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This report consists of five parts, covering the time periods 

1. 1991 - 1997 
2. 1997-1999 
3. 1999-2000 
4. 2000-2001 
5. 2001-2002 

Period 5 overlaps with project DE-FG02-02ER45970 with fie same title 
"Physics with ultracold and thermal neutron beams", which received 
initial €?d ing  in February, 2002. 
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neutrons (UCN) in a trap. These neutrons are total-reflected many thousands of times 
&€ore they disappear from the trap due to betadky  or reflection losses. Although 
extremely Smau reflection losses have been achieved experimentally by careful selection of 
wall material, the losses still exceed the expectation based on calculated probabilities for 
nuclear capture and thermal inelastic scattering at the walls. The term "UCN a n d i e s "  
refers to (a) these persistent reports of enhanced wall losses in neutron storage; (b) an 
indication of small changes of the UCN spectrum during storage; and (c) a report of 
unexpected line broadening in UCN diffraction on a difhction gratbg. With support ... - , , . . 
from this grant and help from a number of collaborators we 'were able to perform new 
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1. Introduction 
L 

The first part of the work reported here was carried out at the 2 Mw research 
reactor of the Rhode Island Nuclear Science Center (RJNSC), where we have set up a 
t h e d  neutron reflectometer during the first three years of the grant [ 11. Working at a 
low-intensiv neutron source, rather than one of the large national neutron scattering 
facilities, has an obvious flux disadvantage, but also positive aspects: Beam time is readily 
available, so that samples whose properties change slowly over periods of days or even 
months can be studied in dependence of time without running into problems of beam time . 
schedule. We have, therefore, chosen for our studies the slow phase separation in 
mixtures of oil and water in the presence of a surfactant, and the structural features of an 
oil layer during the slow build-up firon the gas phase. The x'esults of these measurements, 
as well as our studies of the capillary wave properties of oil/surfwtant/water. interfaces, 
are descxibed in section 2 below. 

The second part of our work was performed at the neutron =flection facilities of 
the Intense Pulsed Neutron Source at Argonne National Laboratory and of the NBSR 
reactar of the'National Institute of Standards and Technology (NIST), in collaboration 
with scientists from these centers and from the IBM Research Laboratory (Almaden). At 
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experiments on spectral evolution during storage, using the UCN Source of the Institut 
hue-Lmgevin (ILL). The results are described below in section 4. 

2. Study of Oil-Water Svstems in tlueS'resence of a Surfactant 

An oil film on top of water, with an intervening thin monolayer of surfactant 
(which strongly reduces the interfacial tension), is a model system for studying capillary 
wuues at the interface. Although surface roughness due to capillary waves is an ageold 
subject dating back as €ar as Ray- we have long been intrigued by the following 
problem, which arises when the results for a free surface (the surface waves) are extended 
directly to interfaces between two liquids: 

The standard hydrodynamic derivation of capillary waves at the interface of two 
fluids (away from the critical point) involves direct solution of the linearized Navier- 
Stokes equation. The solutions in the two liquids must be selected to satisfy continuity of 
v h c a l  velocity component at the interfkce. However, if viscosity is neglected it is not 
possible to satisfy continuily of horizontal velocity component at the interface, which is 
required to preserve the physical coherence of the liquids. This problem of horizontal slip 
is not remedied by inclusion of viscosity effects, since it occurs mainly for long-wave 
capillary waves that are damped only weakly by viscosity. As part of his Ph.D. work, U. 
Jeng analyzed this problem for non-viscous fluids in papers [2,3] and extended the analysis 
also to finite viscosity. Jn each case, the conventional analysis was modified to include 
hnite-Size effects due to the d thickness of the liquid layers usually used in 
experiments. He concluded that a realistic capillary wave spectnun excludes the low- 
wavenumbez spectral region which would cause excessive slipping and, therefore, strong 
damping due to vorticity. For a momlayer of d a d a n t  between the two liquids the 
maximum slip allowed (between the fluid above and below the intervening layer) would be 
= 1 nm for the lenglh of = 3 nm of the surfactant molecules (Cl&,, monodecyl tebagIycd 
ether in our measurements). Within this limit the surfactant molecules can easily adjust 
their orientation by rotation, allowing a smaU "slip" without loss of cohesion between !he 

We have presented these details to illustrate the main conclusion: Fo'r our model 
of a monolayer of surfactant between two homogeneous liquid layers we calculate an 
interface roughness of about 1 DUL This value is consistent with our experimental 
reflectiviv data for the octane/surfactant/water system used. However, tbe value of 1 run 
is significantly smaller than the value = 10 nm expected from the usual analysis of capillary 
waves, and observed in previous work by different groups. It seems possible lhat the 
wider transition regions between the fluids observed in these studies are mainly due to the 
presence of a physically wider interfacial layer than assumed in our specific model. A 
wider intervening layer of a mixed oiYwatcr/surfactant phase can allow the existence of 
larger capillary fluctuations without implying lack of cohesion between the fluids. 

two liquids. 

A further study (by U. J a g  et al., [4]) was motivated by the prediction that 
lamellar multilayer structures will form in oil/water/surfactant systems. MuIt;Layer . . 

structures are expected to develop over time unless the interfacial rension y is low enough 
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to favor formation of mixed phases (for instance vesicles of water in oil) instead of 
lamellation. Use of the surfactant C,&, for which the interfacial tension varies drastically 
witbjn a small. temperature range around 25°C allowed us to look for a temperature 
dependence of the oivwater structure. The data indicated that a lamellar structure indeed 
appeared when the sample was kept at 30°C for many days, but not at 25°C (where y js 
too low). 

Similar studies, by our PhD. student L. Esibov, were motivated by observation of 
non-uniform distribution of octane when it coWnsed on the surface of an aqueous 
surfactant solution (and when it evaporated from it). Non-uniform distribution occurs in 
pselcdo-partial wetting, where a non-spreading droplet is m coexistence with a thin film 
covering the remaining surface. This phenomenon had been predicted (by Brochard- 
Wyart et aL, L a n w  7 (1991) 3 3 3 ,  and it was observed for pentane, using ellipsometry 
(by Kellay er aL, Phys. Rev. Lett. 69 (1992) 1220). We studied pseudo-partial wetting in 
different systems (octane on water and octane on silicon) using neutron rcflwtion. The 
slow accumulation of reflectivity data at the RINSC reactor was no drawback, since the 
oil had to be condensed on the surface in smali increments, over rime intervals of several 
days, to measure the growth of the deposited layers (and later also their slow evaporation 
from the subslrate). 

Esibov investigated the growth of the residual oil droplet during condensation of 
octane on a water solution with a smaU concentration of a non-ionic surfactant (C,&J, 
and on a silicon crystal. For these systems the thickness of the thin homogeneous i b ~  can 
be estimated from the spreading coefficht S and the Hamaker constant A, which 
describes the van der Waals interaction between the substrate and the gaseous top phase 
moss the thin intervening oil film The measured values of 10 nm for the homogenous 
film thickness on the aqueous substrate, and of 20 nm on the silicon substrate, are 
consistent with expectation. Our data also showed that, as more oil. i s  condensed on the 
sample, the area covered by the residual droplet increases at the expense of the area 
covered by the 10 nm (respectively 20 nm) film. This process is reversible, and during 
evaporation thc revase sequence of events occurs. The results of this work were 
presented at the International Conference on Neutron Scattering in Toronto (1997) 
(Esibov et al., [g). - 

During the past year, our thermal neutron reflectometer at the RINSC reactor has 
been upgraded by our Ph.D. student D. Sarkisov to include a poZunzed neutron option. 
Fig. 1 shows the lay-out. The polarizer and the analyzer are Fe-Si supennirrors. The spin 
€lipper is of the type first proposed by Drabkin et ol. (Sov. Phys. JETP 29 (1969) 261). In 
this scheme, the neutron spin can be €lipped non-adiabatically in the space between two 
coils. This system was chosen since it works well across the wide range of neutron 
energies used in our *of-flight reflectometer. W e  have checked that the same is true 
for the supermirrors used as polarizer and analyzer. The b s t  tests of overall performance 
of the polarized neutron option are in progress. 

4 



05/17/2004 MON 14:03 FAX 401 874 4272 SPon Pro1 Rev w U 1 . J  

1 1  Guide Tub; Detector 9 

Figure 1. Schematic view of the polarized neutron reflectometer at the RINSC. 

Of course, we are aware of the fact that the intensity Limitations for the RINSC 
reactor source are even more severe for polarized neutron work than for unpolarized 
ueutrons, but we hope that our plans for a power increase for this reactor, from 2 io 5 
MW, can soon be realized 161. Furthermore, a redesign of the collimator used for our 
reflectometer, and a changeover from a oneslit chopper to a txo-slit chopper, have 
already resulted in a 25-fold hcrease of beam intensity. 

3. Reflection Studies on E: e / O  Superstructures and Diblock C o p o l m n ~ ~ ~  

The experiments of our postdoctoral fellow 13. Lin were guided by the experience 
of experts at the Argonne National Laboratory, at NIST and at the B M  Research 
Laboratory (Almaden), and she was able to use the rcflcctometers and other technical 
facilities at Atgonne and NIST. 

with 28 bilayers) a new technique of 
epitaxial growth by sputter deposition on the (1,1,0) face of MgO was used. (Previous 
studies had used the (1,0,0) face). The new results of h work were 17% A strong 
twofold, in-plane anisotropy along the Fe (O,l ,-1) direction exists and can be explained by 
a slight mismacch of interatomic spacing of Fe and MgO in the direction perpendicular to 
the easy axis. This mismatch favors the formation of needle-shaped Fc crystallites 
pointing along the easy direction, and this direction defines the direction of the low-field 
antiferromagnetic order uniquely. Wben a magnetic field is applied along this direction, a 
strict antiferromagneric order persists up to a value of the field sufficient to break the 
antiferromagnetic coupling. If, instead, the magnetic field is applied along the Fe (- 1, 1 , 1) 
direction, the antiferromagnetic order becomes canted. 

The study at*NIST [8] inWstigated the penetration of vapors of pure and mixed 

poly(rnethyl~m0thac~ykite) (PMMA-)~ ~The~key- questtiowwas1 ttsf wharljexlent smaU 
molecules penetrate into an ordered system when the molecules act fhvorably with either 
or both of the blocks of the copolymers. When cyclohexane, a weak solvent for PS but a 
poor solvent for PMMA, was used, only the PS layer at the surface was swollen. The 15 

For the FdCr multilayer 1111 / Cr,, 

solvents into ordered thin films of symmotriC, &block copolymeLs of polystyrene (PS) and .. 
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nm thick layer of PMMA below the top PS layer apparently acted as an effective diffusion 
banier preventing swelling of the underlying multilayer structure. When a mixed 75/25 
methanoYtoluene mixture was used, where toluene is a good solvent for both PS and 
PMMA, the entire multilayer was swoUen, but the swelling was different for PS than for 
PMMA. 

4. ents on the "Uliracold Neutron Anomalies" 

In recent years the consistent reports of unexpectedly high losses of ultracold 
neutrons stored in "neutron bottles" by groups working at Dubna and Gatchina 
(ALfimenkov er aL, Sov. Phys. JETP Lett. 55 (1995) 84) seem to have been rccogirized by 
the scientific community as a genuine problem awaiting resolution. The initial explanation 
of enhanced losses as up-scattering (inehtic scattering of UCN to thermal energies) by 
hydrogenous impurities on the wall of the traps was generally considered successfbl, until 
losses beyond expectation werc reported, even for traps witb beryllium and solid oxygen 
walls kept at low temperatures. In these materials, the expected losses are very low, even 
if some of the hydrogen cannot be removed by the careful cleaning procedures used, since 
the main loss process - t h e d  ineIastic scattering - decreases drastically at low 
temperatures. 

Although less widely known, reports of possible anomalies in the spectral 
evolution of a UCN gas durhg storage (by Kosvintsev er al., Sov. Phys. ETP 50 (1979) 
642) and in UCN diffraction on a grating (by Steyerl et aL, SPIE 1738 (1992) 312) do not 
seem to be understood so far, either. These UCN riddles, as well as the status of current 
applications of UCN, have been reviewed in references [9] and [lo]. It seems that this 
situation has recently become even more complex. Spectral measurement, at the ILL, of 
the y-rays produced when UCN are captured in the nuclei at a trap wall showed 
unexpectedly high signals from certain atomic species. For titaniUm in stainless steel, the 
enhancemenl factor, over that expected €tom a simple cross-section calculation, was two 
orders of magnitude (L.N.Bondarenko er aL, JETP Pis'ma 65 (1997) 3). In other 
experimats at the ILL, the enhaaced loss rate has been confimed in recent experiments 
with a Be trap at low temperature, and the missing neutrons have been detected as thermal 
neutrons leaving the trap afker up-scattering on the walls. However, a large thermal- 
inelastic scattering cross section on the cold Surface is required to account for the 
measured upscattered intensity, and so far no plausible explanation has been found (V.V. 
Ncsvkhevskii and A.V. Srrelkov, personal communication, 1997). Furthennore, 
experiments indicate possible deviations @om the Fermi potential) of the neutron optical 
potendd at UCN energies (A.I. Frank, personal communication, 1997), and sub-barria 
transmission of UCN through relatively thick foils, exceeding by far the expectation based 
on the tunneling probability (A.V. Strelkov, personal communication, 1997). Moreover, 
in some storage experiments using extmmly low-energy UCN the losses appeared to 
increase with decreasing energy (V.V. Nesvizhevsky, personal communication, 1996), 

explanation. 
Combining these UCN riddles with persistent rcports by Prof. S.A. Werner's group 

of a 1% deviation of the gravitationidly induccd phase shift in a neutron interferometer 

while elemenw theory prcdicts a dqrease.. If these are gtnbine effects they await 1 ; . -- . 9 
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from the predicted value (most recently confinned again by LitWll et aL at the 
International Conference on Neutron Scattering in Toronto, 1997), ir seem conceivable 
that we may even see "new physics" emerging. A speculative model which might explain 
one of the "anomalies" (possible spectral shifts during UCN storage) was proposed by us 
in [I 11. 

For the experiments at ILL we constructed a vibration-stabilized UCN trap, using 
a vibration isolation system and a large high-vacuum chamber (in which the trap was 
housed) acquired during the first period of this DOE grant (between 1991 and 1995). 
These components are shown on the right-hand si& of Fig. 2 (labeled "system 2'7. They 
were part of the overall set-up that also included a monochromator unit built at Gatchina 

a) . Platform 

Fig. t. - EXp- wtup used to w u r e  slight spectral chaage~ for UCN &oredl either in tho 
annular region (&amber IT) of the morroduamstor when only system 1 u m  used, or by the Bnt recti 
anylar vessel in mono-cnergetic UCN were produd in the monochramator, 
using gravity to establish both a lcrarer and an upper rpectral cutoi€ For of the spatrum after 
vmious strorage timas the rot&& h r b a  Iid i s  positioned ac the desired nuvlmum jump height 
h tor the ueutrun gas, left theze d u a t l y  lang tor Yscoopiog o b  UCN with enetgie~ e m x d h g  h, 
and then the surviving UCN are.coupt6dd"Technicd det& rn shom4n the.insets: (a) the "fence" , 

the lawcr energy cutoff in the monochromator (top &w); .(b) the storage chamber in @ern 
2 (front view); and (c) the sdt shutter and beam switch. 

2. In e i t k  
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(shown as “system I ”  in Fig. 2). All the control system were developed at the ILL. We 
used this system during a sabbatical leave from the University of Rhode Island in the first 
half of 1996, and a second time when beam time was granted again during the May-July 
reactor cycle and for part of the AugusVSeptember cycle of 1997. Xn these experiments, 
monochromatic WCN were generated in the monochromator, then transferred to the 
spectrometer where their spectra were analyzed after various periods of storage in the 
trap. A lower spectral cutoff for the stored UCN was established by a gravitational hurdle 
(“fence”) which the UCN had to clear in the monochromator unit. The upper spectral 
cutoff was determined by the vertical position of an “absorberff (a plate ma& of 
polyethylene) in the monochromator. 

The details and results of the measurements of 1996 are described in [12]. The 
data indicated a very small shift of the UCN spectra during storage (by = 1 0 - 1 O  ev) which 
would not be expekted to occur as a result of any quasielastic interactions with the wall 
material, of wall vibrations (which were strongly suppressed), or of the energy dependence 
of storage losses. The s h e  of the suggested spectral changes was consistent with our 
model [11]- On the other hand, the signal was only on the level of about 3 standard 
deviations for the statistical mors. 

The new data of 1997 (with lower intensity and poorer resolution) have not yet 
been fully analyzed. Preliminary estimates do not unambiguously support statistidy 
relevant changes of the UCN spectra, at the same statistical precision as for the 1996 data. 
Tbis would mean that the question of “spectral UCN anomaly“ or not may be open until 
sqpficant improvements in UCN source stren,oth can be made which would d o w  
measurement of possible spectral changes of 1010  eV with the necessary precision of l@*l 

eV or better (1Off eV corresponds to a 0.1 mm change in the maximm UCN jump height 
in he gravitational field). 

These conclusions were complemented by the results of the third experiment in this 
series, which was performed in FebmaryMarch of 1997 by a group of the Kurchatov 
Institute, Moscow, in collabaration with the rU and US. After long storage time 
(involving morc than 5000 wall collisions, which is about five times more than in the 
other two experiments) no spectral shift was observed (none was expected using the 
model of Ref. (111). The results are described in Ref. (131. 
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1. Report on ultra-cold neutron work 

It has been shown three decades ago that extremely slow neutrons with energies s 1 O-' 
eV can be trapped in closed vessels since they are totally reflected fiom suitable wall ma- 

features of storage weie difticult to understand within the framework of neutron optics. 
Discrepancies between measured and expected storage lifetimes were observed, and the 
spectra ofneutrons disappearing from the traps were not understood In our experiments 
of 1997 we observed a M e r  anomaly: the unexpected appearance of ulda-coid neutrons .o from a trap after all UCN had presumably been removed fiom it by an absorber. 
These "late UCN" were detected when the absorber. was withdrawn fhna the storage vol- 
ume. 

The experiments were repeated and extended in JulyIAugust of 1998. The "late UCN" 
.were clearly seen again.. Moreover, analyzing the energy spectrum we found that all "late 
UCN" had energies higher than the l i t  determined by the lowest position of the ab- 
sorber. We also noticed a small but measurable count-rate difference between the data 
taken without a magnetic field in the tr& and those for a 500 gausdcm field gradient ap- 
plied to the bottom waLIs of the trap. These results have been reported in references [l-31. 
References i l l ,  [4] and [5] also report precise-measurements of the spectra of UCN as a 
fimction of dwelling time in a trq. Within the resolution limits of the experiments they 
showed no unexpected change of the spectra over time, and therefore did not contradict 
the usual assumption that the overwhelming mjoxity of UCN reflections on the walls is 
pqreIy elastic. 

The "late peak" data, however, a& puzzling. Attempts to explain the data as spurious 
effects have fniled so far [3]. The "late peak" could be explained if some neutrons formed 
long-lived states in localized regions of the trap, e.g, at the walls. Such states would be 
outside the reach of the absorber, and therefore would not be affected by its insertion into 
the trap volume. To investigate the theoretical possibilities, a special model of wave lo- 
calization was analyzed theoretically in our Physics Department [6]. The study showed 
that an c'A.nderson-type" localization of the neutron wave above a d l  is possible if the 
neutrons are strongly pressed against the wall. However, the gravitational force and the 

. terials at any angle of incidence. However, experiments also showed that the detailed 
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magnetic force due to a inagnetic field gradient of order 0.1 T/cm near a surface are too 
weak to induce localization for the neutron energies of order 10' eV used in our experi- 
ments. (UCN with lo2 times lower energies are expected to localize.) 

For fuaher experimental tests 01 this problem we have applied for b e a m - b e  in Au- 
gustlSeptembcr 1999 at thc Institut Laue-Langevin. The dditioilsrl information we hope 
to obtain from the extended experiments is described in rcfaence [7]. 

2. Thermal neutron reflection used to study pseudo-partial wetting 

The wetting behavior of oil on solid and liquid substrates has been studied for decades. 
Practical problems like tertiary oil recovery, spreading of paint films, and detergency re- 
vived an interest in this research. Despite the extensive experimmtal and theoretical ef- 
forts, no complete understanding of critical wetting has been achieved. One of its features 
is the phenomenon ofpseudo-partial wetting which was predicted by Brochard-Wyart et 
al. in 1991 [SI and observed, using optical ellipsomem, for pentane on water by Kellay et 
al. [9]. Pseudo-partial wetting describes the existence of a thick oil droplet on top of a thin 
fiIm completely wetting the surface. The effect can be observed in systems where the 
spreading coefficient S is positive, a condition Eavoring complete wetting, and the effec- 
tive Hamaker constant A is negative, favoring partial wetting. The constant A cliaracter- 
izes the van der Waal interaction between the substrate and the vapor across the interven- 
ing oil film. 

In our previous study at the mode lsland Nuclear Scimce Center we used octane on 
an aqueous surfactant solution [ 10,113. To our knowledge this was the first application of 
neutron reflection to study pseudo-phal wetting. The data indicated, also for the first 
time, the existence of pseudo-partial wetting in this system. This conclusion is consistent 
with ouf calculatioiis of the Hamaker constant for this systeiii. 

We are planning to extend this investigation to the hexanewater and hexanc-silicon 
systems. This system deserves attention since Shahidzadeh et al. have recently reported an 
ellipsometry study of hexane on brine [ 121 which did not show pseudo-partial wetting in 
spite of the negative value of the Hamaker coilstant for this system. 

To study the hcxane system w e  have prepared a sample cell which allows a good con- 
trol of the required uniformity of temperature. Beam h e  for these experiments has bem 
requested at the National Iustitute of Standards and Technoloa. 

A related feature of binary liquid film systems has been discussed in [ 131. This paper 
summarizes ow previous work on capillary waves at the interface between two liquid 
films. The effect of viscosity on these waves was taken into account theoretically. Viscos- 
ity suppresses the capillary wave amplitudes, especially at high frequencies, and can ex- 
plain that the measured roughness of the interface between liquid films is often smaller 
than that predicted by the elementary theory of capillary waves, which neglects viscosity. 
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3. Thermal neutron reflection used to study magnetic spin valves and multilayers 

The reflection of polarized thermal neutrons is a powerful tool for studying the mag- 
netic and structural properties of multilayers: depth profiles of chemical composition and 
magnetization, orientation of atomic magnetic moments within the layers, and interfacial 
roughness. We are currently collaborating with the University of New York at Stony 
Brook in a study of the magnetic depth profile in multilaycrs showing giant niagneto- 
resistance (GMR): NiFe/Cu multilayers, on one hand, and “spin valve” sandwiches of 
NiFe and CoFe ferromagnetic layers separated by a Cu layer, on the other. The technolog- 
ical motivation for these studies is to spec@ sample deposition conditions optimizing 
GMR-relevant properties such as the parameters of interface roughness. The samples have 
been prepared by Veeco Co., using a novcl technique of layer deposition. 

First measurements and a data analysis have been performed. So far, some of the re- 
sults of our data fitting are not well understood. More data are needcd, and thereforc we 
have applied for beam time at the reflectometer NG-1 at the National Institute of Stan- 
dards and Technology. 
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Part 3‘: 1999 - 2000 

” . 

1. Ultracold neutron work 

Ultracold neutrons (UCN) are trapped inside “neutron bottles” by reflecting back and 
forth between the walls many thousand times. A long-standing problem of UCN storage 
experiments has been the inability to achieve the theoretically predicted very long storage 
lifetimes in traps with low absorption and inelastic scattering cross sections. Therefore, a 
number of ideas about the possible nature of the additional (“anomalous”) storage losses 
have been tested in recent years. For instance, a Russian group of experimenters has re- 
ported observation of unexpected changes of the energy spectrum of the neutrons during 
storage. If some UCN were “heated” by only about lo7 eV their energy would exceed the 
neutron-optical wall potential and they could leave the trap. However, no plausible quan- 
titative explanation for such heating is available so far. 
Our approach has been different. In 1997 we carried out measurements at the high-flux 

reactor of the Institut LaueLagevin (LL) in Grenoble, where UCN were filled into a 
trap and then immediately removed from it by inserting an absorber into the trap volume. 
After the density of residual UCN had fallen to a very small value we withdrew the ab- 
sorber and opened the tmp. To OUT surprise, a small but clearly measurable number of 
‘late UCN” emerged from it, their number far exceeding the expectation based on the 
residual UCN density previously measured. We also noticed an unexplained and signifi- 
cant difference of count-rates between the data taken without a magnetic field applied to 
the trap and the data for an inhomogeneous field of 0.15 Tesla applied to the bottom sur- 
face of the trap. A similar count-rate difference was observed for measurements with a 
trap with rough walls and measurements with a geometrically identical trap but having a 
smooth bottom surface. The smoothness was achieved by replacing the Fornblin grease 
used as a wall coating for rough surface by a shallow lake of Fomblin oil. The oil has the 
same scattering potential as the grease but forms a flat surface. 

These results wefc surprising in themselves and they indicated a possible connection 
with the anomalous UCN storage losses. Therefore we repeated and extended these mea- 
surements in 1998. The previous results were confirmed and we gained additional infor- 
mation on the energy of the ‘late UCN’. The energy of the “late UCN” was found to be 
higher than plausiblc for UCN storable in the trap, and this observation established a 
connection to the Russiq data on enhanced storage losses and spectral changes of the 
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trapped UCN. 
We have summarized our results and a tentative interpretation lli the three papers [ 1-31 

and a presentation at a UCN Workshop [4). The model proposed assumes the possibility 
of a temporary adsorption of a few UCN to a wall and accounts, on a qualitative basis, 
for the “late UCN” as well as for the appearance of higher UCN energics in both t y res  of 
experiment. In this model no unexplained heating process has to be invoked to account 
for the data. 

To test tlie model hrther we have applied for and have been granted 50 days of beam 
time at the ILL reactor this coming, summer. The experimental plan is described in the 
beam time request [5  J attached to this report. ’fie ineasuring team will comprise two 
colleagues of the ILL (P. Celtenbort and J. Butterworth), a collaborator of Harvarcl Uni- 
versity (B. Yerozolimsky), a new Graduate Student ofthe University of Mode Island 
(0.4. Kwon) and the P.A.’s. 

2. Pseudo-partial wetting 

In systems of immiscible liquids like oil and water the lighter component (oil) can as- 
sunie an unexpected structure on top of the component with higher density (water). 
Rather than forming a uniform thin film, as expected for complete wetting, or Ionning 
greaseeye-like droplets on the water, as for partial wetting, the structure consists of both: 
an oil droplet residing on top of a thin uniform film o f  oil on water. This phenomenon 
occurs in conditions where two effects compete: (a) The van der Waals interaction be- 
tween the substrate (water) and the oil vapor on top, across tlie iiitewening oil film, fa- 
vors partial wetting; this condition is characterized by a negative value of the Hamaker 
constant A .  (b) The spreading coefficient S has a positive value; this condition favors 
complete wetting. Pseudo-partial wetting has been observed for the first time in 1992 for 
pentane on water [6]. In these studies, optical ellipsometry was used to measure the dis- 
tribution of the thichess of the pentane film across the surfice area. 

Rhode Island Nuclear Science Center to investigate the wetting behavior of octane on a 
water-surfatant (C,,E,) substrate and on a silicon substrate [7-91. The neutron reflec- 
tivity was measured as a hnction of the increasing quantity of oil deposited on the sub- 
strates from the vapor phase. For both substrates, the results showed that a uniform oil 
film was formed initially. But when its thickncss reached about 10 nm the film became 
non-uniform. The data were well represented by the model of droplets on a thin oil film, 
with the droplets covering an increasing portion of the sample surface as more oil was 
deposited, until finally the enlire surfwe was covered with a thick layer of oil. The xe- 
verse process was observed when the oil was allowed to gradually evaporate from h e  
surface. These resulu indicated the appearance of pseudo-partial wetting for octane on 
water and on silicon, and the calculated negative values of the H d e r  constant for 

In 1996-1 998 ouf Ph.D. student L. Esibov used the thermal neutron reflectometer at the 

15 



05/17/2004 MON.14:07 FAX 4U1 874 4272 spon rroJ Kev 

these systems support this model. 
Since these are new results, and the application of neutron reflectioii to studies of wet- 

ting is also new, we planned to repeal md extend these experiments in1 999 to the 
hexane/water system, using the higher neutron beam intensity at the reflcctometer NG-7 
at the NIST Center for Neutron Research (NCNR). Our program proposal had bccn 
approved but no besun time was allotted in 1999 due to the refiirbishmenl plans at thc 
NCNR As a result of recent changes in thc rcactor operating schedule we were able to 
submit a renewed request for thee days of beam time [ 101 for Uie period from February to 
April 2000. 

For these studies of octane on a water/surfactant substrate at temperatures around 25 “C 
we have prepared an improved sample cell. The new sample chamber has been wrapped 
in several layers of super insulation and was inserted into a copper box which is kept at a 
constant temperature by external heafing applied to its entire surhce. This scheme en- 
sues the required high homogeneity af temperature over the scvnple within about 0.01 K. 
The temperature distribution is monitored by a set of differential thermocouple probes. 

The experiments will be performed, in collaboration with Dr. S. Satija of NTST. by two 
Graduate Students (M. Dabaghian and D. Sarkisov) and by A. S. Thc measurements and 
the data interpretation are a part of M. Dabaghian’s Ph.D. resemrcli. 

3. Spin-valve multilayers 

Jn a collaboration with the University of New York at Stony Brook we used the NG-1 
polarized neutron reflectometer at NIST to charactexjze four samples of spin valve 
multilayers with respect to their magnetic slructure and interfacial roughness. The sam- 
ples had a sandwich-like structure with a layer sequence FeMn/CoFe/Cu/CoFe/NiFe and 
were grown in (1 1 1) texture by ion-beam sputtering in a weak magnetic field applied 
along an easy magnetization axis during sample preparation. The ion energy and the an- 
gle of incidence of the ion beam on the substrate had been chosen diffcrently for each of 
the four samples, and the main god of the study was to establish a relationship between 
the deposition conditions and the interfacial roughness as well as with the magnetic cou- 
pling between the magnetic layers. The interest in these studies derives from the techno- 
logical challenge to optimize the giant magneto-resistance characteristics of spin-valve 
systems for their application in permanent data storage elements, recording heads and 
magnetic field sensors. 

Complete sets of reflectivity scans for each sample were pcrfoimed, namely for inci- 
dent and reflected neutron polarizations “up-up”, “up-down”, “down-up” and “down- 
down”. Our Graduate Student D. Sarkisov analyzed the data using a fitting routine based 
on a matrix method of solution of the spin-dependent Schrodinger equation for 
multilayas with arbitrary directions of magnetization in the ferromagnetic layers 11 I.]. 

The preliminary results of this data analysis suggest that (a) the samples prepared with 
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I 

lower angle of incidence and with lower ion beam energy show a reduced interfacial 
roughness; (b) All samples showed a non-collinear coupling bcween die CoFe layers, 
and the signs of the coupling constants are consistent with calculations using the RKKY 
model of long-range conduction electron mediated interaction between atomic spins [ 121. 
D. Sarkisov plans to complete this analysis and Ph.D. thesis later this year. The final 

results will then be published. 
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Part 4: 2000 - 2001 

1. Ultracold neutron work 

Ultracold neutrons (UCN) can be contained in closed traps for hundreds of seconds. 
During this time they reflect from the walls thousands of times before being lost, either 
due to their beta-decay or due to the mall probability of nuclear capture or inelastic 
scattering at their encounters with the walls. However, so far no neutron storage 
cqeriment has been reported where the measured mean storage lifetime was exactly 
explained by the theoretical losses for wall reflections. Surprisingly, this seems to hold 
evcn for storage in magnetic systems where the walls are represented by magnetic field 
gradients, as in the magnetic storage ring of Paul et d. [ 11. Whether this deficiency also 
applies to the recent first attempts of UCN storage in superfluid helium-4 in a magnetic 
trap [2] is not clear since the statistical errors of this experiment were too large. 

In JundJuly, 2000, we had beam time at the UCN source of the Institut Laue-Langevin 
(ILL), Grenoble, France. Using improved equipment and a UCN spectrum restricted to a 
narrow energy band (which could be reduced to zero) we studied storage in a trap with 
Fomblin-grease coated walls; Fomblin is a perfluorinated polyether. As in our similar 
experiments of 1997 and 1998 we observed that a few UCN ‘’trickled out” of the trap, 
with a long exponential decay constant of -40% even when the nominal bandwidth was 
zero, i.c. when no UCN should have been in the system We found that these ‘late U C N  
are not due to temporary UCN adhesion to the walls, as surmised earlier, but the origin of 
the “40s tail“ is still not clear. 

A further important result was obtained fiom a comparison of different absorbers. A 
typical absorber is a polyethylene disk that removk the UCN impinging on their surface 
by inelastic upscattering,, thus cutting the UCN energy spectrum fiom above. The tests 
showed that different designs of absorbers have widely different efficiencies, and 
generally all .absorbers per foh  poorly, especially if not rotated. 

This may have implications on previous interpretations of other experimental groups, 
especially on the reports of unexplained small energy changes in “small heating” events. 
We found no evidence of energy changes exceeding the expectation based on acoustical 
wall vibrations if a “good” absorber was used. A “bad” absorber reproduced the earlier 
data which had been interpreted in terms of ‘‘small heatjng“ [3], indicating that these had 
been false effwls of a bad absorber. Similar conclusions were drawn from a different 
experiment of last year [4] where no “small hcating” was observed for a nuniber of wall 
materials which had been associated with “small heating” in [3] 
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A systematic study of the effect of acoustical wall vibrations showed that enhanced 
vibrations reduced the amplitude of the “40s tail” while leaving the time constant the 
same. 

our ILL report [5] and at two International Workshops at the Los Alamos National 
Laboratory [6]  and at the lLL [7]. We also attach a summarizing report [8] of the ILL 
Workshop to appear in the 2000 Annual Report of the U. We emphasize that no final 
conclusions about the origin of the “40s tail” have been reached so far. 

These and many other results of o u  new experiments have been described in detail in 

A paper on our results of 1998 appeared in print [9]. 
We are also applying for beam at the UCN source of the ILL in 2001 to test a new type 

of fully fluorinated oil as a neutron reflector [lo]. This oil is similar to Fomblin but has a 
lower solidification temperature. Therefme, it could be used as a liquid wall coating in a 
UCN trap at a lower temperature than Fomblin, thus the thermal inelastic neutron 
scattering cross section should be reduced and the loss coefficient for UCN rcflection as 
well. 

On one hand, the test should show whether the loss coefficient is reduced below the 
present limit of 12x1 0 5 .  If so, the limit of 3xlO”, once considered the value of the “UCN 
anomdy” [ 1 1 I, would no longer be anything special. On the other hand, we will also be 
able to evaluate the potential of a possible new measurement of the neutron lifetime for 
beta-decay, using this oil instead of Fomblin. 

2. Spin-valve multilayer system Ta/NiFe/CoFe/Cu/CoFe/FeMn/Ta on Si 

Spin-valve films are magnetic multilayer systems where a noii-inagnctic layer is 
sandwiched between two ferromagnetic (FM) layers. Onc of the FM layers has its 
magnetization pinned in a certain direction by coupling to an adjaccnt antiferromagnetic 
layer, while the other is fiee to change its direction of magnetization easily. Thc 
magnetization points in a given easy direction (parallel or antiparallel to the other FM 
layer) in zero magnetic field, but this state is flipped by application of a small external 
field of the order of only 10 gauss. The change of state is, then, measured as a change of 
electric resistance as a result of the Giant Magneto-Rcsistance (GM) properties of these 
multilayers, and the result i s  a device that is being used as a magnetic field sensor, as a 
read head for magnetic disks or for data storage. 

Collaborating with Prof. R. Gambino of the City College of New York, Dr. Wang of 
Veeco Co., who prepared the samples, and Dr. C. F. Majkiak of the NIST Center of 
Neutron Research, our student Dmitry Sarkisov used polarized cold neutron reflection to 
analyze a series of spin-valve films. The goal was to look for a connection between the 
GM ratio (expressing the coupling between magnetic state and resistance) and the 
conditions of sample preparation, mainly h e  energy and direction of incidence of the 
Argon ions used for sputter deposition. This could shed some light on the disputed role of 
interfacial roughness (which is affected by Lhe sample preparation and can he measured 
by neutron reflection) in the GM effect. 
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Dinitry submitted his Ph.D. thesis [ 121 and graduated in 2000. The main result of his 
work is a clear correlation bctween the h t h c i a l  roughness and the conditions o f  sample 
preparation. Since an earlier paper of  Hedge et al. [13] had already studied the 
dependence of the GM ratio on the ion beam energy, it appears that wc have clearly 
identified the direct connection between interfacial roughness and MR ratio. In addition, 
the angle between the magnetization directions was determined from the rcflectivity 
meawrd with and without neutron spin flip. This allowed us to estimate interlayer 
magnetic coupling constants 

We attach a draft [ 143 for a paper to be submitted to the J. Appl. Phys. 

3. Pseudo-partial wetting 

The wetting behavior of oil on solid and liquid substrates is of considerable commercial 
interest relating to tertiary oil recovery, to the development of improved detergents and to 
the spreading characteristics of paints on surfaces. But in spite of extensive experimental 
and theoretical work certain features of the wetting phase transition are not well 
understood so far. 

In systems of non-miscible liquids like oil and water the lighter component (oil) can 
assume an unexpected shape on top of the heavier fluid (water). Rathcx than forming a 
uniform thin film, as in complete wetting, or forming grease-eye-like droplets on the 
substrate, as in partial wetting, the actual structure consists of both: one or more oil 
droplets reside on top of a thin uniform film of oil. on the water. This phenomenon is 
known as pseudo-partial wetting. It occurs in conditions where two tendencies compete: 
(a) The van der Waals interaction between the substrate (water) and the oil vapor, across 
the intervening liquid oil film, favors partial wetting if the I-lamakcr constant A 
characterizing this interaction is negative. @) At the same t h e ,  a positive spreading 
coefficient S would favor complete wetting (if the van der Waals force were negligiblc). 
The result of the competition is pseudo-partial wetting, which has becn observed for the 
first time in 1992 for pentane on waler [lSJ In these studies, optical cllipsometry had 
been used to measure the variation ofpentane film thickness across thc surface area. 

In 1996-1998 OUT Ph. D. student L. Esibov used thcrmal neutron reflection at the Rhodc 
Island Nuclear Science Center to investigate the wetting bchavior of octane on a 
water/surfatant (C@4) substrate and on a silicon substrate [ 16-18]. When only very little 
octane was on the surface, a thin film of <20 nm thickness was fonned and identified by 
the typical thin-film interference pattern of neutron reflection. However, when more of  
the octane was deposited, the reflectivity pattern changed. It could no longer be explained 
by a unifoim film but required a model where a part of the surface reflected as a thick 
octane film would (2 1 e) while the remaining surface displayed the thin-film pattcm. 
This is what one would expect if a part of the surface were covered with droplets (say of 
thickness -1 pn and an extension of -1 cm) and the remainder were covered with the thin 
film. If so, the relatively thick droplets give rise to the Fresnel reflectivity, which lacks 
interference maxima and minima, and the remainder shows the thin-film pattern. The 
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reflection from the droplet surface would essentially take place at the same angle as for a 
flat surface since the mean droplet surfacc inclination is only of order lo4 radians, which 
is much less than the detector acceptancc angle. The data were well representcd by such a 
superposition of Fresnel and thin-film behavior. 

Thus, the data indicated that pseudo-partial wetting occurs in these systems. Additional 
theoretical work showed that the I-Iamaker constant for these systems is negative, 
supporting the model. 

pseudo-partial wetting is also new, we plan to repeat and extend these experiments using 
Ilie much higher beam intensity at the reflectometer NG7 of the NXST Center of Neutron 
Research (NCNR). This project had been approved repeatedly but beam time has only 
recently been made available (9 days, starting Jan 26). Our most recent proposal for beam 
time is attached [19]. In a first step we plan to study o c h e  on water (without a 
surfactant), using both neutron reflection and optical ellipsornctry. 

Dr. S.  Satija has tested a new sample cell at NCNR. Purification of octane in a basic 
alunina culumn.has also becn tested and shown to be feasible. The temperature within 
the sample cell must be uniform within the mK range to avoid a temperature related 
spatial variation of free enera. These tests are underway. The fist neutron measurements 
at the NCNR will address questions of stability ofthe oil film at a given sample 
temperature. 

Since these are new results, and the application of neutron reflection to studies of 

In the mcantime, our Graduate Student 0. -S .  Kwon, in collaboration with Dr. Shin and 
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Part 5: 2001 - 2002 

1. Introduction 
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The decay of the fiee neutron into a proton, an electron and an antineutrino is the most 
elementary process induced by the weak interaction. For this reason, the study of the 
aharacteristics of this process, the neutron lifetime z, and various asymmetry parameters, 
plays a preeminent role in tests of the “Standard Model” of particle physics as well as of 
various estimates in astrophysics and Big Bang theorics. Over the past few year, zm 
improvement in the precision of the decay parameters has become even more crucial 
since the data seem to indicate a possible failure of one of the cornerstones of the 
“Standard Model”. The critical issue is the unitarity of the Cabibbo-Kobayashi-Masukawa 
matrix, which describes the mixing of quark states due to the weak interaction. The 
evidence is derived Grom nuclear and neutron decay studies, which probe the first 
generation of quarks, as well as fkom hyperon decay, which probes the second quark 
generation. Theorists emphasize that any improvement in the precision of rn beyond its 
current level of will be significant. The cwrent world-average of 2, = 885.4h0.9~ [ 1 J 
has been derived maialy from ultracold neutron (UCN) storage experiments, and the 
experimental and theoretical situation has been reviewed in several talks presented at the 
first Amerioan Conference on Neutron Scattering, Knoxville (June 23-27,2002). Here we 
report the current status of our work aimed at a sensitive measurement of T, by use of 
UCN storage in a trap with a new type of liquid wall material. The fluoro-polymers to be 
used are similar to Fomblin oiI, which has the lowest reflection loss coefficient reported 
so far for any material, and which has therefore been used at temperatures T near room 
temperature in the most precise z, measurements to date. However, thc new oils have a 
lower solidification temperature, and therefore we call this class of new materials ‘‘Low 
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Temperature Fomblin” (LTF). The liquid form of the wall material is essential for 
providing a smooth and homogeneous surface without gaps. Since the LTFs can be used 
at temperatures down to -170K, the UCN wall reflection losses should be even lower 
than for Fornblin oil; hence the uncertainty in the extrapolation required to determine 2, 
fiom the storage data would be reduced below the value of-1s achieved with Fomblin. 

2. Measurement of quasi-elastic scattering and other properties of “Low 
Temperature Fom blin’’ 

Ultracold neutrons stored in “neutron bonle~~’ with suitable material walls are lost due 
to beta-decay or, with a -lo2 times lower probability, by losses suffered in the -10 nm 
thick wall reflection zone. The wall losses are due to nuclear capture, inelastic scattering 
to thermal energies, or quasi-elastic scattering with an energy gain that is small but 
suflicient for the scattered UCN energy to exceed the scattering potential o f  the wall. In 
our 2001 experiments with the new oils we measured the dependence of quasi-elastic u p  
scattering on energy transfer and temperature for LTF samples, comparing the data to 
ordinary Fomblin grease and oil at room temperature. At TC180K the two types of LTF 
used showed >3 tines lower quasi-elastic scattering probabilities than Fomblin, thus 
satisfying one requirement for an improved T,, measurement. furthermore, comparing our 
upscattering data for Fomblin grease at room temperature to our earlier quasi-elaslic 
down-scattering data we showed that there is about as much scattering with a slight 
energy gain as with energy loss. Plausible models of quasi-elastic scattering were 
discussed and the results have been summarized in 12-61. Thc findings indicate that carlier 
reports of “slight heating” or of “slight coohg” of UCN by other goups showed only 
one side of the “coin“, namely one aspect of quasi-elastic scattering. The new results can 
also explain some of the “UCN anomalies” reported earlier [7]. 

Small quasi-clastic scattering of the LTFs is one requiranent for low-loss UCN storage 
for n z,, measurement. Thennal inelastic scattering must also be shown to be sufficienlly 
weak at T480K. These losses, including absorption, are conventionally expressed by a 
reflection loss coefficient q(T). Temperature dependcnt measurements of cold neutron 
inelastic scattering cross sections for various LTFs at wavelength h = 1 - 2 nm, performed 
by Pokotilovski at Dubna, indicated that a factor 5 improvement in q(T) can be expected 
at -200K in comparison with room temperature Fomblin oil. Transmission experiments 
with very cold neutrons (velocity 6 - 15 d s )  at the ILL, performed independently by 
members of our group fiom the TMR and KRC [8], suggcst an improvement factor 
between 2 and 5.  Pokotilovski also measured the T-dependence of viscosity for a variety 
of LTFs and found that they are still fluid enough at -180 K to be used as a wall coating. 
Some of the data are summarized in [9] and [6]. 

3. Choice of experimental procedure for a r,, measurement using LTF 

The group members met in Gatchina, Russia, Jan. 13-14,2002, to discuss thc new data 
and the technical requirements and options for a T~ mcasureinent using LTF. A major 
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result was the agreement to use the systcm “Grmitrap” (with a rotating spherical trap), 
both for the measurmcnts of the reflection loss coefficient q(T) and the actual neutron 
lifetime measurements. This system had been developed at Gatchina and Dubna and is 
presently installed at 141e ILL. The results and rccommendations made at the meeting have 
been summarized in Uie Minutes [9]. 

..- . . 

4. Beam-time at the UCN source of the ILL 

We have applied for, and were granted, a total of 75 days of beam time for test 
experiments at the ILL UCN SOLLI-cc in 2002 (for the 50-day cycle starting Sep. 3 and the 
25-day cycle beginning Nov. 14). The plans are described in detail in the research 
proposal [IO]. At this early stage ofthe project we hope to reach a good understanding of 
thc special features of the new oil and 10 test the adaptation of the “Gravitrap” to LlY 
requirements. The details are described in the attached summary of rcscarch for the 
coming year. 

5. Further preparations 

Following the discussions at Gatchina, M e r  preparations for the project wwe made at 
the PNPI and the JTNR. Two new semi-spherical traps have been produced and a system 
of temperature stabilization for temperatures up to the 200 K range was developed. Ln test 
evaporations of LTF oil on surfaces at liquid nitrogen temperature, transparent solid 
layers were obtained. This indicates that no cracks are formed at low temperature, in 
contrast with the data for ordmary Fomblin oil. Cracking of the surface of ordinary 
Fomblin oil and the assooiated UCN reflection losses are a main reason why this oil has 
not been used for WCN storage at low temperatures. In spite or the indication that 
cracking does not occur for the thin LTF films to be used in our experiments, we will 
know only after the fist actual UCN storage tests whether or not a lowering of the 
temperature below -200 K (ie., below the solidification temperature) is feasible. In 
principle, this is possible in the “Gravitrap” since no movable beam shutters are required 
in this system to fill and mpty the UCN storage sphere. Therefore, possible leaks through 
shutters are not a concern. Lowering of the temperature would reduce the inelastic and 
quasi-elastic scattering cross sections even furthcr - but misht get us back to the well- 
known problems of accumulation of hydrogenous contamination on solid surfaces, which 
are reduced with liquid surfaces. 
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