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Motivation:

Why do we need strong sources of Ultra-Cold-Neutrons (UCN)?
Answer: UCN are suitable particles for studies of fundamental questions

- Physical properties of the neutron itself
a) neutron lifetime
b) neutron electric dipole moment

« UCN as quantum objects for testing the ,Schrédinger equation®
a) quantum states in a gravitational field
b) neutron optics (interference effects)

Advantages:

e UCN can be stored in in material and magnetic bottles
 Long observations times (few thousand seconds)
 Easy to polarize (spin) and keep the polarization

Disadvantages:
* UCN absorbtion cross section (1/v law)
* UCN up-scattering
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Superthermal UCN production

© Downscattering ©
E,+ A
Therm. Neutron UCN
O— @
Phonon
E0

* Inelastic scattering:
» Production: Eycnyt+A — Eyey (Downscattering)

» Loss process: Eycny = Eyen +A  (Upscattering)

« Principle of detailed balance:
EUCN +A —-AlkgT

Owp = E € " O down
UCN

<< Ggown = Superthermal Source

*For A>>kgT >>Eycy = o
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Neutron scattering - basics
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Scattering experiments give direct
information on space and time-dependent
correlations in the system. E=E:;—E,
Q=ks—k
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losses

UCN losses:
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Schematic representation of the TOFTOF spectrometer. View A designates the magnified drawing of the sample chamber.

OF Forschmgsneutronenduelle Hemz Maes-Lebmatz (FRM 1)
Instrument description

SUbThermal neutrons Reactor hall, thermal beam H12

. Eo ~ 12 meV e Thermal neutrons
1000 1/ - 22000 Ui AER:O_63 mev PG 002: 220 ... 3.60 & EO ~ 17 mev

Scheibenduschmesser PG 004: 1.10... 1.80 &

- e ol AEz=0.7 meV

. . w11 1.25... 2244
Weite des Neutronenleiters am Instruanent Emgang

Anzahl der Chopperscheiben

3 take-off angle 26M 39°..65%
44 = 100 mum”
Weie des N i e B resolution 8=5 | § 3..6%
25 247 e flux on sample 5% 10° cm3stt
einfallende Wellenlange background choppers vz 5000 rpm
1.5 - 16 Angstrom Fermi chopper Vmax 32 000 rom
elastische Encrgacaullosung.
duty cycle 3x 107
eV - SmeV
o beam size on sample 2x4cm?
<10 meV - 50 meV primary collimation 85 1=

pesammite Durchflussmenge des weallen Strahls an der Probenposition
1% 101 wem®s

Winkelbereich der Detcktorbank
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TOFTOF-sample stick D, sample cell
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Solid D,

Liquid => Solid (quick & dirty)

Gas => Solid (T < 10K)
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Freezing D,
from gas (at T~16 - 17 K)
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Para - and ortho-D,

Spin of deuteron 1

Spin of deuteron 1

Distance 0.74
Aengstroem

Combination of spin's leads to ID,=0; 1; 2
Ortho-D, : ID,= O; 2 (symmetric wave function -> J is even)

Para-D, : ID,= 1 (anti-symmetric wave function -> J is odd)

E, = kg- {f_j)""lrl: J=1) = D J 0+ I]"} ’ _E,
' o 7 rz (2. + 1) exp (:’- “{)
~ [ 1. —f'_.r
El 7.4 meV £, = f7 rZ |‘_}Jlr— | :II'_\'|] (W)
ISINN 20 - 2012 1
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20meV J=1 ground state of para D,

J=0 ground state of ortho D,

; :
2meV Para-Ortho-Conversion:

) - Magnetic dipole interaction between molecules
——21meV - Interaction of nuclear quadrupole moment of one
D2 molecule with the total quadrupole moment

" fmeV of a other D2 molecule
—_— OmeV/

The most outstanding property of solid Hg, HD and D, is that the rotational
motion of the molecules in these crystals is free in the sense that the rotational
quantum number, J, is a very good quantum number. The anisotropic inter-
molecular forces in these crystals are weak compared to the energy separations
between the different rotational states, and these forces therefore do not mix
appreciably states corresponding to different values of J. Similar remarks
apply to the internal vibrational motion of the molecules characterized by the

vibrational quantum number v,

I. van Kranendonk and V.F. Sears Can. J. Phys, 44, 313 (1966)

E. Gutsmied| ISINN 20 - 2012 12



J=0->1

-
n
(6]

do/dE [aru]

1E-6

10 15




q

Transition Bragg peaks
0->1 \ .

Phonon
dispersion

Ortho para
Phomaom transition 1-=0

exitation

Elastic line

n-energy loss \ n-energy gain

E. Gutsmied| ISINN 20 - 2012




Static structure:
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FIG. 4. Dispersion curve for hcp orthodeuterium showing
energy shifts with density increase. Solid curve, 14.4 cm?/mole;
dashed curve, low pressure, molar volume 19.95 cm’/mole (Ref.
11).

J.W. Schmidt et al. PRB 30, 6308 (1984)
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Generalized density of states (6DOS):

sD, from liquid phase - 66.7% Ortho
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sD, from liquid phase - 95% Ortho
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Z-Ch. Yu, 8.S. Malik, R. Golub, Z. Phys. B - Condensed Matter 62 (1986)
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ination of UCN production cross section
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CONVERTER
CHRYSTAL

BEAM-STOP

cold neutrons
Ts=40K
¢ =5.25-10° cm2s!

2m

stainless steel tube

@ 66mm

DETECTOR

E. Gutsmied| ISINN 20 - 2012

21



r

5,0410° 1

T=16 K
1—T=14 K
) T=12 K
IOt T=10K
7 T= 8K
= —T=8K
E 3.0x10° ] 1= 4k
= e
© J=1-=J=0 transition
2 2.0x10° -
D
C
2 i
L 1,0x107 1
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o—up (J=1->0)=0.029 barn for E.=17.2 meV neutrons

ot =23.4 barn --- o, (TURCHIN)=23.8 barn
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Calibration of cross section

starting
atqg=1.8

PR 69, (1946) 145
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Experimental results on UCN production :

fHe inlet—

He gas heater—._ b
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Triga Mainz Experiments
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Fig. 2. Details of the interior of the prototype assembly.
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FIG. 2. Temperature gain of UCH yield for solid dewterivm nommalized 1o the UCH yield af room temperanre:
0 — T T T T T T T T T T T T T T T T T I — Compated curve for a large source with incohersnt elastic scattering cross section of UCHs equal to zero
0 2 4 6 8 10 12 14 16 18 20 or fior a UCH source m the accunmiation mode; Ja — compated curve for a large source taking accoumt of UCN
Temperatur T [K] scamenng (2.2 by and te hydrogen mpuriny (0.2%%); 7 — experimental results obtained oo a reactor with a

sompee volame of § Lters of solid denterium containmg 0.2% bydrogen. The large miease in the UC yiald at
157 K &5 die 1 2 maesition from the Liguid 1o the solid stase.

TRIGA experiment Serebrov et al.

(Submitted 28 Okctober 1997)
Pis'ma 7h Eksp. Teor Fiz. 66, No. 12, 765-770 (25 December 1997)
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SD(E) [arib. units]
SD(E) [arib. units]
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G,y [Parn]

PSI-data: F. Atchison et al., PRL 95, 182502 (2005) and M.
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Data from PSI mesurements
Cross section deduced from IN4-data

E, =197 neV (in medium) "

Debye model|
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28 m PSldata .
X e Cross section deduced from IN4 data

T~5 K

0 1 1 N | L | 2 | " 1
0 1000 2000 3000 4000 5000

E [neV] (in medium)

E. Gutsmied| ISINN 20 - 2012




m PSl| data

4l ® Deduced from IN4 data
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FIG. 1: S(Q, FE) of a-sO2 at T =5 K.
Data from IN4 measurements.
Black parabola: Dispersion of the free neutron.
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Neutron scattering in solid a-oxygen (T<23 K)

0.16 T T T T Y T T T T T T T

| [—=—solid -0, T=5K|

2 4 6 8 10 12 14 16
E [meV]
FIG. 2: Generalized density of states GDOS(FE) of a-sO3 at
T=5K.

Data from IN4 measurements.

GDOS is normalized to f(]x GDOS(E)-dE = 1.
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Calculated S(Q,®) in a-0O2

. Scattering Law S(Q,») at 5K Free Neutron
— F T T T 7 1~ Dispersion Curve
% 15}
£
3
210 Coupling constant
© I Huggested 1n
FE I’.l"\'-l_. Stephens and C.F.
5 Majkrzak, Phys. Rev.
T (1986)
I:I 3
n JNN='2.44 ITIEV
Junn = -1.22 meV
°Tos 1 15 2 285 3 38 4 485 &
Momentum Transfer Q{1/A)
Chen-Yu Liu

June 8~14, 2009
7t International Workshop on Ultra Cold and Cold Neutrons Physics
and Sources, St. Petersburg, Russia
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do/dE [barn/meV]

FIG. 3: do/dE of a-s02 at T =5 K.
Data from IN4 measurements.
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Fig. 4:
UCN production cross section of a-sO, ( O) at T' =5 K and sD, (95% ortho concentration)
(A) at T =7 K [12]. UCN energy range 0-150 neV inside the solid Dy, UCN energy range
0-163 neV inside the solid a-sO,. Cross sections determined by an integration of S(Q, E)
along the free dispersion of the neutron. Data from IN4 measurements.
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p-phase y-phase  liquid
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FIG. 3: Circles: Measured UCN count rates produced by
a solid oxvgen converter, depending on its temperature and
solid state phase. Error bars indicate statistical uncertainties.
Solid line: Calculated UCN count rate (see text for details).
Dashed line: Mean free loss length A. (axis to the right) in

the oxygen converter used for the calculations.
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Summary

First neutron scattering experiments on sD, and sO, delivers new
data on the structure of the density of stafes in sofid deuterium
and oxygen

It seems that sD, is a better converter for UCN production
compared to sO,

The average neutron temperature of the incoming flux should be in
the region of 40K for both converters

Measured S(q,oo? can be used for UCN production calculation (no
approximations ) as well for determination of UCN losses

It seems, that the origin of UCN losses in sD, is purely inelastic

Low energy and Q neutron sca’rTeriR? in sO2 would be helpful 1o
study possible up-scattering of UCN through magnetic excitations.

THANK YOU
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