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My small contribution on this 100 year anniversary
of Prof. Shapiro’s birthday:

* Some old ultracold neutron stories of ~50 years
ago from “‘the other side of the Iron Curtain™

e (Time permitting) mention a new development in
his suggestion of 1968 to search for the neutron
electric dipole moment using stored UCNESs.



The beginning (prehistory of UCNS)

What was know (by very few) in 1966 at the start of
my doctorate work at Garching under Prof. Maier
Leibnitz:

» Zel’dovich 1959: Estimates storable UCN density
of 50/cm? in graphite bottle (just like Ageron’s
prediction ~1980). Both predictions were and still
are remarkably correct.
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Ya. B. Zel’dovich 1959

STORAGE OF COLD NEUTRONS

Ya. B, ZEL’ DOVICH
Submitted to JETP editor April 3, 1959

J. Exptl. Theoret. Phys. (U.S.S.R.) 38, 1952-1953
(June, 1959)
TIEE idea of retaining slow neutrons has been men-
tioned many times, but the corresponding experi-
ments have not yet been performed, and the litera-
ture does not contain even rough estimates pertain-
ing to this problem.

It is known that slow neutrons experience total
internal reflection in glancing incidence on the sur-
face of most substances. At sufficiently low veloc-
ities, the neutrons cannot penetrate in such a sub-
stance even under normal incidence. Thus, for
carbon with a density ~ 2g/cm?® the critical neu-
tron velocity is close to 5 m/sec, for beryllium
it is approximately 7 m/sec. Let us place neu-
trons in a cavity surrounded on all sides by graph-
ite. The neutrons of speed higher than critical will
rapidly leave the cavity, but neutrons of less than
critical speed are blocked in the cavity and vanish
only as they decay, with a half-life of approximately
12 minutes. Such slow neutrons will penetrate into

the wall only a depth on the order of their wave-
length; taking into account dimensionless factors,
the depth is ~ 1078 ¢em. Therefore if the cavity
has a considerable volume, the fraction of the
time that the neutrons stay in the material of the

shell is quite small; for a one-cubic-meter cavity
this fraction is ~ 107",

The capture cross section of carbon (4.5 x 10~
em? at v =2.2 x 10° cm/sec) obeys the 1/v law
and corresponds Lo a neutron lifetime in carbon of
~ 0.01 sec regardless of its velocity. For neutrons
in a cavity we obtain an absorption time of 0.01/107"
= 10% sec 1 day. Slow neutrons will also be lost, as
they acquire energy by collision; obviously, however,
this process is greatly suppressed, because the neu-
trons are for the most time in the cavity and not in
the material of the shell.

The most difficult feat is to obtain a sufficient
number of such neutrons. For a Maxwellian dis-
tribution at room temperature, the fraction of such
neutrons is on the order of 107%,

It is advisable first to cool the neutrons in a
volume filled with liquid helium, and then the frac-
tion of the necessary neutrons increases Lo 1075,
As a result of the long life of the slow neutrons
in the cavity, their coneentration after a few sec-
onds becomes equal to the Maxwellian equilibrium
concentration. The principal difficulty is connected
with the need for having a large volume of liquid
helium, because of the long range of the neutrons
in helium (50 c¢m ).

With a fully moderated neutron flux of 10*
em ™ see”! from a reactor, the flux of neutrons
emitted with a temperature of 3°K can amount
to 10'! em 2 sec™!, which corresponds at an aver-
age velocity on the order of 2 x 10* cm/sec to a
density of 5 x 10® em™? of thermal neutrons, in-
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The beginning (prehistory of UCNS)

What was know (by very few) in 1966 at start of my
doctorate work at Garching under Prof. Maier Leibnitz:

Zel’dovich 1959: Estimates storable UCN density of
50/cm? in graphite bottle (just like Ageron’s prediction
~1980). Both predictions were and still are remarkably
correct.

Gurevich/Tarasov 1964, 1968: “ultracold” = E < 104 eV.

Foldy 1965: leaves all details of storing 10! UCN/cm? to
the reader.

Shapiro 1968: Suggestion to use stored UCN for an EDM
experiment.
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TS QF ELEMENTARY PARTICLES*

F. L. SHAPIRO

Joint Institute for Nuclear Hesearch

Usp. Fiz. Nauk 85, 145— 158 (May, 1968)

1. INTRODUCTION

TI{ . queslion of whether elementary particles have
constant electiyic dipole moments has becoms particu-
larly sigmaficant in connection with the receat discovery
of an obzervable violation of T-invariance (invariance
to time reversal) in certain processes of neutral decay
K-mesant' ",

The constant electrie dipole mement (EDM) of a par-
ticle Is expressed in a well keown form in terms of the
charpe distribution density:

i 5 o Lyt

and ie a polar veclor  in accordance with its trans-
formation preperties. The prescnce of 2o EDM leads to
the appearance of wn additionul term U = —d ' E in the
particle inleraction energy; thiz term depends on the
mutuat orientation of the EBM und on the electrie field

E acting on the particle. The elementury particles,
aloms, or atomic nuclel have no oiher degrees of free-
dom characterizing the orientatlon in space, except those
connecled with the spln vector, The “orientation’’ of
these particles reduces entively to the oriemation of the,
spit. In view of this, the effective EDM of the particle L.
can be directed only along its spini, However, the spin
ig an axizl vector and if the spin and the EDM arve paral-
el ina given conrdinats system, ! oot anti-
parallel as a vesult of space reflection (P) (Fig. 1), If
invariance exists with respect to apace reflection

(= right-liznd symmelry = comservation of spatial par-
ity), then both gituations are equivalent and the average
{ohaervable) value of the EDM vanishew identically. A
similar reselt is oltained alge : time-roverss
eperation (Fig. 2). If T-invariance extets, then the
direet ard time-reveraed states sre physically equiva-
lent snd pgain the mean value of DM vanishes,

*baper deivered at the Seminar on €0Violation (Moscow, 22-
36 Lanuary, 1985)

*More avcurately, viedaton of the ¢on-ervatien of combumed (C1)
panty was abecrved in K% -peson decays Howover, in view of the well
known CPT theorem. the validity of winch o so (o not s
dovtst, CF panty nonconsrvation means thal T-isvariance is vial,
We shall henceforth make wo distinclion betwezn CP- and 1-imvanance,
and we shall use the laiter term.

T origin w asumed to be located ar the mads center of the
parti b furthoreoge, the TDM of an clectneaily neutral gystem
fipirddV = 01 does not depend on the choice of the erigin

10pe yrak clraically of the retation of 3 pacticle around the
spin dhrection, leading 10 averaging of that component of the vectu: d,
whizh i narmal to the spin directian. The same follows lrom the une
certmnty telabtwon for the angular momentum amd the angle,
aified momentun proj wave Ay = 0,
; s progectaon of d oo the plane noninal tu
ety urndetined
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FIG. 1 FIG. 2

FIts 1. Operatioa of spatial reflection {miror reflection ) a anglied
1o spin and FIOM

Fic Ciperation of time reversal (revoral of the directions of ail
the velneities and replacement of the initial sate by the final stated s
apgleca toospim and 1 L

Thus, as first noted by L. I Lan
(directed along the spin) can exis! anly if
conservation and T- invariance violated. Observa-
tion of DM n elenentary particles will consequentiy
b a divect proof that invardnee with respect to tiine
réeverssl is not a universal g

To this day, numerous atlempts to find manife
of T-noninvariance in processes other than K'- o
decay have been unsuccessiul, and the nalure of thia
phenomenon remains puzel

A number of possibilities of (heoretically deseribing
the violation of T-invariance are discussed 1 the litera-
ture, and predictions have been made corcerning the
order of magnitude of the expected LDM of the parti-
cles™ . Some estimatea can be made on the basis of
dimensionality considerations.

Si slrong pas
in weak titeracuiions, one might think that these
tions wiil participate in one manner or ancthes in the
formation of the EIM, which should thus be nroportional
to the weak-interaction constant G = 10" (i we)’ em’
(m—nucleon ma Using, lo epsure correet dimen
sionality, the elementary electric charge » and the
Comptoa wavelength of the nueleon, we ohitaiu the foilow-
ing estimate {nrthe EDM of the pucleon:

iple of nature,*

L e S L S T

Ron-conwnation of spatial parity {in weak interactions 1 known
1o I a firmly estabd wt

g




Shapiro’s proposal: Use UCN for EDM

on the order of 10°%*~107 e-cm.
Another possible way is to use the suggestion of
Ya. B. Zel’dovich®'! of storing ultracold neutrons in a

closed cavity (Fig. 7). The neutrons with velocity lower
than the limiting value

Uligy == % V N bcon, (10)

experience total reflection from the surface of matter
_at all angles of incidence (m~—neutron mass, N—number
" of nuclei per cm®, beogh—coherent scattering length).
For Ni*®, vjjm ~ 10 m/sec. Since in a Maxwellian spec-
trum the flux of neutrons having all velocities lower
than vjim is proportional to v{jy, a change from a
velocity 90 m/sec, such as used in!'"’, entails a de-
crease of the intensity by four orders of magnitude.
However, it can be more than offset by the increased
lifetime of the neutrons and by the possibility of gather-
ing the ultracold neutrons from the more ‘‘luminous’”’
area of the reactor. An important advantage of such a
formulation of the experiment is also the appreciable
suppression of the v/c effect.

A similar approach is applicable also to experiments

N4



Very little, 1f anything, of this prehistory was
known 1n Garching in 1966; UCNs were
terra incognita and the subject of disbelief
(a fact which is hardly ever mentioned in
later publications).

I will tell you about events which are never
ever found in papers: some of our failures.



Very little, 1f anything, of this prehistory was known in
Garching in 1966; UCNs were terra incognita and the
subject of disbelief (a fact which is hardly ever mentioned
in later publications).

I will tell you about events which are never ever found in
papers: some of our failures.

First an introduction to the scenery, the FRM reactor
(Forschungsreaktor Miinchen):

e Swimming pool type
* light-water moderated
e thermal flux ~10!3 cm™s2; no Cold Source
(~1% of ILL; ~10° times mean flux of IBR30)



The “atomic egg” alias reactor FRM

Abb, 3; Heinz
Maier-Leibnitz,
der wissen-
schaftliche Lei
ter des FRM
wahrend der

ersten 10 Jahre,
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* He was the mitiator of the reactor and
spiritus rector 1n all 1ts scientific
applications;
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A word about Prof. Maier Leibnitz (ML)

» He was the mnitiator of the reactor and
spiritus rector 1n all 1ts scientific
applications;

 He had a notebook with an inexhaustible list
of new 1deas;

* As aresult, he had >100 diploma and
doctorate students at any given time;

* Typically, every student built their
apparatus themselves.



cut through the reactor pool

1

1Ca

Vert



Bird’s eye view of FRM 1nstruments
Upper platform with “chicken ladder”

Overview 1987 with LWS, turbine and NESSIE




A glance a the history of the vertical guide for
very slow neutrons (or LWS for long
wavelength beam tube):

* Designed and built by H. Nagel (whose
expertise, together with that of F. Schreiber,
was crucial 1n all technical UCN matters
over more than 20 years);
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A glance a the history of the vertical guide for very
slow neutrons (or LWS for long wavelength beam
tube):

* Designed and built by H. Nagel (whose expertise,
together with that of F. Schreiber, was crucial in
all technical UCN matters over more than 20
years);

« Two design possibilities: (a) inclined guide
passing through an inclined hole; or (b) vertical
and attached to reactor bridge;

* Inclined version was dead when ML called it an
“elephant” (ML’s minimalist approach);

 Vertical solution had tricky features of its own.



ertical guide tube LWS

Volume 298, number 1 PHYSICS LETTERS 31 March 1989

MEASUREMENTS OF TOTAL CROSS SECTIONS FOR VERY SLOW
NEUTRONS WITH VELOCITIES FROM 100 m/sec TO 5 m/sec

A.STEYERL
Physik-Depaviment. Technische Hochschule Miinchen, Munich. Germany

Received 24 February 1868

Very cold neutrons from 60 geV to 0.1 geV were obtained through a vertical total-reflecting neutron
guide tube. Total cross sections measured by time-of -flight technique for gold and aluminium were
found to obey the 1/ ¢ law.

Palmgren [1,2] was the first to perform total as 42 m/s in a "Doppler chopper” where the

cross-section measurements for neutrons as slow target moved in the same direction as the neu-

BF, Detector, thick
" Alurririum Wall

Graph fe s--m,..ya-?;_‘ : Rvodior Corn hopper '
Moderator 2em beside ' ¢ b e System
He r Core

/ A
a) Neutron Guide Tube

Fig. 1. Vertical beam tube for very slow neutrons.

33



Some disasters (not in chronological order):

* Pool water enters the guide
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Some disasters (not in chronological order):

* Pool water enters the guide;
* The pre-amplifier misery right at the start;
* The short-lived graphite film.



Very cold neutron transmission through a copper foil
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Fig, 7. Transmission of Cu foil for UCN



Some disasters (not in chronological order):

* Pool water enters the guide;

* The pre-amplifier misery right at the
beginning;

* The short-lived graphite film;

* The 1ll-fated submerged graphite bottle.



Schematic of the movable bottle (Trlistedt, Koester, Steyerl)
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How I met Prof. Shapiro

1971 or 1972; Prof. Koester visits Dubna;

Suggestion to send my dissertation to Prof.
Shapiro — an opus of >200 pp. written in German!

June 1972; mvitation to Dubna to present a talk;

Prof. Shapiro’s paper for a Conference on Nuclear
Structure Study with Neutrons, Budapest, Aug.
1972.



F. L. Shapiro, paper for Budapest, 1972

Nuclear Structure Study with Neutrons

ULTRACOLD NEUTRONS

[F. L. SHAPIRO

Joiut Insticete for Nuclear Research
Dubpa, USSR

1. Introduction

Ultracold neuvtrons (UCHN) ar¢ usually thought to be neutrons with energy
E<Llu™% eV, For many years this energy region has zttracted at least as much
attention as any nou-ivestigated region, However, owing to low UCN fluxes
and troubles due to background it was practically impossible to perform

ents on ordinary nentron spectrometers. This is clearly illustrated by
t that rhere are no data available for energy lower than 107% eV in

n collection of neutron cross sections pathered in the well-known atlas
To avoid these difficulties it was proposed to perform measurements
i les moving away {rom the neutrons, so that the relative velocity be-
tween the neuntron znd the saniple is several times smaller than its velocity in
atory frame [ 1], At the same time Steverl (2] and Mayer-Leibnitz
L5371 have suggested tmethods of clfective separation of UCN, On the basis of
Maver-Leibnitz's prop

measure

the

sal an UCN spectrometer was constructed in Munich,

with a resolution ~ 0% in the energy region 107" - 5§ x 1{)"4 eV and since
. r‘i L6 neasurements have successfully been performed on it{ 47,051, [6].

some of these results will be discussed below.

In 1957 Zel'dovich [7] noted o very peculiar feature in the behaviour of
15 of the

lowest energies: they must be totally reflected from media at

any anple of incidence. In the process of total reflection, the neutron wave

penetrates at a small depth ~ % ~ 100 A into the medium, Therefore the

probability of neutron loss per reflection should be small and the neutron,

placed in a vacuum cavity, will remain in it for the time necessary to cross

the cavity 16° - 107 umes, taking into account the limitation due to neutron .
[ -decay with a half-life of abour 1000 sec. The reflection and refraction of

nevirons may be regarded as a consequence of the existence of a potential

energy of neutron interaction with the medium, equal to

27h*Nb . =
e b
& 2 (¢}

259



F. L. Shapiro, 1972: One of 4 figures giving credit to
our work at Garching

given in fig. 70 25] . Curves 1 and 2 are calculated theoretically respective-
ly for monochrormnatic neutrons and taking into account the real resolution of
the spectrometer. The agreement between experimenr and theory is quite satis-
factory, It is noted that similar measurements can be used for determining the
absolute values of the material density and the film thickness as well as for
determining the neutron coherent scattering length with an accuracy of 1%,

T e

08} 5
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02

0B 10 12 14 16 18 20
V.I'Vrp

Fig, 7. Transmission of Cu foil for UCN

4.2. /v Law

The results of the measurements of the total cross sections for gold, alu-
minium, copper, glass, mica and air are given in refs. [ 4], [5],[6]. In
the interval of neutron velocities 5-100 m/sec the cross sections follow the
1/v law and coincide well with data in the literature for the region of cold

neutrons (with velocity hundreds m/sec). The data for gold are indicated in
=t i 121 - mss emesian de nrannrtinnal n 1/v' where v'ois the neutron velocity
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The “new story” in connection with EDM experiments

... 1s not so new (stressed also by Shapiro 1968);

It 1s the old relativistic E x (v/c¢) effect in the form of geometric
phases (Pendlebury 2004);

The moving particles experience a magnetic field if E and B are
not exactly aligned;

Shapiro 1968: Effect is strongly suppressed for UCN since v 1s
small;

Pendlebury 2004: Co-magnetometer atoms (like ®Hg), stored
together with UCNSs, are affected — significant correction in EDM
analysis;

Our work (2014) starting directly from the Schrodinger eq. rather

than from density matrix: UCN signal may also be affected directly
(not only indirectly);

— Even higher precision in alignment of E and B may be required.



Thank you
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