temperature, depending upon the 3He concentration, the vapor pressureof 3He becomes greater than that of 4He. Though evaporative puri�cation can be carriedout over a wide range of temperatures, higher temperature operation leads to an increasedremoval of 4He, which would quickly saturate an adsorption pump. A second limiting factoris the background pressure in the evaporator volume, denoted as P0 in equation 4.11. Thisterm is a fraction of the temperature dependent vapor pressure, written asP0 = C (P3 + P4) (4.11)where C is a constant dependent on the evaporator geometry.
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Figure 4.8: Ratio of the vapor pressures 3He:4He, for x3 = 10�8, m� = 2.25m3 fromT = 0.2� 0.6 K.The background pressure is determined by the statistical probability of physisorp-tion on the charcoal adsorber and the degree to which 4He �lm 
ow can be controlled. Thebehavior of this background for values of C from 0 % to 60 % is shown in Figure 4.9. Thebackground term sets an upper limit on the evaporation eÆciency and must be kept as lowas possible. Because the vapor pressure for 3He is concentration dependent, as de�ned inequation 4.8, as x3 decreases, the rate of 3He removal decreases exponentially. A model ofthe e�ect of concentration on evaporation rate is shown in 4.10. The evaporation rate isseen to decrease by two orders of magnitude over one puri�cation cycle.The expected number of moles of 4He removed in lowering the 3He concentrationby two orders of magnitude is shown in Figure 4.11. The amount of 3He gas removed isconstant at �10�5 mol. From Figure 4.11, it is apparent that above �350 mK, 4He makesup the majority of the vapor and therefore sets the upper limit on the duration of continuousevaporator operation.At an operating temperature of 400 mK, the charcoal will adsorb �10�3 mol of4He per cycle. Thus, at this temperature, a 50 g adsorber will saturate after roughly 200
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uid, having no viscosity and therefore becomingmobile. During evaporator operation, the main pumping line will have a temperature gra-dient, spanning from 350 mK to room temperature. The temperature gradient creates agradient in the chemical potential of the �lm [97]. This chemical potential gradient drivesthe mobile �lm towards the warmer parts of the cryostat.As the �lm climbs a surface, it has a thickness de�ned by the equilibrium condition�f = �l +mgh
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Figure 4.12: Puri�cation time as a function of temperature with P0 = 0.

0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

500

1000

1500

2000

2500

3000

3500

4000

Temperature(K)

N
u

m
b

e
r 

o
f 

cy
cl

e
s 

b
e

tw
e

e
n

 r
e

g
e

n
e

ra
tio

n
s

 

 

Figure 4.13: Number of puri�cation cycles attainable before it is necessary to regeneratethe charcoal adsorber. This �gure uses a background of P0 = 0.



62where �f and �l are the chemical potentials of the �lm and liquid respectively, and h is theheight of the �lm above the liquid surface [98]. At a height h above the liquid surface, the�lm thickness d ' 30h�1=3, with h in centimeters and d in nanometers [80].For a cylindrical pipe, the volumetric 
ow rate is proportional to the pipe circum-ference, �lm thickness, and the critical velocity, vc, de�ned as the maximum allowable �lmvelocity for a given geometry. Below this critical velocity, the �lm 
ow is frictionless. Atpipe diameters D�1.0 cm, vc / D�1[99].Because the evaporator, thermally connected to the dilution refrigerator mixingchamber, is at the lowest temperature in the cryostat, the super
uid �lm 
ows up theevaporator walls to the main pumping line. The rate of this 
ow is given byQ = 2�R0Cwhere 2�R0 is the circumference of the cylindrical pumping ori�ce and C is inversely pro-portional to the temperature of the liquid. Thus, the super
uid 
ow rate increases withdecreasing temperature [100, 101, 102, 103].The volumetric 
ow rate, in cc/hr, into the evaporator ori�ce is de�ned as_V = 2�Rdvc (4.12)where R is the pipe radius, d is the �lm thickness, and vc is the critical velocity. For ourapproximately 1.27 cm (0.5") pumping line, we estimate the critical velocity, in cm/s fromvc = 0:75d � 10�4 (4.13)where d is the �lm thickness, typically less than 5 nm. We use equation 4.13 to calculatean expected range of critical velocities, shown in Figure 4.14. This 
ow rate is minimallya�ected by the low 3He concentration [104].It is reasonable to assume a �lm thickness of less than 5 nm [80]. For a �lmthickness of 2.5 nm, we calculate a volumetric 
ow rate of 2.75�10�4 cm3/s. This expectedrate is comparable to the measured 
ow rate per unit perimeter of �10�4cm3/s of super
uid�lm on copper and stainless steel [105]. Using the liquid 4He molar volume of 27.5 cm3/mol,this volumetric 
ow corresponds to a molar 
ow rate of 1.0�10�5 mol/s.Super
uid �lm 
ow can potentially be the greater source of background pressure.Any super
uid �lm that reaches the higher temperature areas of the system vaporizes and
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Figure 4.14: Critical velocity of super
uid 4He �lm 
ow as a function of �lm thickness. The�lm thickness varies inversely with the height above the liquid.could then be adsorbed on the pump. Therefore, the evaporator is designed to minimizethe super
uid background contribution.We prevent the �lm from reaching the main line through the use of a �lm burner.The �lm burner is used to raise the temperature of a portion of the 1.2 cm (0.46") evaporatorpumping line. The section of pipe heated by the �lm burner must be suÆciently warm toimmobilize the �lm. The design of this �lm burner is similar to one used in controlling�lm 
ow in the still of a dilution refrigerator [106]. If the �lm reaches the �lm burner,it is vaporized. The 4He atoms are then free to move between the evaporator inner wallsand ba�e. The ba�e is designed to minimize the probability of these atoms reaching thepumping lines by directing them back down to the liquid surface.Once puri�cation is complete, the charcoal must be regenerated. Before regener-ating the charcoal, we �rst empty the evaporator volume of liquid by raising the lifter. Thisevacuation is monitored using the capacitance level detector, mounted in the evaporator.A low temperature mechanical valve is used to close the �ll line, isolating the liquid fromthe chamber.
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Figure 4.15: Ambient pressure in the evaporator volume required for charcoal regeneration.The points shown were measured in 3He and 4He gas desorption studies on activated charcoalby Salmelin et al. [94].The adsorptive capacity of activated charcoal is both pressure and temperaturedependent. At 4.2 K, the charcoal has a 4He capacity of �4 mol/kg, at an operating pressureless than 10�10 Pa. To regenerate the charcoal adsorber, it is heated to 15{20 K, while thechamber is pumped through a 1.27 cm (1/2") stainless steel line using a Varian SD451mechanical pump. As the temperature of the charcoal increases, its adsorptive capacitydecreases, causing the atoms to desorb. The chamber pressure must be kept suÆcientlylow, �1 Pa. Otherwise, the ambient gas can inhibit desorption.In the nEDM experiment, the evaporator must be regenerated at 15 { 20 K whilethe other components remain at 400 mK. Further, the heat loads must be kept within thelimits of the cooling power of the dilution refrigerator. We apply similar constraints to ourtest apparatus, which has a cooling power of about 1.5 mW at 300 mK.



654.3 Adsorption/Desorption Kinetics of Gas on CharcoalActivated carbon has a high adsorption capacity due to its large surface area tovolume ratio. Adsorption should occur with near unity probability at low temperatures,meaning that the sticking coeÆcient for helium on charcoal approaches unity as the tem-perature goes to zero. This behavior is described by Henry's Law� = xp (4.14)where � is Henry's Law coeÆcient, with units of pressure/concentration x is the amountadsorbed, and p is the pressure. When extended to the case of a microporous adsorber, theHenry's Law relation becomes � = V PRT �e� �kBT � 1� (4.15)where V P is the pore volume and � is the potential energy of the surface [107]. Thelimit of adsorption is thus the free surface of the charcoal micropores. In the case of 3He-4He mixtures, the 3He atoms preferentially adsorb on helium atoms, rather than on thesubstrate [108]. This is the case even when 4He atoms only partially cover the substratesurface. Because we expect 3He/4He ratios of � 10�2 - 10�3 at the adsorber, we willprimarily discuss the properties of 4He adsorption on activated charcoal.At a given pressure, the extent of 3He and 4He adsorption depends upon thetemperature and the enthalpy of adsorption. The magnitude of the enthalpy is an indicationof the binding energy between the 3He and 4He atoms and the activated charcoal. Thepressure dependent capacity and heat of adsorption for a charcoal adsorber are given inFigure 4.3. During adsorption, the charcoal will be held at 4.2 K. We measure the pressurein the evaporator volume using a thermocouple gauge read by a Terranova 934 controllerdown to 10�3 torr (.133 Pa). As the system cools, the pressure will be much less, as allgases, with the exception of helium, freeze out before one reaches 4.2 K. At the puri�cationtemperature of 350 mK, we can assume a chamber pressure of less than 10�5 Pa. Underthese conditions, the enthalpy of adsorption is �20�103 J/kg from Figure 4.3.A single puri�cation run involves the removal of 10�4 moles of 4He and 10�6 molesof 3He in roughly 200 seconds. This is 0.005 % of the adsorber capacity. Thus, for a singlepuri�cation run, the heat load due to helium adsorption is 0.25 mW.
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Figure 4.16: Adsorption of a)3He and b)4He on activated charcoal at T = 4.2, 10,15, 18,and 20 K. The dashed curve is the enthalpy H of the adsorption process at 4.2 K. Solidlines are adsorption isotherms [94].



67Upon saturation, the charcoal must be thermally regenerated. Because the surfacearea of adsorption for activated carbon can be approximated as a graphite surface, one canassume that for a weakly bound physisorbed �lm, the general rate equation has the form,� = �0 exp� EkBTs� (4.16)where E is the binding energy, and T s is the temperature of the substrate. In helium
ash desorption experiments, between 5 K and 11 K, the constant �0 has been measuredat approximately 10�9 s[109]. The desorption rate, in atoms/second, is the inverse of thistime constant.Under equilibrium conditions, it is also necessary to consider 
ux incident fromthe ambient vapor. In general, dndt = � (Ji � Jd) (4.17)with the J 's de�ning the incident and desorbing 
uxes respectively. These 
uxes are de�nedas Ji = Pgp2�mkBT0 (4.18)Jd = Pfp2�mkBTf (4.19)Pg is the ambient pressure. In our apparatus, Pg should be less than 10�5 Pa, dependingsolely upon the vapor pressures of 3He and 4He. Pf is the pressure directly above the �lmof 3He and 4He atoms adsorbed on the charcoal. Because less than 0.2 mol of gas will beadsorbed in our puri�cation process, we assume a negligible contribution from Pf duringdesorption.By considering the �lm to behave as a thin layer of incompressible bulk liquid, Pfbecomes Pf (T ) = Pl(T ) exp��VextkBT � (4.20)with Pl(T) the bulk liquid vapor pressure. The term �Vext is the van der Waals potentialof the substrate, de�ned as 
=Æ3; Æ is the �lm thickness. For 4He on graphite, 
 is ap-proximately 1.09�A. From 350 { 600 mK, the existing pressure dominates this rate, de�nedas: �dndt = Pf (Ts; n)p2�mkBTs � Pf (T0; n0)p2�mkBT0 (4.21)



68Under non-equilibrium conditions, i.e. with gas being removed, the rate constantis primarily a function of the chemical potential of the gas, as well as the substrate temper-ature, and has been de�ned alternatively as,� = 6� 10�12T 2:50 exp�� �0kBT0� (4.22)and � = 10�9 exp�� 2�03kBT0� (4.23)over a chemical potential range of 20 K to 94 K for 4He on graphite. Thus, when thetemperature is raised to 20 K, we expect the 3He and 4He atoms to desorb very quickly.Rapidly ramping the temperature up from 4.2 K to 20 K would likely exceed the maximumconductance of the pumping line, which may be as high as 10.3 l/s. The conductance ofthe line will likely be considerably lower as the 20 K desorbing atoms equilibrate with the1 K sections of the pumping line. Therefore, it will likely be necessary to slowly increasethe adsorber temperature, ending with a prolonged bakeout at 20 K.4.4 Analysis of 3He/4He RatiosTo determine the e�ectiveness of the evaporative puri�er, it is necessary to measurethe relative 3He and 4He concentrations both before and after puri�cation. The mostcommon method used to determine 3He/4He ratios is mass spectrometry, whereby the twospecies are singly ionized and separated based on their respective mass to charge ratios [110].A model of the evaporative puri�cation process using our geometry gives a 3He concentrationin the desorbed gas of 10�2. Thus, it may only be necessary to measure 3He concentrationsof 10�3. We have investigated the use of a Leybold L200 leak detector, capable of measuringmasses 2, 3, and 4, and a Stanford Research Systems RGA100 residual gas analyzer with adefault resolution of 0.5 amu at 10 % peak height. Each of these systems are considerablyless expensive and more economical than a dedicated mass spectrometer. The success of the3He/4He measurement depends on the removal of contaminants. Table 4.1 shows the mass tocharge ratio of singly ionized 3He and 4He, as well as other species that could contaminatethe measurement. In high vacuum (P = 10�4 � 10�7 torr), hydrogen is produced fromthe dissociation of water vapor from vacuum system surfaces [111]. Given the natural



69Species M/e (amu)3He+ 3.01603T+ 3.01605HD+ 3.021825H+3 3.0234754He+ 4.00260HT+ 4.023875D+2 4.028Table 4.1: Mass 3 and 4 species that can a�ect the 3He/4He measurement. Much of thehydrogen based contamination can be removed with LN2 and LHe traps.abundance of deuterium in hydrogen of .015%, the HD and H3 signals can interfere withthe 3He partial pressure signal, expected to have an amplitude of 10�8 to 10�7 torr. Thenatural abundances of D2 and HT should be at least three orders of magnitude less thanthe expected 10�4 torr 4He signal.The di�erence in m/e between HD and 3He is approximately 1/520. Determiningthe relative concentrations of the 3He and HD would require a mass spectrometer withresolution greater than 1/600. Greater than 1/1200 resolution is necessary to resolve H3.Using a mass spectrometer, accurate resolution of these like masses depends upon removinghydrogen from the test volume. This is the case even when using mass spectrometers witha m/e resolution of 600 or better [112].We attempted to measure 3He/4He ratios using a Leybold L200 leak detector,capable of measuring masses 2, 3 and 4 with a measurement range of 0.1 mbar�L/s to10�11 mbar�L/s. The maximium allowable inlet pressure of the leak detector is 3 mbar.Four calibrated leaks were used to evaluate the performance of the L200. Basedupon the manufacturer's speci�ed loss rate of each of these leaks, as well as the initial �llingconditions (1 atm, 22 ÆC), and an approximate volume of 9.1�10�5 m3, it was possibleto estimate the initial number of moles present in each. Under ideal gas conditions, i.e.PV = nRT , the collision rate of atoms with the walls of a given volume is de�ned as,rate = PNAp2�MRTwhere P is the calibrated leak pressure and M = mNA. Therefore, the e�usion rate can is�dNdt = APNAp2�MRT



70Serial Number Listed Leak Rate Loss Rate Measured RateBackground(no leak) <10�12 <10�12 <10�121009 5.1�10�10 < .5%/year 1.8�10�914018 5.0�10�8 < .5%/year 2.5�10�87575 3.9�10�8 < .5%/year 6.0�10�107355(3He) 1.68�10�8 < 10%/10 year 3.5�10�87355(4He) 1.23�10�8 < 10%/10 year 1.2�10�8Table 4.2: Listed and measured leak rates for the four tested calibrated leaks(mbar�L/s).The leak rates were measured using a Leybold L200 leak detector. Before testing eachcalibrated leak, a background measurement was made with the leak valve closed.where A is the area of the opening. This relationship is also used to de�ne the pressureinput to the L200 due to e�usion from the calibrated leak,�dPdt = APV r RT2�Mde�ning a logarithmic relationship between pressure and the atomic or molecular mass.Data for each of the calibrated leaks are given in Table 4.2.Each leak also listed an estimated loss rate provided by the manufacturer. Thisinformation was used to determine the amount of gas present at the initial �lling. Howeverimprecise, it was still possible to estimate the gas charge for each calibrated leak be on theorder of 2.5 { 6�10�3 moles. Since the expected amount of gas exiting the charcoal is severalorders of magnitude greater than the initial charging volume of each of the calibrated leaks,any of these leaks should function e�ectively as a test source for 3He or 4He.The Leybold L200 leak detector can operate as a mass spectrometer, sweeping formass to charge ratios of 2, 3, and 4 elements. Using a Labview interface, with an NI-USB6009 data acquisition card, data from the the leak detector was used to produce a realtime graphical display of each mass peak, as well as an output text �le with the numericalanode and preampli�er voltages. The anode voltage sweep ran from 0 V to 1000 V, withcorresponding preamp voltages from 0 V to 10 V. In this scheme, 1 V corresponds to aleak rate of 10�12 mbar�L/s, with each 0.5 V step corresponding to roughly a one order ofmagnitude increase in leak rate. The calculated pressure response for each calibrated leakusing the L200 is given in Figure 4.17.Measurements were performed with the leak detector tuned to each mass individ-
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Figure 4.17: Leak rate, calculated for four 4He calibrated leaks. The leak rate is determinedby the pressure in each calibrated leak. A pressure > 100 Pa in calibrated leak 7355 isnecessary to reach the 10�11 mbar�s resolution of the Leybold L200 leak detector.
Serial No. Mass 2 Mass 3 Mass 4Background(no leak) <10�12 <10�12 <10�121099 4.2�10�5 1.6�10�8 1.5�10�914018 4.7�10�5 1.6�10�8 2.2�10�87575 3.5�10�5 1.2�10�8 6.0�10�107355 5.7�10�5 9.7�10�8 3.2�10�8Table 4.3: M/e ratios(mbar�L/s) of each calibrated 4He leak for masses 2, 3, and 4, measuredusing a Leybold L200 leak detector. In addition to a mass 4 signal, each calibrated 4Heleak also produced relatively large mass 2 and mass 3 peaks.
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Figure 4.18: Leybold L200 leak detector mass sweeps of 4He calibrated leaks a)1099 b)14018c)7575 d)7355. Peaks 1, 2, and 3 are for masses 2, 3, and 4 respectively. The preampli�ervoltage is proportional to the log of the leak rate.ually for each of the four calibrated leaks. This data is summarized in Table 4.3. Of noteis the high mass 2 peak present for each leak. The leak detector could also be operatedin a sweep mode, which scans the entire mass range. The results of mass sweeps for eachcalibrated leak are shown in Figure 4.18 where the successive peaks represent mass 2, 3,and 4 going from low to high anode voltage. The preampli�er voltage varies inversely withpartial pressure. Calibrated leaks 1099, 7575, and 14018 were all 4He calibrated leaks. Onlyleak 7355 listed both 3He and 4He leak rates.A mass 3 peak was measured in each of the mass sweeps. To eliminate backgroundscausing this peak, we �rst introduced a charcoal �lled liquid nitrogen trap, which had nonoticeable e�ect on the hydrogen signal. It was concluded that the contamination sourcewas internal to the leak detector, possibly due to previous exposure to hydrocarbons. Wetherefore began research into making a 3He/4He measurement using a residual gas analyzer.The mass di�erences among the individual mass 3, and likewise 4 species are toosmall to be resolved using our RGA. To use the RGA to measure the 3He/4He ratio, it isthus necessary to remove as much hydrogen as possible, and to lower the overall pressurein the measurement chamber. The primary reason for low (10�5 torr) pressure operation



73is to maintain an ion free path. The ionized particles should reach the detector withoutcolliding with other gaseous molecules, yielding unwanted reactions or resulting in a loss ofcharge from resulting wall collisions [110].We removed gaseous impurities by baking the system at a temperature of 150Æ Cfor 24 hours and �ltering the incoming gas stream. This is important because the monolayersof water vapor on surfaces can trap contaminants, including hydrocarbons from the turboand mechanical pumps. With the exception of the 25 mm pump inlet, all gas lines are madeof 0.635 cm (1/4") stainless steel tubing. All unions are either VCR seals with stainlesssteel gaskets, or all metal Swagelok seals. We use aluminum gaskets in place of rubber O -rings at the pump inlets.The �ltration system is partially adapted from an experiment conducted by theUS Bureau of Mines to measure 3He/4He ratios [113]. This system is shown in Figure 4.19.The liquid nitrogen (LN2) �lter is U - shaped, consisting of a length of 0.635 cm (1/4") O.D.stainless steel tubing, containing granules of 6 { 14 mesh activated charcoal. The charcoalis secured by copper mesh at each end of the trap. During data collection runs, the trapis submerged in liquid nitrogen. This trap captures water vapor, backstreaming oil fromthe pumps, and �lters incoming gas. The titanium trap consists of several lengths of puretitanium wire placed in the incoming gas stream. When hydrogen contacts the titaniumsurface, the atoms dissociate, with the free protons tunnelling into the bulk material. Asan improvement over the Bureau of Mines method, we have added a liquid helium trap,consisting of a 0.635 cm O.D. (0.254 cm I.D.) tube within a 1.27 cm O.D. (1.143 cm I.D.)stainless steel tube. The space between the concentric tubes is partially �lled with coppermesh to increase the capture surface area. When this trap is cooled to 4.2 K by insertioninto a liquid helium dewar, only helium isotopes can pass through to the analysis chamber,while other atoms and molecules freeze in the trap.The residual gas analyzer was used to test the e�ectiveness of the bakeout bymeasuring the water peak before and after a bakeout. After baking, the histogram of thegases present was dominated by carbon monoxide. The total pressure function of the RGAwas used to measure the chamber pressure. Because this pressure was in good agreementwith the carbon monoxide partial pressure, the magnitude of the CO peak was used as arough estimate of the RGA chamber pressure. For optimum performance, the RGA manualonly recommends operation at pressures below 10�4 torr; above this pressure, results can
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Residual Gas Analyzer

Liquid Helium Trap

Liquid Nitrogen Trap

Titanium

Needle

Valve

Gas RemovalFigure 4.19: Gas handling system for real time analysis of desorbing gas composition. Asthe charcoal in the evaporator is baked out, a portion is siphoned o� and 
ows througha titanium, liquid nitrogen, and liquid helium trap, before being analyzed by a StanfordReasearch Systems SRS RGA100 residual gas analyzer. Each of the traps is in place tominimize H2 and HD in the input gas and vacuum system .



75be unreliable.The system was tested using N2, Ar, 3He and 4He. The �rst tests involved puttinga small volume of nitrogen or argon gas into the analysis chamber through a needle valve andobserving the pressure response of the RGA. From these initial tests, it was determined thatthe residual gas analyzer could preferentially detect the individual input gases, with littleto no e�ect on the partial pressures of the background gases. Also, as a result of these tests,it was concluded that, for real time gas analysis, the needle valve minimum conductanceof 10�3 mbar�l/s was too high, resulting in rapid saturation of the RGA spectrum. Wetherefore replaced the needle valve with a leak valve, lowering the minimum gas input rateto 10�10 mbar�l/s.Once these qualitative tests were completed, we began a series of quantitativetests using pure 3He and 4He. To approximate the operating conditions of the evaporatorgas analysis, a pressure of approximately 8�10�5 torr of 4He was �rst put into the RGAanalysis chamber using a calibrated 4He leak. Against this background, 3He was releasedinto the RGA by �lling a 0.3 cm3 bu�er volume using a 8.1�10�8 cc/s calibrated leak in2.5 and 5 minute increments.The relative rates of desorption for each species is unknown. Di�erential evapo-ration could remove more 4He from the solution than 3He. Because of this, it is possiblethat the 4He signal will be detected before that of 3He. We therefore tested this systemby measuring the evolution of an initially weak 3He signal against a 10�4 torr backgroundpressure, as a test for real time analysis during desorption. Against a 4He backgroundof 10�4, 3He was introduced continually, at a rate of �10�12 mol/s. We expected that aconstant gas input rate would result in a linear pressure response.The measured pressures 3He partial pressures showed some nonlinearity below10�7 torr. This non-linearity is consistent in the three runs shown in Figure 4.20. At theselevels, the ratio of 3He to 4He in the RGA chamber is roughly 10�4. As this level, it ispossible that the 3He atoms are de
ected by the surrounding 4He atoms before reachingthe central analyzer. As the 3He density increases, we see the expected linear response.The numerous data collection runs also show some variation from day to day. Webelieve these variations are due to temperature changes in the liquid helium trap, whichchange its e�ective volume.Because portions of the gas handling system are at temperatures well below 300 K,
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Figure 4.20: The SRS RGA100 pressure response. 3He was added continually, at a rate of8�10�8 cc/s, to the analysis chamber, which contained 4He at a pressure of 10�5 torr. Thedata collection runs were taken over several days.the total volume of the system is actually much greater than the 0.6 L room temperaturevolume of the gas handling system. The largest volume contribution comes from the liquidhelium trap. At room temperature, the volume of this trap is approximately 0.08L. Byconsidering the temperature of the trap, we can approximate the e�ective volume of thistrap. The liquid helium trap consists of a 0.25" O.D. (0.1" I.D.) tube within a 0.5"O.D.(0.45"I.D.) stainless steel tube. The space between the concentric tubes is partially �lledwith copper mesh to increase the capture surface area. Though the trap is placed into aliquid helium dewar, the temperature of the trap is not entirely at 4.2 K. Rather, becauseone end of the trap is at 4.2 K and the other is at 300 K, we must consider the temperaturegradient across the tube. This gradient depends upon the temperature dependent thermalconductivity of the material. For types 304 and 310 stainless steel, the thermal conductivityis de�ned by log �(T ) = 8Xn=0 an(log T )n



77CoeÆcient 304SS 310SSa0 -1.4087 -0.8191a1 1.3982 -2.1967a2 0.2543 9.1059a3 -0.6260 -13.0780a4 0.2334 10.853a5 0.4256 -5.1269a6 -0.4658 1.2583a7 0.1650 -0.1240a8 -0.0199 0.0Table 4.4: CoeÆcients for the temperature dependent thermal conductivity of Type 304 and310 stainless steel. Material dependent expressions for �(T ) can be found in reports from theCryogenics Technology Group at the National Institute of Standards and Technology [114].where �(T ) is the thermal conductivity and coeÆcients for 304 and 310 stainless steel aregiven in Table 4.4.We de�ne a model for this system by assuming the portion of the trap that isbelow the liquid (lsub) to be at 4.2 K. A temperature gradient is then de�ned from theliquid surface to the 300 K region. The temperature gradient in the trap depends on thestainless steel's thermal conductivity, which is itself temperature dependent. This variabilityin thermal conductivity can be modeled as a function of liquid helium level by using therelation _Q = �(T )AÆTÆt (4.24)which describes heat conduction through a solid. _Q is the total heat 
ow from 300 K to4.2 K, �(T ) is the temperature dependent thermal conductivity, and A is the tube cross-section. The total heat _Q is then used to calculate the incremental heat transfer in steps,leading from the high to low temperature sections of the liquid helium trap. For the 107 cmlong trap, we chose a step size of 0.0254 cm. The temperature of each 0.0254 cm subsectionis then related to the total heat by_Q = Tf � TiR1 +R2 +R3 + : : : = Tf � T1R1 = T1 � T2R1 +R2 = : : : (4.25)where Tn is the temperature of the nth subsection and Rn = Ln=k(T ) � An. The IdealGas Law is then used to calculate volumes for e�ective each subsections both above and
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Figure 4.21: Change in e�ective liquid helium trap volume due to boilo� from the 30 l liquidhelium dewar. The e�ective volumes were calculated assuming a portion of the trap to beat 4.2 K, due to submersion in liquid helium. For the exposed trap length, a temperaturegradient was de�ned, based upon the thermal conductivity of the trap material, from 4.2 Kto 295 K.below the liquid level. The calculated volumes are then summed to give a total e�ectivetrap volume. By varying lsub, we can model the e�ect of liquid level on the trap volume.The calculated variation in e�ective trap volume as the liquid helium boils o� is shownin Figure 4.4. This is compared with the change in e�ective trap volume when a lineartemperature gradient is assumed.These e�ective volumes are then added to the volume of the gas handling systemoutside of the liquid helium trap to determine the total volumes experienced by the inputgas. The Ideal Gas Law is then used to calculate the incremental change in pressureexpected due to the continual input of 3He gas. The rate of gas introduction used for thesecalculations is 3.3�10�12 mol/s, based on the 8.1�10�8 cc/s calibrated leak rate.Variations in the measured 3He partial pressure in the continuous 
ow mode wereconsistent with variations in the e�ective LHe trap volume. Measured 3He partial pressuresnear the end of the approximately 10 day lifetime of the 30 l liquid helium dewar used
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Figure 4.22: Partial pressure of 3He, measured using a Stanford Research Systems residualgas analyzer. The number of moles is estimated from the �10�8 cc/s calibrated 3He inputrate. The di�erence in measured partial pressures across data sets is attributed to changesin the temperature, and thus, the e�ective volume, of the liquid helium trap.to cool the trap can be as much as 5 times higher than with a full dewar. The degree ofvariation is shown quantitatively in Figure 4.22.Subject to the limits of non-linearity and variable trap volume, we have con�rmeda 3He/4He resolution of � 10�3. This resolution has been con�rmed for the current system,with negligible peak{to{peak interference.4.5 Setup of the cryostat for the testing of evaporative pu-ri�cationIn order to test the evaporative puri�er scheme, we have refurbished and con�gureda dilution refrigerator to house the puri�er tests. Discussed here are the details of dilutionrefrigeration and the �rst operations of the evaporative puri�cation cryostat.Originally proposed in 1962 by London, Clarke, and Mendoza, the dilution re-frigerator uses the latent heat of mixing of 3He and 4He for cooling [80]. These devices



80have been used to reach and maintain temperatures of 25 mK in the earliest models, andcommonly operate down to 4 mK today [115]. The cooling power of a 3He{4He dilutionrefrigerator comes from the mixing of a solution of these two isotopes at low temperature.Above 0.8 K, liquid mixtures of 3He and 4He exist in a single phase. Below this tempera-ture, the isotopes spontaneously separate, forming two layers. Because of its lower density,the 3He atoms form a nearly pure layer that 
oats on top of the 4He rich phase. Afterseparation, the 3He concentration in the 4He�rich phase remains constant at about 6.4 %.The 3He{4He boundary can be viewed as a phase separation between the \liquid" 3He richphase and dilute \vapor" phase. When 3He atoms move downward across the phase bound-ary, the temperature decreases because energy is needed to overcome the interatomic forces.Because the 3He concentration in the dilute phase remains constant at 6.4 %, continuouscooling is achieved by cycling 3He through the system.The DRI{430 dilution refrigerator is outlined in Figure 4.5. The phase separationoccurs in the mixing chamber. 3He circulation starts here, with a tube that begins in thedilute phase and extends to a part of the refrigerator known as the still. As atoms exitthe dilute phase in the mixing chamber, they are forced by osmotic pressure into the stilland are then pumped away. The still temperature is kept higher than that of the mixingchamber, usually between 0.6 { 0.7 K. Within this range, the vapor pressure of 3He is muchgreater than that of 4He, as shown in equations 4.4 and 4.8. Thus, by heating the still, 3Hecan be preferentially removed.Once 3He atoms leave the dilute phase, atoms from the concentrated phase crossthe phase boundary. Like evaporation, this phase transition results in a net increase in theentropy of the system. Accompanying this net increase in entropy must be a removal ofheat from the mixing chamber and all thermally connected systems.The cooling power of a dilution refrigerator is determined primarily by the rateof removal of 3He atoms. Continuous operation requires a return of 3He to the mixingchamber. After leaving the dilution refrigerator via a closed loop, circulating atoms gothrough several precooling steps before returning to the concentrated phase. The �rst isthrough tubing located in a bath of liquid 4He at 4.2 K, external to the vacuum surroundingthe dilution refrigerator. The atoms are then recondensed at �1.5 K in the part of therefrigerator known as the cold plate. A 
ow impedance beneath the cold plate causes apressure buildup, increasing the rate of liquefaction. To decrease the heat load that would
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Figure 4.23: Schematic of the SHE DRI{430 3He{4He dilution refrigerator used for theevaporative puri�er. The re�gerator consists of a cold plate, still, mixing chamber, a con-tinuous heat exchanger, and three sintered silver heat exchangers. The cold plate and stilloperated at roughly 1.5 K and 0.7 K respectively. With a molar 
ow rate of �400 �mol/s,the mixing chamber produced a cooling power of 1 mW at 350 mK.
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Figure 4.24: 3He molar 
ow rate as a function of temperature for an Alcatel model 2033Hrotary vane pump attached to both the cold plate and 3He circulation lines, with a listedpumping speed of 35 m3/hr. Pressure is measured near the pump inlet.occur from introducing 1 K liquid into a mixing chamber at sub{1 K temperatures, returningatoms go through a series of heat exchangers with the outgoing 3He. These heat exchangerscool the returning atoms in steps, using �rst the still and subsequently, liquid leaving themixing chamber.A layout of the dilution refrigerator gas handling system is shown in Figure 4.25.The cold plate is cooled by pumping on a volume of liquid 4He, that is continuously replen-ished through a capillary of �xed impedance connected to the surrounding helium bath.The cold plate pump, an Alcatel Model 2033H, is also used to evacuate the liquid heliumspace during initial cooldown. We circulate 3He using an Edwards 9B3 di�usion pump,backed by an Alcatel Model 2033H mechanical pump. The molar 
ow rate can be deter-mined by correlating the pumping speed with the pressure at the pump inlet, measuredusing a thermocouple gauge.The pressure dependent molar 
ow rates are shown in Figure 4.24 for the Alcatel2033H mechanical pump. 3He exhausts from this pump and is fed through a liquid nitrogencooled molecular sieve trap to remove any oil or gaseous impurities before returning to the
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Figure 4.25: Gas handling system for the SHE Model DRI{430 dilution refrigerator. Thecold plate and 3He circulating pumps are both Alcatel Model 2033H rotary vane mechanicalpumps. A CVC VMF-20 di�usion pump, backed by a Welch mechanical pump, is used toevacuate the inner vacuum chamber. The 
ushing pump is also a Welch mechanical pump.The system produced a molar 
ow rate of �380 �mol/s. Previous experiments, using a 9B3circulating di�usion pump, backed by an Alcatel model 2063 mechanical pump, had molar
ow rates �600 �mol/s.refrigerator.With no external heating, this pump has achieved a cooling power of 1.5 mWat 300 mK, with a molar 
ow rate of 400 �mol/s. We measured this by �rst applying aknown current to a heater attached to the mixing chamber and measuring the correspondingvoltage. The product of these two values gives the applied power. Using the mixing chamberheater causes some 
uctuation in temperature. We record the temperature of the mixingchamber once it has stabilized, thereby establishing the refrigerator cooling power at themeasured temperature. In previous experiments using the di�usion pump, this refrigeratorhas been used in continous operation at 10 mK, with a cooling power of 1.48 �W [116].The cooling power curve for the current setup is shown in Figure 4.26.
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Figure 4.26: Expected and measured cooling power curves for the SHE Model DRI{430dilution refrigerator. The expected cooling power is calculated using a 3He molar 
ow rateof 400 �mol/s. The measured molar 
ow rate was roughly 380 �mol/s.



85The gas handling system schematic also shows a set of secondary pumps, used forsystem preparation and maintenance. These are two Welch mechanical pumps and a CVCVMF-20 di�usion pump. The di�usion pump, backed by a Welch mechanical pump, can beused to evacuate portions of the gas handling system, but primarily serves to evacuate theinner vacuum chamber (IVC) surrounding the dilution refrigerator.Because the liquid nitrogen traps �lter the circulating 3He gas by capturing im-purities, from time to time it is necessary to clean the traps. This is done by heating thetraps while pumping on them with the second Welch pump. During circulation, it is alsoimportant to monitor the pressure before and after the liquid nitrogen traps for indicationsof blockage. We ran into blockages several times during the early refrigerator runs. Clearingthe lines was done in one of two ways. In the case of blockage in the condenser line, we �rstclosed the condenser inlet valve, allowing a warm gas pressure build up, before re-openingthe valve, thus 
ushing the line. For a blockage in the liquid nitrogen trap, the gas is �rstremoved from circulation before heating and pumping out the trap.Cooling the system proceeds slowly and in stages. This process reduces the like-lihood of opening up leaks due to di�erential thermal contraction, and uses liquid heliumeÆciently. After pumping out the inner vacuum chamber (IVC), there are two primaryareas to check for leaks: from the inner dewar to the IVC and from the IVC to the variousrefrigerator components. These checks were performed at both room temperature and 77 Kusing a Leybold L200 leak detector.Once leak tightness was assured, a typical cooldown proceeded as follows:� Cool with liquid nitrogen until about 2 - 3 cm of liquid pools in the liquid helium(LHe)�ll space.� Add 1/5 atm H2 exchange gas to the IVC and monitor the dilution refrigerator tem-perature.� When the dilution refrigerator reaches liquid nitrogen temperature, pressurize theLHe �ll space to remove liquid nitrogen and pump out the IVC.� Leak check the refrigerator and IVC.� Fill the outer dewar liquid nitrogen jacket.



86� Begin a �ll of the LHe �ll space with liquid helium, monitoring temperatures andliquid levels.� Add 0.1 atm He gas to the IVC and monitor the dilution refrigerator temperature.When the refrigerator is at 4.2 K, pump out the IVC.� Once the liquid level in the LHe �ll space is suÆcient for operation, turn on the coldplate pump.� When the cold plate reaches its normal operating temperature, start to circulate the3He/4He mixture.The liquid helium �ll was monitored with two 35 cm superconducting level detectors, locatedmidway up the the IVC and approximately 15 cm above the top 
ange of vacuum can. Wetypically begin refrigerator operation once the liquid level has reached the top of the secondlevel detector. After this point, the operable refrigerator time depends upon the liquidhelium boilo� rate, which is measured by correlating the declining liquid level with the gasout
ow rate as measured by a Gilmont air
ow gauge. With the measured boilo� rate (seeFigure 4.27), we are able to operate several days before transferring more liquid helium.Once in operation, optimum cooling requires a bakeout of the cold plate, still,and mixing chamber. The cold plate heater is used only during the bakeout procedure,to remove any adsorbed gas. While the still heater is initially used during the bakeout,as mentioned earlier, operation of a dilution refrigerator depends upon maintaining a stilltemperature of about 0.7 K. A third heater is located on the mixing chamber for the initialbakeout, temperature adjustment and thermometer calibration.We measured temperature during cooldown and refrigerator operation using asystem of resistance thermometers. For the cooldown to 77 K, we use two 1 k
 platinumresistors, located at the bottom of the LHe �ll space, and thermally connected using ApiezonM to the IVC top 
ange. A third platinum resistor is connected to the dilution refrigera-tor using Apeizon M. These resistors have a linear temperature response [115], measuringnominally 1.105 k
 at room temperature and 0.217 k
 at roughly 77 K (see Figure 4.28).For temperature measurements down to � 4.2 K, we have a set of carbon resistors, whichare located 1) at the bottom of the LHe space, 2) halfway up the IVC side, 3) on the IVCtop 
ange, 4) 15 cm above the IVC top 
ange, and 5) 30 cm above the IVC top 
ange.
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Figure 4.27: Boilo� rate of helium from the liquid helium �ll space. The rate is measuredindependently using a liquid helium level detector mounted in the liquid helium �ll space,and a Gilmont gas 
ow gas, external to the refrigerator.The most accurate thermometry is required on the dilution refrigerator duringoperation. We measure the mixing chamber temperature using a Lakeshore GR-200A-30model 16557 germanium resistance thermometer and a GE RC model 7441 germaniumresistance thermometer, read using a SHE Model PCB potentiometric conductance bridge.The manufacturer's calibration curves for the two germanium thermometers are shown inFigure 4.29 and Figure 4.30. We also calibrated two Dale 1 K RuO2 thermometers, mountedon the mixing chamber, against the model 7441 germanium thermometer. Calibrationcurves for the two Dale thermometers are shown in Figure 4.31. For a RuO2 resistor, thedata can be �t using R = R0 exp�T0T � 14 (4.26)where R0 and T0 depend upon composition [80].The dilution refrigerator also has resistance thermometers mounted on each of itscooling stages. Table 4.5 lists the speci�cs of these thermometers.
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Figure 4.28: Temperature calibration curve for the two platinum resistors used to measurecooling of the dilution refrigerator down to 77 K. At 77 K, the two platinum resistors read217 
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Figure 4.29: Resistance curve for the Lakeshore GR-200A-30 model 16557 thermometermounted on the mixing chamber
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Figure 4.30: Resistance curve for the GE RC model 7441 thermometer mounted on themixing chamber a)T < 6 K, b) T < 1 K
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Figure 4.31: Temperature curves for the two Dale resistance thermometers, calibratedagainst a Lakeshore GR-200A-30 germanium resistance thermometer



90Location Type 300 K valueCold Plate Speer 470 
 1.879 mmhoStill Speer 470 
 1.840 mmhoContinuous H.E. Speer 100 
 5.375 mmhoLowest H.E. Speer 100 
 4.874 mmhoMixing chamber Speer 100 
 4.480 mmhoTable 4.5: Room temperature conductance for each carbon resistance thermometer mountedon the SHE DRI-430 dilution refrigerator.4.6 Gas Handling SystemThe gas handling system used to introduce gas into the evaporator volume is shownin Figure 4.6. As an initial control on gas composition, 4He and 3He can be introducedindependently or simultaneously. To introduce 3He and 4He separately, the 30 gallon tankis �lled to 1 atm with isotopically pure helium. This helium gas has an expected 3Heconcentration of at least 10�12, and may be as low as 10�14. Two analog gauges, withranges of 0-100 torr and 0-760 torr respectively, register the tank pressure. To preventrapid heating of the cold system, gas is introduced through a 0.16 cm O.D. stainless steelline. 3He can be introduced independently from a second volume.After completing a 4He evaporative puri�cation run or runs, we assess the com-position of the remaining liquid by analyzing the composition of the gas that has beenremoved. The desorbing gas is removed through a 1.27 cm stainless steel line by pumpingwith a SD451 mechanical pump, while monitoring pressure with a thermocouple gauge. Aportion of this gas is siphoned o� through a 0.4 cm I.D. stainless steel line, where it entersthe gas handling system shown in Figure 4.19 for analysis.The pressure response of the gas handling system was tested using a 3He calibratedleak, with a leak rate of 8�10�9 cc/s. Using this input rate, we were able to measure apartial pressure with the residual gas analyzer within 10 seconds of opening the leak. Gasinput at this rate and lower can be reproduced using a leak valve.The 
ux to the analysis chamber will be a�ected by the mechanical pump usedto evacuate the evaporator. We will therefore conduct a series of gas 
ow tests, at roomtemperature, to determine the optimum leak valve settings for real time gas analysis.
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Figure 4.32: Gas handling system for the evaporator �ll. The system contains separateinputs for 3He and 4He, allowing mixing of known gas ratios. 4He gas can be stored andintroduced from a 30 gallon storage tank. Trace amounts of 3He can be added via acalibrated 3He leak. Gas is introduced to the evaporator bu�er volume through a 0.16 cmstainless steel tube.



924.7 Heat LoadsThe limited cooling power of a dilution refrigerator demands tight control on anyheat production from the evaporator. Conduction and radiation are the primary sources ofheat during operation.To minimize radiative heating from the 300 K outside world, the dilution refriger-ation system employs a series of low temperature shields. On the vertical axis, this shieldis the liquid nitrogen jacket, which is insulated from 300 K by vacuum, and also containsseveral layer of superinsulation. The second layer is the liquid helium �ll space. In additionto maintaining an IVC temperature of 4.2 K, the evaporating helium cools the three radia-tion shields, mounted in series, parallel to the IVC top 
ange. These cooled shields preventdirect line of sight from the room temperature mounting plate down to the liquid surface.Because the IVC sits in a bath of liquid helium, a portion of the system is alwaysheat sunk at 4.2 K. The top plate of the IVC also provides structural support for theevaporator and its related components (see Figure 4.33). The system is therefore subject toa continual heat load from conduction down the experiment supports. A second source ofheating to the refrigerator is radiation from the 4.2 K shield surrounding the experimentalapparatus, and the adsorber plate, at either 1.5 K or 4.2 K. Adsorber regeneration raisesthe temperature of this central heat source to 20 K, as well as introducing gas into theevaporator volume. Each of these loads is addressed separately.A good estimate of the radiative heating due to the 4.2 K shield can be madeby assuming the IVC to be a perfect cylinder of emissivity 0.2 and the brass and copperevaporator body to have an emissivity of 0.06. The radiation from each surface can bede�ned using the Stefan-Boltzmann expression_Q = ��AT 4F1!2 (4.27)where _Q is the radiated energy, � is the emissivity, � = 5:67� 10�8W/m2�K4 is the Stefan-Boltzmann constant, A and T are the area and temperature of the radiating surface, andF1!2 is the view factor. For this cylindrical geometry, the view factor is nearly unity [117].Using these dimensions, the heat load due to radiation at 4 K remains minimal.For the adsorber plate, most of the radiation impinges on the parallel top and
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Figure 4.33: Diagram of the evaporator supports. To minimize heating from the evaporatorsupports, which mount to the 4.2 K IVC, the stainless steel supports are thermally connectedto 1.5 K, 0.7 K, and 0.4 K sections of the dilution refrigerator using copper braids. Thesame is done for the lifter and valve control line (not shown) which also connect thermallyto 4.2 K.



94bottom surfaces of the evaporator. For two parallel circular plates, the view factor isF1!2 = 12 8<:T � "T 2 � 4�r1r2�2# 129=; (4.28)where r1 and r2 are the adsorber and evaporator inner diameter respectively and T =1 + 1+(r1=D)2(r2=D)2 , with D the surface separation. The relevant dimensions are 20 cm for theadsorber diameter, 28 cm for the evaporator inner diameter, and 9 cm separating the two.This gives radiation at 4.2 K and 20 K of 2.97�10�7 W and 1.85�10�4 W respectively.Both of these heat loads are well within the 1.5 mW cooling power limits of the dilutionrefrigerator at 350 mK.In order to cool the evaporator vessel to 300 mK, it is necessary to heat sink thesuccessive stages of the evaporator setup at 1.5 K, 700 mK, and 300 mK. These heat sinksare connected to the cold plate, still, and mixing chamber respectively, and are placed alonga 0.635 cm O.D. stainless steel tube with a wall thickness of 0.127 cm. The topmost sectionof this line is connected to the top 
ange of the IVC, held at 4.2 K by the surrounding liquidhelium bath. This bath, as well as each heat sink, produces heating along the stainless steeltube, as well as the heat sink lines, made up of copper braids.As the system is currently setup, the spacings for the 1.5 K, 700 mK, and 300 mKheat sinks are 8.6 cm, 16.5 cm, and 26.4 cm respectively. This spacing requires copperbraid lengths of approximately 16.5 cm, 23.5 cm, and 30.5 cm. Using these lengths, alongwith the thermal conductivities of copper and stainless steel, and the cross section of eachconductor, the heating due to each temperature gradient can be calculated using:Q = Ti � TfXn Rn = Ti � T1R1 = Ti � T2R1 +R2 = : : :where Rn = Ln=knAn. The temperature dependent thermal conductivity for pure coppercan be de�ned as k = �:069T + 421:429. The thermal conductivity for commercially purecopper is k = �:03T + 327:196[118]. Figure 4.34a, c, and e show the number of copperbraids necessary to e�ectively cool each stage. These values assume ideal thermal contactwith both the dilution refrigerator and stainless steel. In this ideal case, a single copperbraid is suÆcient at each stage of cooling.To account for less than ideal behavior, each heat sink line is made up of multi-ple (5) copper braids. Each refrigerator-braid connection is made up of copper braids silver
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Commercially PureFigure 4.34: Number of copper braids necessary to e�ectively heat sink the evapora-tor supports and corresponding heat load to the mixing chamber from the heat sinksat (a,b) 1.5 K, (c,d) 700 mK, and (e,f) 300 mK. A minimum of 5 braids is used at eachcooling stage.



96soldered to a rectangular copper tab which is then bolted directly to the cold plate, still,or mixing chamber, with Apiezon grease between the tabs and the refrigerator. The otherends of the heat sink leads are soldered directly to the stainless steel tubing using 40 % Snsolder. Each successive stage of cooling carries a corresponding heat load, which must becarried away by either the mixing chamber, still, or cold plate. Cooling power curves esti-mate the cooling power of the mixing chamber to be roughly 1 mW at 300 mK. This coolingpower is the limiting factor on heat load, since the still and cold plate have signi�cantlyhigher cooling powers. Given in Figure 4.34b, d, and f are the heat loads from each coolingstage as a function of the number of copper braids.Because each stage is tethered to three stainless steel lines, the heat values mustbe multiplied by three to give the expected load.The heating between the 1.5 K to 700 mK and 700 mK to 300 mK heat sinkswas minimal in the current con�guration averaging 10�2 mW and 10�3 mW respectively.The largest heat load is at the 4.2 K{1.5 K transition. Heat from this gradient, in thecurrent con�guration, averaged 4 mW. In the worst case, the load to the mixing chamber isestimated to be 100 �W. This is assuming no intermediate heat sinks at 1.5 K and 700 mK.Ideally, with these sinks in place, the total heat load on the mixing chamber should notexceed 0.05 mW. This leaves between 900 �W and 950 �W of cooling power available forthe evaporator.In controlling the super
uid �lm 
ow, we incur a heat load from the �lm burner.To suppress �lm 
ow, the rate of evaporation caused by operation of the �lm burner shouldequal this molar 
ow rate. The thermal energy required to desorb a layer of adsorbed gas isproportional to the latent heat of vaporization. From Figure 4.3, the latent heat of vaporiza-tion at 400 mK is 68.14 J/mol. Therefore, the heat applied during evaporation operation isapproximately 0.7 mW. This is in good agreement with the results of Pratt, who measureda heating of approximately 1 mW to suppress a molar 
ow rate of 1�10�5 mol/s [106].The bulk of the evaporator setup is located in the puri�er volume, which is madeup primarily of copper and brass. Cooling of this volume can be modeled as a functionof the heat capacities of copper and brass, as well as that of liquid helium. Generally,Q = CV ÆT=Æt, with Q assumed to be 900 �W .



97The heat capacities of copper and brass, written asC = Cph + Ce (4.29)contain both phonon and electron contributions. The phonon contribution can be calculatedusing the Debye elastic continuum model for solidsCphnNAkB = 9� TTD�3 Z 10 x4ex(ex � 1)2 dxwhere TD is the Debye temperature [119, 120, 121, 122]. For copper and brass, TD = 310 Kand 290 K respectively [123]. In the low temperature limit(T � TD=10), this expressionreduces to Cph = 125 �4nNAkB � TTD�3 (4.30)where n is the number of atoms in the molecule [124]. From equation 4.30, the phononcontribution to heat capacity at 350 mK is �3�10�6 J/mol�K. At low temperatures, theelectron contribution to the heat capacity of metals is linear, de�ned asCe = 
T (4.31)where 
 = 0.691 mJ/mol�K2 is the Sommerfeld constant of copper [125, 126]. Becausecopper is the major component of the evaporator, we use 
Cu to calculate the evaporatorheat capacity of .24 J/mol�K at 350 mK. The heat capacity of the evaporator is used tocalculate the heat load on the refrigerator during charcoal regeneration.The evaporator is pumped down to less than 10�4 torr before cooldown. Coolingdown to sub{1 K temperatures further lowers the pressure to well below the resolution ofour pressure gauges. Because there is no convective medium in the evaporator volume, weassume no convective heat exchange between the central adsorber at 4.2 K and the 400 mKwalls when the evaporator is empty. The evaporator pressure after adding the 3He-4Hesolution depends upon the vapor pressures of the two liquids. The 3He and 4He vaporpressures are suÆciently low to give a negligible contribution to convective heating. Theactivated charcoal should maintain this low pressure condition.After saturation, it will be necessary to thermally regenerate the charcoal. Theplanned regeneration temperature is 15 K { 20 K. During the regeneration, the evaporatorand surrounding area will be at 350 mK { 600 mK. Because the plate, anchored to the dilu-tion refrigerator mixing chamber, is physically isolated from the evaporator volume, there



98should be no heat conducted through any of the surrounding metal due to heating of theplate. Any immediate heating should be a consequence of radiation, again modelled usingthe Stefan{Boltzmann expression. In the case of activated carbon, we can assume simpleblackbody radiation, i.e. �!1. The larger heat load is due to heat convection through thedesorbing gas. To minimize this e�ect, it is necessary to optimize pumping, meaning therate of removal must be kept higher than the desorption rate. The necessary pumping rateis determined by the desorption kinetics of the charcoal under heating conditions. Uponheating, the gas desorbs very quickly.As the gas desorbs, it will be removed through a 1.27 cm diameter stainless steeltube, that is approximately 2.75 m in length. If the entire 0.2 mol charcoal capacity wasdesorbed into the evaporator volume with no evacuation, the resulting pressure would be5866 Pa. The rate at which this gas can be removed is determined by the conductance ofthe line, which itself depends on the 
ow regime, i.e. viscous or molecular. The 
ow regimeis determined by the mean free path � = 1�nd2p2 (4.32)where n is the number of atoms (molecules) per unit length and d is the equivalent hardsphere diameter of the atom (molecule) [127]. For 4He, d = 0:22 nm [124].For a circular tube of radius r, viscous 
ow is de�ned by �=r <10�2; �=r > 1de�nes molecular 
ow [124]. For the maximum pressure in the evaporator of 5866 Pa, themean free path is �10�11. The conductance can therefore be calculated for molecular 
ow.The maximum conductance of a tube is de�ned byC = 3:81 �� TM� 12 � D3L (4.33)which, for 4He at 1 K is 0.4 L/s [128]. At this rate, the entire 0.2 mol of desorbed gas couldbe removed in a few seconds. In practice, the pumping speed should be considerably slower,due to bends in the gas removal plumbing and the density of the low temperature gas inthe 1.27 cm pumping line.The heat load from conduction by the 15{20 K desorbing gas depends upon thepressure in the evaporator volume. This load is de�ned by_Q = 2:1a0P�T (4.34)



99where a0 is a function of the ratio of the surface areas, and is roughly 0.09 for the currentsystem. The copper evaporator has a speci�c heat of 0.24 J/mol�K and an estimatedmass of 16.5 kg. The metal would therefore require � 60 J to raise the temperature 1 K.Minimization of the heat load due to the desorbing gas to between 10 mW and 100 mWcould be attained by keeping the pressure no higher than 0.03 Pa. This assumes total heattransfer from the 20 K helium atoms to the copper volume and no external cooling.4.8 DiscussionThe puri�cation system that we have developed is equipped to remove 3He im-purities from super
uid 4He down to a concentration of x3 < 10�12, using di�erentialevaporation. In the process, we expect to stem the 
ow super
uid �lm and minimize 4Heloss. Eliminating �lm 
ow through the use of a �lm burner will place a small heat loadupon the system that is within the limits of the dilution refrigerator cooling power. Theextent of heating during charcoal regeneration can be limited by continuous control andmonitoring of the desorption rate and evaporator pressure. We have developed a system toassess the e�ectiveness of di�erential evaporation as a low temperature puri�cation methodby analyzing the 3He and 4He concentrations in the desorbed gas. This system is designedto perform real time analysis during the desorption process. Model predictions indicatethat the analysis setup, using residual gas analyzer (RGA), will be able to determine if, andto what degree, the concentration of 3He in the dilute solution has been lowered. Testingof this system, which employs a series of �lters for input gas samples, has lowered mass3 contamination below the resolution of the RGA, and con�rmed a 3He/4He resolution of< 10�3.
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Chapter 5
Summary of ResultsThis thesis has described the progress of two components of the research anddevelopment for the neutron Electric Dipole Moment experiment, to be housed at theSpallation Neutron Source at Oak Ridge National Laboratory. These two components werethe development of a method to distinguish neutron capture on 3He from backgrounds andthe removal of depolarized 3He from 4He through di�erential evaporation. The methodsand apparatus described herein have direct application in the nEDM experiment.5.1 Particle Identi�cationThe �rst component concerned the detection of neutrons through capture on 3He.In an experiment conducted at the Hahn{Meitner Institute, a beam of neutrons was passedthrough an acrylic cylinder containing a dilute solution of 3He in 4He. The decay productsof neutron capture on 3He ionize the 4He atoms, resulting in the production of scintillationlight pulses, with nanosecond, microsecond, and second timescales. The pulses, termedsinglet and triplet pulses, were detected using photomultiplier tubes and analyzed o�ine.The data was taken at temperatures between 90 mK and 1.9 K, and at two 3He/4Heconcentrations. Backgrounds were determined with the cell containing natural helium. Thebackgrounds were subtracted from data taken at a 3He/4He concentration of 10�5 in orderto isolate the neutron capture peak. It was shown that the height of the neutron capturepeak scales with beam current. By analyzing the nanosecond timescale events, it wasdemonstrated that energy of the neutron capture peak is independent of the temperature



101of the surrounding 4He.A comparison was then made relating the energy deposition by ionizing radiationto the intensity of the triplet decay pulses. This data was then used to create contourplots, correlating singlet pulse area with the subsequent number of triplet pulses. It hasbeen shown that the number of triplet pulses following a neutron capture singlet pulseis constant at temperatures below 500 mK. The triplet pulse intensity at temperaturesgreater than 1500 mK was shown to be roughly 30% higher. For scintillations induced bylighter ions, no temperature dependence was observed. This is consistent with previousexperimental results [58]. It has been demonstrated that singlet/triplet pulse decay can beused to distinguish neutron capture from backgrounds at temperatures below 500 mK.5.2 Evaporative Puri�cationThis thesis also dealt with the development of a prototype apparatus to removedepolarized 3He from 4He during the nEDM run cycle. The development of this apparatusincluded:� Mathematical modeling of evaporative puri�cation eÆciency, over a range of temper-atures� Refurbishing a dilution refrigerator and determining its feasibility as an apparatus totest di�erential evaporation� Design and testing of an apparatus to measure the 3He/4He composition of gas des-orbed from the evaporator� Design and construction of a gas handling system to add and remove gas from theevaporator systemIn the time required to lower the 3He concentration in 4He from 10�8 to 10�10,the total gas removed will have a 3He/4He concentration of 10�2. This gas will be adsorbedon a charcoal adsorber, and later desorbed for analysis. We have therefore explored twooptions to analyze the desorbed gas and have concluded that a residual gas analyzer can beused for real time gas analysis. It has been demonstrated that the residual gas analyzer can



102be used to resolve a 3He/4He concentration of 10�3 needed to characterize the operation ofthe prototype evaporator.It has been demonstrated that the existing dilution refrigerator would be suitablefor testing of the prototype evaporator. The calculations performed proved a detailed modelof the operational parameters of the evaporator, in particular the heat 
ows and evaporationtimes.
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