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Abstract

In this talk I will make no effort to give an exhaustive, detailed
description of the well-published results of recent work with ul-
tracold neutrons (UCN) at the ILL. Instead, there will be a biased
selection of some topics in which the author happens to be most in-
terested, though in some cases more as a spectator from a consider-
able distance than as an actor. The selection includes the recent
lifetime experiment using a Fomblin-coated bottle, the continuing
search for an electric dipole moment of the neutron and some ideas
on high precision neutron optics experiments.

1. Introduction

The Institut Laue-Langevin has probabl{ the strongest source of ul-

tracold and very cold neutrrns available in the world at this time.

This source was designed and built by a handful of motivated scien- :
tists and engineers at the ILL and at Garching, with help in terms

of ideas coming from another handful of idealists dispersedi all ar-

ound the world. It would not have been reaiized without additional

help in terms of financial support provided by funding organiza-

tions upon the recommendation of a further handful of individuals

willing to take the risk.

Institutes like the ILL can create the fertile ground for the
growth of these or other internal and external ideas, by providing
in-house scientific expertise, technical support and, especially,
by exercising skill in the enormously difficult task of coping with
a bunch of physicists with wild ideas. The ILL has a remarkably
good reputation in all these respects, and it was indeed the atmos-
phere of openness and flexibility that made the development of an
unconventional installation like the UCN source possible.

The pr-sent report contains short reviews of some of the vari-
ous activities that have been and are being conducted at the UCN
source of the ILL: a precise measurement of the neutron lifetime;
the continuing search for the neutron’s electric dipole moment; and
slow-neutron optics. UCN optics includes attempts at neutron micro-
scopy and the precise analysis of reflection and diffraction data
for mirrors and gratings. A theoretical analysis is presenied which
may enable a novel interpretation of elementary wave-optics experi-
ments in the framework of recent field theoretic approaches.
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2. A measurement of the neutron lifetime

A precise value for the lifetime for heta-decay of the free neutron
is called for by a number of theoretical models in astrophysics,
particle physics and cosmology. We mention only the calculations of
Schramm and Kawano [1] which, within the framework of the standard
big bang model, relate the primordial ratio of helium to hydrggen
in the universe, ay_ = 1/4, to the number of low-mass (my = 10
MeV) neutrino getlflgrgtions, N , and to the neutron lifetime, 7_. A
sigpli.fied version of the reaséning is as follows: At a temperagure
T £ 1019 K the weak interaction kept the neutron and proton popula-
tions in thermodynamic equilibrium [n/p = exp(-Q/T)] according to
their difference Q = 1.3 MeV in rest mass. But then the neutron and
proton populations deconled until at a later time the temperature
became low enough (T = 10° K) for the formation of helium nuclei.
During this time window of some tens of minutes duration the neu-
tron population decreased not at the rate it would have done if
thermodynamic equilibrium had still persisted but at the slower
rate determined to a significant extent by the beta-decay of the
free neutron. The number of He-nuclei formed after this period of
free decay was then determined by the number of neutrons that had
survived beta-decay. The speed of the drop in temperature, and
hence the length of the time window, depends on the rate of expan-
sion of the universe at that time which, in turn, is determined by
the number of types of relativistic radiation. This radiation is
made up of photons, electrons and the low-mass neutrinos. A detail-
ed analysis procéeding along these lines establishes a quantitative -
relation betwéen r_, ay, . and N .

The experiment by Mampe et al. [2] was based on the following
basic considerations:

a) The B-decay of thermal neutrons is conventionally studied by
measuring the number of charged particles (electrons and/or pro-
tons) emerging from a beam o% neutrons with precisely known charac-
teristics in terms of intensity and geometry. This procedure calls
for precise absolute measurements both of neutron intensity and of
charged particle flux. On the other hand, ultracold neutrons trap-
ped in a neutron bottle decay like a radioactive gas, thus a rela-
tive measurement of survival rate, after various storage times and
for the neutrons only, is sufficient.

b) This proposition constitutes a valid approach if the neutron
gas disappears from the bottle only as a result of the S-decay or
if additional loss processes are well understood and can be taken
into account sufficiently well. The most crucial source of additio-
nal losses is imperfect reflection of the neutrons from the walls
of the trap. The magnetic neutron storage ring of Paul’s group [3]
(where there are no material walls) and storage in cavities with
solid oxygen or other low-loss materials used for wall coating at
low temperature [4] are examples of attempts to eliminate the wall
losses to a large extent. In the experiment by Mampe et al. [2] as
well as the previous, pioneering experiments by Konvintsev et al.
[S] the following alternative strategy was chosen: Separate the f-
decay from the additional losses by varying the bottle geometry



and, thus, the ratio between volume and surface of the bottle. (Ob-
viously, the loss rate due to wall collisions increases with sur-
face area while the rate of B-decay does not.) This procedure will
work better the smaller the additional losses are in relation to B-
decay and the better our understanding and control of the loss
mechanisms is.

The experiment by Mampe et al. benefittid from the previous
suggestion of Bates to use Fomblin oil for wall coating and his
work on UCN storage in Fomblin-coated bottles [6]. The oil is a
fully fluorinated polyether combining a number of excellent proper-
ties for use as a UCN reflector: a) a very low cross section for
neutron capture; b) As a film on glass substrate it forms a smooth
surface which c) is stable for periods of several days in its qual-
ity as a neutron reflector, and d) hermetically seals all the gaps
at moveable elements of the surface.

Although a lifetime measurement based on these ideas is con-
ceptually simple a number of practical problems have to be addres-
sed in the actual experiment. Most of these are due to the follow-
ing conflicting demands: On one hand, it is easy to realize that
the procedure of separation of radioactive decay and other losses
for the neutron population is straightforward only for a gas of mo-
nochromatic neutrons in the bottle. On the other hand, sufficiently
high count rates can be achieved only if a sufficiently wide spec-
tral band of neutrons is accepted into the bottle. The wall loss
rate incrzases with mneutron velocitg for two reasons: a) The fre-
quency of wall collisions increases; b) It follows from the Fresnel
formulas for an ideally flat surface bounding a homogeneous medium
of semi-infinite extension that in conditions of total reflection
the loss coefficient (per bounce) increases with the velocity com-
ponent normal to the wall.

Since the faster neutrons disappear from the bottle at a fas-
ter rate than the slower ones the spectrum of UCN changes with
time. An obvious consequence of this spectral evolution is the pon-
exponential decay of the neutron population which was already ob-
served in the early work on UCN storage. A complication in the
lifetime data evaluation could then arise due to the fact that the
storage lifetimes are determined experimentally from survival meas-
urements at different storage times and the spectra vary with stor-
age time. The strategy chosen in the ILL experiment was the use of
a scaling principle which provided a way to attain meaningful stor-
age data irrespective of possible uncertainties of spectral changes
with time. If the storage times, t_(i), for different bottle volum-
es (i,j) are scaled according t3 the bottle mean free paths £,
i.e.,

£y (1)/t,(3) = £1(1)/t;(5) = 2()/2() = [t5(1)-t1()1/[tx(3) -t (I)]

then the neutrons of any given velocity bin have made the same num-
ber of collisions in each volume during the corresponding times
t_(i), and thus they have suffered the same wall losses. Then the
spectral evolution should be the same, on the respective time



scales, for different bottle volumes, and the lifetime values de-
rived from the various storage time intervals t,(i)-t,(i), t,(j)-
t ({) should be reasonably independent of the details &f the gpec-
t}a evolution.

A more subtle effect of the temporal change of the spectrum is
related to the effect of gravity on a lifetime experiment using UCN
storage:

The gravitational interaction of the neutron gives rise to a
variation of the spectrum with vertical distance from the floor of
the bottle since the neutrons lose kinetic energy on their way up,
and some flight paths will turn back down before reaching the roof.
An analytic treatment of this effect by Ignatovich [7] for a mono-
chromatic and isotropic neutron gas, on the basis of the Fresnel
formulas for the reflectivity, yields a velocity and geometry de-
pendent additive correction to the value of neutron lifetime as de-
rived from storage experiments with varying bottle sizes by extra-
polation to infinite bottle volume (where the losses due to wall
collisions would vanish altogether). The correction becomes sig-
nificantly more complex for a polychromatic neutron gas. It re-
quires good models both for the initial neutron spectra in the bot-
tles (right after filling) and of their changes with time.

For these reasons it was very important to have a good model
for u(E), the energy dependence of loss probabilitg per wall colli-
sion, since the spectral changes are determined by this function.
The authors performed measurements of specular overcritical reflec-
tivity for Fomblin o0il in the region above the total reflection
cutoff, using the "UCN gravity diffractometer" described in Ref.
[8]. These data are extremely sensitive to deviations from the
Fresnel behavior due to a possible deviation from the simple model
of an abrupt potential step representing the vacuum-oil interface.
The measured reflectivity curve was in excellent agreement with the
Fresnel formula, indicating that use of the elementary form for
u#(E) was justified. In addition to this, direct measurements of
s(E) ir. the subcritical region were made, and this data also showed
perfect agreement with the simple theorg except very close to the
edge where the observed deviations may be due to wall vibrations.

In addition to the effects of spectral changes during storage
one has to deal with differences in initial spectra due to differ-
ent filling characteristics for large and small bottles. These are
due to the fact that different bottle volumes represent a different
load for the UCN source. In some runs these slight differences were
studied and minimized by adjusting the filling aperture to the bot-
tle size.

A number of parameters of the experiment (like temperature and
vacuum conditions) were varied to check for possible systematic er-
rors. Furthermore, detailed analytical calculations and computer
simulations were performed to obtain from the actual storage data
information on the parameters relevant for the spectral evolution.
It turned out that the maximum correction that had to be applied to
the raw-data lifetime values, due to gravity and source loading,
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was about one percent. The final result for the lifetime of the
free neutron for B-decay was

rn-887.6i3 s.

At the time of publication this value constituted the most
precise lifetime value available either from a direct measurement
or inferred from measurements of angular correlations for the decay
products. The relation to previous values as well as the implica-
tions of the considerable improvement in precision were discussed
in detail by Dubbers, Mampe and Dohner [9). Among these are a roun-
ding-off of the cosmological arguments mentioned above. Combining
several recent lifetime values to a new world average of 888.6 +
2.6 s the calculations of Schramm and Kawano [1] yield for the num-
ber of low-energy neutrino generations a value

N, - 2.6 + 0.3,

This result is consistent with the three generations that have al-
ready been discovered, and a fourth generation of particles would
appear to be very unlikely.

In the meantime two further lifetime results derived from UCN
storage have been obtained and are presented at this Neutron School
(Morosov et al. and Serebrov et al.). They apparently fit in the
same "ballpark" as the value of Mampe et al. [2], corroborating the
previous conclusions. -

3. The electric dipole moment of the neutron

Of the three basic symmetries observed in nature (invariance with
respect to parity inversion, P; to charge conjugation, C; and to
time reversal, T) the time reversal symmetry is probably the most
subtle. This is not only so if viewed from a philosophical platform
but even from the "simple-minded" point of view of physicists used
to merely describing (rather than trying to explain) nature. So far
the only process found to violate time reversal jnvariance in the
microscopic world is the decay of the long-lived K; meson into two
(rather than three) pions, and this rare decay mod¥ and its implic-
ations with respect to CP and T violation have been studied exten-
sively since its first discovery by Christenson et al. in 1964
[10]. T violation follows from the CPT theorem but can also be dir-
ectly inferred from an analysis of the experiment [11]. Even before
then Purcell and Ramsey had suggested in 1950 [12] to search for
electric dipole moments (EDM) o% elementary particles and nuclei as
a means to test P invariance. The question whether finite EDM’s of
"simple systems" would as well be evidence of T violation was dis-
cussed by Ramsey in 1958 [13]. He pointed out that this was so if
the EDM was thought to be due to a static electric charge distribu-
tion. If, on the other hand, magnetic monopoles existed and the EDM
was caused by rotating magnetic charges then the interpretation
would have to be modified to indicate a failure of the combined TM
symmetry where M stands for magnetic charge conjugaticn.



Since the pioneering work of Smith, Purcell and Ramsey [14],
many experimental searches for EDM's have been performed on the
neutron, and as the techniques were refined the upper limit of a
possible EDM, d_, of the neutron was_lowered by 6 orders of magni-
tude to the presgnt limit of about 10 2% & cm where e is the proton
charge. In recent years the search for EDM's of "simple systems"
was extended to atoms, especially the !°°Hg atom (Lamoreaux [15]).
While the level of experimental sensitivity is even higher for se-
lected atoms than it is for neutrons (presently =10 26 e cm for the
199Hg atom) the interpretation becomes more complex. This is be-
cause a possible EDM of a neutron could be associated with T viola-
tion in some aspect of the nuclear interaction while atoms are, in
addition, sensitive to other possible T violating effects such as
an intrinsic EDM of the electron or electron-nucleon interactions
[15]. Furthermore, the significant screening of electric fields in
atoms is a major factor which must be taken into account.

I shall not go into any details of the ILL experiment which
uses stored UCN to search for an EDM of the neutron but only quote
the latest result published by Smith et al. [16] in 1990:

d = -3+5 x102ccn
This value is to be compared to the value
d = -(14 + 6) x 10°2° & cm

which was obtained by the group at Gatchina (also on the basis of
the use of stored UCN) and published in 1986 (Altarev et al. [17]).
This result was interpreted by the authors as setting an upper lim-
it of 26 X 10°2¢ e cm on |d_|. The ILL value seems to suggest even
more stror,_ 'y that a finite Palue for d_ has not yet been found.
While these latest experiments elimindted a number of theoretical
models for the EDM of the neutron others predict values which might
be within reach of a next generation of EDM experiments with a
somewhat improved sensitivity.

An improvement of the ILL set-up is expected from the use of a
larger bottle and, especially, of polarized !9°Hg atoms (or, pos-
sibly, of another suitable atomic species) as a gas filling the
same bottle volume as the neutrons and serving as a sensitive mag-
netometer. These plans were described in ref. [18]. The gas will
monitor the same temporal and spatial average of the magnetic field
(apart from small gravity effects) as the neutrons and thus reduce
possible uncertainties in field monitoring.

4. Some aspects of neutron optics

The most distinguished and characteristic property of waves is
their capability to interfere constructively or destructively. In
this sense, neutron waves do not seem to differ in any way from
other types of radiation, like acoustic or light waves. Phenomena
like reflection and refraction at interfaces between different me-
dia or fields, or diffraction on periodic structures or other spa-
tial fluctuations, are all based on the collective effects of wave
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scattering from the atoms and nuclei constituting matter, and on
the collective, coherent action of fields like gravity on the wave
function, or that of magnetic induction on the neutron spin-wave
function. It is only the "petites différences"™ like the finite -
and sizable - mass of the neutron, the absence of an electric
charge, the low energy, or the spin and magnetic moment that endow
the neutron waves and their study and application with a special
quality.

Interest in testing, and perhaps extending, wave mechanics is
as 0ld as the subject itself but the ideas of de Broglie [19] and,
more recently, Bialynicki-Birula and Mycielski [20] had been almost
forgotten when the subject was vigorously revived by Weinberg's
theory of a non-linear extension of quantum mechanics [21]. In con-
trast with the previous approaches it includes a strict homogeneity
postulate stating that states differing only by a normalization
factor represent the same observables. Very precise experiments
testing the older ideas have set stringent upper limits on the pos-
sible magnitude of a specific, the logarithmic type of, non-linear-
ity (Shull et al. [22], Gihler et al. [23]). Even more sensitive
tests of the new ideas have already been reported (Bollinger et al.
[24]; Walsworth et al. [25]) or are underway.

In the present note I want to draw attention to an alternative
approach. Non-linear terms in equations of motion of physics are
not always due to non-linearities intrimnsic to the theory but often
arise as a result of coupling to the embedding media or fields
which, in their turn, act back on the system under consideration. A
well-know example is "non-linear optics" where the E-field polar-
izes the medium in which it propagates, and the polarization retro-
acts on the field. Most field theories of particles are based on
such a framework which does not require the homogeneity postulate.
Along fhese lines proceeds a recent discussion of a "gauged non-
linear Schrédinger equation" by Jackiw and Pi [{26]. In such a theo-
ry non-linear terms in a Schrédinger-like equation (in two dimen-
sions) would be a direct consequence of coupling of the matter
field ¥ to a "massive photon-like field", the Chern-Simons gauge
field. Within such a framework a search for non-linearities in the
equation of motion of a particle wave is tantamount to a search for
a field via which the particle field acts on itself.

The non-linear gauged equation considered by Jackiw and Pi
[26] reads

ih 3¥(r,t)/8t =
{(-(h2/2M) [V - (ie/hc)A(r,t)]? + er(r,t) - gW*(r,t)W(r,t)) W(r,tzi)

where M is a mass parameter, h = 27xh is Planck’s constant, c the
velocity of light, % governs the strength of the non-linearity, apd
e measures the coupling to a gauge field described by scalar (A7)
and vector (A) potentials. They showed that eq. (1) for the matter
field ¥ possesses vortex-like stationary solutions corresponding to



freely mov;n%, localized waves with a finite orbital angular momen-
tum mh (m = 1) (in addition to the more conventional soliton-like
solutions for which m = 0).

Using numerical methods we have found similar, stationary vor-
tex-like solutions for the Bialynicki-Birula Mycielski (BBM) equa-
tion

ih 8¥(r,t)/dt = (-(h2/2M) V2 - b fn [a" |¥(x,t)]2]) ¥(r,t), (2)

both in two and three dimensions (n = 2 or 3). Here b (> 0) des-
cribes the strength of the self-interaction and a is an arbitrary
positive constant with the dimension of a length. The BBM equation
was chosen because its properties and soliton-like solutions (the
"gaussons") are well known but it may be assumed that similar solu-
tions can be found for other forms of non-linearities (like the
more standard type -g|¥|?¥, and for 3 dimensions as well as for 2).

While details of the analysis will be published elsewhere we
will sketch here only the basic ideas and final results. We seek
stationary wave solutions to eq. (2) of the form

¥(r,t) = a ! exp[l - E/(2by] x(R) el™ exp(-iEt/h), for n = 2
and ’

¥(r,t) = a3/2 wxp[3/2 - E/(2b)] x(R,8) e'™ exp(-iEt/h); for-m=-3

where R = r/L 1is normalized with tgﬁ(pcharacteristic length [20]
L = h//(2Mb). The equation for @ = x e'7,

V28 + (a + In|8|2) 6 = O, (3

is solved by the radially symmetric gaussons, ©_ (R) = exp(-R2/2),
which correspond to angular momentum quantum nfmbers m = 0 and £ =
0 (the latter only for n = 3). The vortex-like solutions with non-
vanishing angular momentum may be characterized by their behavicr
near the origin R = 0 where the centrifugal potential term domin-
ates the logarithmic singularity. Therefore they should show the
same behavior

e o« RT eiw, for n = 2; and 6«R2

P?(cosﬂ) eim(p. for n = 3,
as the linear equation. (P%(cos®) denotes the associated Legendre
functions.) This propert§ holds not only for the logarithmic non-
linearity but would hold as well for any other "reasonable" form of
non-linearity, and it is the reason why the vortex-like solutions
may be characterized by the conventional quantum numbers m (for n =
2), or by £ and m (for n = 3).

In two space dimensions solutions to eq. (3) can be found by
numerical integration startjng from R << 1, where we know the asym-
ptotic behavior x(R) - C_ R, out to large R where a similar analy-
sis shows that y should 8ecrease exponentially. This convergence is
obtained only if a specific value had been chosen for the initial



amplitude C . Fig. 1 shows a plot of solutions for m = 0 (the gaus-
sons), and for m = 1, 2, 3. Due to the centrifugal potential the
wave functions are concentrated at larger distances R = /R?>
from the origin as the angular momentum mf increases. It was proved
in ref. [20] that the gausson (for m = 0) corresponds to the lowest
possible energy E for a normalizable solution of the BBM equation
in free space. If we shift the energy scale so that the lower ener-
gy bound E_is set equal to zero then the energies E_ of the vor-
tex-solutfons (at rest) are E;, = 1.23 b, E, = 1.84 bE E, = 2.23 b,
.etc. As expected, their scale 1s determined by the strength, b, of
the non-linear term giving rise to self-intcractica of the wave.

In three spatial dimensions (n = 3) the analysis is complicat-
ed by the fact that the R and ¢ dependences of 8 can no longer be
separated (in contrast to the linear case). In the cases investiga-
ted (£,m = 1,0; 1,1; and 2,2) a representation of 8 by the first
three terms in the sum

o(r,8,p) = RE 17 } d (R) P}, (coso) (4)

v=0
was found to provide a satisfactory description of the wave field.

The behavicr of this Ansatz near the origin R = 0 can be studied by
expanding the functions dy(R) in power series of the form

0.60
—m=0

0.501 _
5 | e
g 040- (Rzz -
E 0.30+ m= 2 <R >’-
‘s’ Ny
Z 0.20- m= R

0.10- m=
o.oo 1 | ] 1| | 1 )] 1 L 1
8) l 2 3 4 5 6 T 8 9 (0]

Fig. 1 Normalized wave functions for vortex-like solutions to the
BBM equation in two dimensions characterized by their orbi-
tal angular momentum
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inserting into eq. (3) and equating coefficients. In this way we
find that not only the coefficient Cyqq (the amplitude of the

asymptotic solution RE PP (cos®) eimxp determining the type of solu-
tion sought) is at our disposal for adjusting to boundary condi-
tions at infinity but also all the coefficients C, , (for 0O < v =N

where we have truncated the series in eq. (4) at N = 2).

The solutions constructed in this way for £,m = 1,0; 1,1; and
2,2 show all the features outlined above as well as the topologicil
properties of the respective spherical harmonics with respect to
their zeroes. They are characterized by the following energies E
(again referred to the lower bound), mean square angular momenta

<£2>, and mean-square radii <R2?>:
for £ =1 and m = 0: E = 0.71 b, <£2> = 5.4, <R?> = 7.2;
for # =1 2ndm = 1: E = 1.23 b, <22> = 2.6, <R?> = 4.7;

for 4 = 2 and m = 2: E = 1.85 b, <#2> = 8.2, <R2> = 10.5.

iThe wave functions can be normalized but within the framework of
the BRM approach [20] the values given above do not depend on the
normalization. All the operators are defined as in the linear theo-

ry but £2 is no longer a good quantum number while .tz = m and the

Hamiltonian retain this quality. The <£2>-values obtained are some-
what larger than the value £(£+1) for the pure spherical harmonics,
due to the admixture of wave components with larger angular momen-
ta, in accordance with eq. (4).]

From the mathematical excursion presented above we draw the
following conclusions:

(a) The introduction of non-linearities into quantum mechanics
(motivated either by the search for hitherto unknown interactions
or by the search for possibilities of "reasonable®" fundamental mod-
ifications) gives rise to a (presumably) rich spectrum of novel ro-
tational states of a free particle wave. They should exist both in
two and in three spatial dimensions and are characterized by the
ordinary integral quantum numbers (m and £;m, respectively) for or-
bital angular momentum.

(b) The search for transitions between such states in high-resolu-
tion wave-optics experiments with cold or ultracold neutrons may
provide a very sensitive handle on the study of these ideas, sup-
plementing the previous approaches [22,23]. A feasible experiment
could be based on a precise analysis of UCN beam profiles obtained
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unser comparable conditions in mirror reflection and in diffraction
on a reflection grating. A follow-up of the initial data reported
in ref. [28] has so far shown no evidence for deviations of the
line profiles.
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