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Abstra
tResear
h in fundamental physi
s with the free neutron is one of the key tools for test-ing the Standard Model at low energies. Most prominent goals in this �eld are thesear
h for a neutron ele
tri
 dipole moment (EDM) and the measurement of the neu-tron lifetime. Signi�
ant improvements of the experimental performan
e using ultra
oldneutrons (UCN) require redu
tion of both systemati
 and statisti
al errors. The de-velopment and 
onstru
tion of new UCN sour
es based on the superthermal 
on
ept istherefore an important step for the su

ess of future fundamental physi
s with ultra
oldneutrons. Signi�
ant enhan
ement of today available UCN densities strongly 
orrelateswith an e�
ient use of an UCN 
onverter material. The UCN 
onverter here is to beunderstood as a medium whi
h redu
es the velo
ity of 
old neutrons (CN, velo
ity ofabout 600 m/s) to the velo
ity of UCN (velo
ity of about 6 m/s).Several big resear
h 
enters around the world are presently planning or 
onstru
tingnew superthermal UCN sour
es, whi
h are mainly based on the use of either solid deu-terium or super�uid helium as UCN 
onverter.Thanks to the idea of Yu.Pokotilovsky, there exists the opportunity to build 
ompeti-tive UCN sour
es also at small resear
h rea
tors of the TRIGA type. Of 
ourse thesesmaller fa
ilities don't promise high UCN densities of several 1000 UCN/
m3, but theyare able to provide densities around 100 UCN/
m3 for experiments.In the 
ontext of this thesis, it was possible to demonstrate su

esfully the feasibilityof a superthermal UCN sour
e at the tangential beamport C of the resear
h rea
torTRIGA Mainz. Based on a prototype for the future UCN sour
e at the Fors
hungs-Neutronenquelle Heinz Maier-Leibnitz (FRMII) in muni
h, whi
h was planned and builtin 
ollaboration with the Te
hni
al University of Muni
h, further investigations and im-provements were done and are presented in this thesis.In parallel, a se
ond UCN sour
e for the radial beamport D was designed and built.The 
omissioning of this new sour
e is foreseen in spring 2010. At beamport D withits higher thermal neutron �ux, it should be possible to in
rease the available UCNdensities of 4 UCN/
m3 by minimum one order of magnitude.In parallel to the sour
e developement at beamport D and to the 
hara
terisationof the solid deuterium 
onverter, the existing and upgraded UCN sour
e was used forthe investigation of new neutron opti
al devi
es and the development of new materialsbased on enri
hed 11B for fundamental physi
s with ultra
old neutrons. These newmaterials show high neutron opti
al potentials of more than 308 neV and may be, dueto their low absorption a breakthrough in UCN transport and storage. Their use infundamental neutron physi
s 
an in
rease signi�
antly the performan
es of up
omingexperiments like the EDM experiments, e.g., the n2EDM experiment 
urrently under
onstru
tion at the Paul S
herrer Institute (PSI).





ZusammenfassungDas freie Neutron ist eines der S
hlüsselwerkzeuge für den Test des Standard Modelsbei niedrigsten Energien. Die Su
he na
h einem Elektris
hen Dipolmoment (EDM) desNeutrons und die Messung der Neutronenlebensdauer stehen hierbei an erster Stelle.Beide Experimente bedienen si
h der Spei
herung von ultrakalten Neutronen (UCN)und sind mittlerweile an ihren systematis
hen und statistis
hen Grenzen angelangt. DieEntwi
klung und der Aufbau neuartiger UCN Quellen, basierend auf dem superthermis-
hen Prinzip, ist deshalb ein bedeutender S
hritt für den weiteren Erfolg der GrundlagenFors
hung mit ultrakalten Neutronen.Eine deutli
he Steigerung der heute errei
hbaren UCN Di
hten ist vor allem von derWahl eines geeigneten UCN Konverter-Materials abhängig. Unter dem Begri� des UCNKonverters verbirgt si
h die Eigens
haft einer Substanz, kalte Neutronen mit einerGes
hwindigkeit von rund 600 m/s auf eine Ges
hwindigkeit von 6 m/s abzubremsen.Mehrere groÿe Fors
hungzentren weltweit be�nden si
h zum jetzigen Zeitpunkt in Plan-nung oder im Bau neuer UCNQuellen, die hauptsä
hli
h auf der Verwendung von festemDeuterium oder super�üssigem Helium als zukünftigem Konverter Material basieren.Dank der Ideen von Yu. Pokotilovsky gibt es jedo
h die Mögli
hkeit, konkurenzfähigeUCNQuellen au
h an kleinen leistungss
hwä
heren Fors
hungsreaktoren vom Typ TRIGAaufzubauen. Diese kleineren UCN Quellen verspre
hen zwar ni
ht UCN Di
hten vonüber 1000 UCN/
m3, liefern jedo
h mit Di
hten von 
a. 100 UCN/
m3 eine gute Basisfür fundamentale Experimente mit ultrakalten Neutronen.Im Rahmen dieser Arbeit konnte die Ma
hbarkeit einer superthermis
hen UCNQuelle am tangentialen Strahlrohr C des Fors
hungreaktor TRIGA in Mainz gezeigtwerden. Ein mit der Te
hnis
hen Universität Mün
hen geplanter und aufgebauter Pro-totyp einer zukünftigen UCN Quelle an der Fors
hungs-Neutronenquelle Heinz Maier-Leibnitz (FRMII) diente hierbei als Grundlage für die in dieser Arbeit dargstelltenErgebnisse.Unter Einbeziehung aller relevanten Daten wurde eine weitere UCN Quelle für daszur Zeit no
h freie radiale Strahlrohr D aufgebaut, deren Inbetriebnahme zu Beginndes Jahres 2010 geplant ist. Auf Grund des höheren thermis
hen Neutronen�usses anStrahlrohr D, sollten aller Voraussi
ht na
h die momentan zur Verfügung stehendenUCN Di
hten von 4 UCN/
m3 an Strahlrohr C um mindestens einen Faktor 10 anStrahlrohr D übertro�en werden können.Parallel zur Entwi
klung einer neuen UCN Quelle und zu der Charakterisierung vonfestem Deuterium als UCN Konverter, konnte der bestehende Prototyp zur Entwi
klungneuer neutronenoptis
her Komponenten und zur Entwi
klung neuartiger UCN kompat-ibler Materialien basierend auf ho
hangerei
hertem 11B genutzt werden. Diese neuenMaterialien könnten dank ihres hohen neutronenoptis
hen Potentials von gemessenen308 neV und ihrer geringen Absorption einen Dur
hbru
h für die Spei
herung und denTransport von ultrakalten Neutronen bedeuten. Zukünftige Experimente wie das neuen2EDM Experiment, das si
h zur Zeit am Paul S
herrer Institut in der Aufbauphasebe�ndet, werden ihre E�zienz mit Einsatz dieser Bes
hi
htungen deutli
h erhöhen.
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Chapter 1Introdu
tionIn 1959, Zel'dovi
h predi
ted the possibility to store neutrons with very low kineti
energy in material bottles [1℄. Su
h neutrons are known now as ultra
old neutrons. In1969, the existen
e of ultra
old neutrons was su

esfully proven with a storage experi-ment by a group of physi
ists at the Dubna resear
h rea
tor [2℄.Due to the long storage time whi
h is 
lose to the lifetime of the free neutron and theneutrons's ele
tri
 neutrality, ultra
old neutrons have been 
onvenient tools for the in-vestigation on the low energy fundamental physi
s sin
e those days.Starting from the verti
al extra
tion of a few ultra
old neutrons from the low energytail of the neutron spe
trum at resear
h rea
tors like FRMI in Muni
h [3℄, the need forstronger UCN sour
es resulted in the realisation of two di�erent ideas:While Golub and Pendelbury proposed the idea of a so 
alled superthermal UCN sour
ebased on super�uid helium [4℄, Steyerl invented and built a phase spa
e transformingturbine [5℄, whi
h is able to slow down neutrons from 100 m/s to the UCN region. Theneutron turbine was later installed at the ”niveau D ” of the institute Laue Langevin inGrenoble [6℄, where up to now important �agship experiments on fundamental physi
swith ultra
old neutrons are ongoing studying the properties of free neutron. Theseexperiments are and were related with the sear
h for an ele
tri
 dipole moment of theneutron [7, 8℄, the measurement of the neutron lifetime with highest pre
ision [9, 10℄,the neutron quantum levels in the earth gravitational �eld [11℄, and the dark mattersear
h [12℄ to give some examples.Besides the su

esful and impressive start of the UCN turbine whi
h got the standardtool for the produ
tion of ultra
old neutrons, the idea of Golub and Pendelbury had anot promising prolongation due to te
hni
al problems of the UCN extra
tion from thesuper�uid helium 
onverter volume.Experiments like the sear
h for an ele
tri
 dipole moment of the free neutron are todaynot only limited by systemati
al e�e
ts, they are even stronger limited statisti
ally dueto low available UCN density.For that reason, several institutes around the world took up the old ideas of Golub andPendelbury and started to develop the ”next generation” UCN sour
es whi
h should be1




apable to in
rease the available neutron densities by several orders of magnitude.The most promising designs at PSI, FRMII, Los Alamos, and ILL are based on soliddeuterium [13, 16, 14, 15℄ and super�uid helium [17, 18, 19℄ as UCN 
onverters.The main part of this PhD thesis deals with the investigation of solid deuterium as UCN
onverter, by using the existing prototype UCN sour
e whi
h is lo
ated at the tangentialbeamport C of the TRIGA Mainz rea
tor and the further development and installationof an upgraded UCN sour
e at the radial beamport D. This new UCN sour
e, whi
h willstart its operation in spring 2010, will be the work horse for the physi
s with ultra
oldneutrons at Mainz.Chapter 2 will give a short overview on some basi
s going along with ultra
old neutronsas well as their produ
tion.The used prototype sour
e, whi
h was built in 
ollaboration with the Department E18of the Te
hni
al University of Muni
h, and the experimental results of the sour
e pa-rameters will be presented in 
hapter 3 and 4.The 
on
ept and the design of the new inpile 
ryostat for beamport D will be explainedin 
hapter 6.Finally, 
hapter 7 reports about all ideas and developments, whi
h were realized for theimprovement of the sour
e performan
e and 
reation of infrastru
ture for experimentsat the pulsed UCN sour
e at the TRIGA Mainz.
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Chapter 2Ultra
old neutrons and ways toobtain them
2.1 Basi
s of ultra
old neutronsNeutrons are termed ultra
old if their kineti
 energy is small enough to be re
�e
tedunder all angles of in
iden
e from a material surfa
e. Due to their neutrality, su
h neu-trons are sensitive to almost all fundamental intera
tions. This property makes UCNan ideal tool to investigate all four fundamental for
es with high pre
ision.Weak intera
tionWithin the frame of ele
troweak intera
tion, the de
ay of the neutron 
an be repre-sented as transformation of one of its down quarks to anti-neutrino, ele
tron, and upquark via ex
hange of a heavy ve
tor boson of weak intera
tion. Finally this leads tothe following rea
tion:

n → p + e + ν̄e + 783keV (2.1)The de
ay is theoreti
ally des
ribed by the Standard Model of parti
le physi
s withsemileptoni
 ve
tor and axial ve
tor 
urrents implementing the following parameters:
|Vud|, the �rst element of the quark mixing matrix, whi
h 
an be expressed as

|Vud|2 =
K

G2
F τn(1 + 3λ2)f(1 + RC)

=
(4908.7 ± 1.9)s

τn(1 + 3λ2)
(2.2)and λ = gA/gV , the ratio of the 
urrent 
oupling strengths together with a time rever-sal violation phase Φ, GF , the Fermi de
ay 
onstant, known from muon de
ay and τn,the free neutron lifetime.A proof of the assumptions from this model or extended new theories beyond the Stan-dard Model always results in a test of the unitarity of the CKM matrix.3



2.1 Basi
s of ultra
old neutrons
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 (2.3)As expressed in eqn.2.2 besides the neutron lifetime also the ratio of the 
ouplings hasto be known. This value 
an be extra
ted from the probability distribution of the betade
ay parameterized in terms of the neutron spin, the energy and momentum of thede
ay produ
ts:
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)]In this equation the 
oe�
ients a, b, A, B, D are derived from experiments measuring
orrelations between the neutron spin and its de
ay produ
ts:a = 1−|λ|2

1+3|λ|2
= −0.103 ± 0.0029 ele
tron - antineutrino asymmetrya = 0 = 0 Fierz interferen
eA = −2 |λ|2+|λ| cos Φ

1+3|λ|2
= −0.1173 ± 0.0013 spin-ele
tron asymmetryB = 2 |λ|2−|λ| cos Φ

1+3|λ|2
= −0.981 ± 0.004 spin-anti neutrino asymmetryD = |λ| sinΦ

1+3|λ|2
= −4 ± 6 · 10−4 T-odd triple-produ
tTable 2.1: Parametrization of the free neutron de
ay. Φ is the angle between the
ouplings gA and gV . Equations and values are taken from [20℄For the a
tual value with the highest a

ura
y, A, the ratio λ of the axial to the ve
tor
oupling 
onstant 
an be derived as

λ = −1.2750 ± 0.0009 (2.4)Together with the averaged neutron lifetime published by the Parti
le Data Group of
τ̄n = 885.7 ± 0.8 s (2.5)and the a
tual values for |Vus| and |Vub| new limits for the violation of the CKM unitarityhave been reported [21℄

∆ = |Vud|2 + |Vus|2 + |Vub|2 − 1 = 0.0084 ± 0.0028 (2.6)with a 3σ deviation from zero.However, the most re
ent lifetime experiment published from Serebrov et.al. [10℄ witha deviation of six sigma from the PDG average value 
orre
ts this violation and givetogether with the shown values for A a proof of the unitarity.That's why new measurements of the neutron lifetime with a
urra
ies better than 1 s4



2 Ultra
old neutrons and ways to obtain themare ne
essary, to 
larify the present state of the art.Gravitational intera
tionCompared to the energies whi
h play a mayor role in standard parti
le physi
s, theenergy of ultra
old neutrons is so small that gravity is a non negligible for
e. With amass of mn = 1.67 · 10−27kg the potential of a neutron at a height h in the earth'sgravitational �eld is given as
Vg = mn · g · h ≈ 102 (

neV

m
) · h (2.7)where g≈9.81 m/s2 is the gravitational a

eleration. This means that a neutron with akineti
 energy of 100 neV 
an rise up 1m until it 
omes to rest. This method is used inthe so 
alled gravitational spe
trometer whi
h was used in 
hapter 3 for the determina-tion of the pseudo opti
al potential of solid deuterium [22℄.Magneti
 intera
tionAlthough the neutron is ele
tri
ally neutral, it has a magneti
 moment µn 
oupledwith its spin and therefore the neutron 
an intera
t with a magneti
 �eld. In an inho-mogenous magneti
 �eld, the neutron feels the Stern-Gerla
h for
e

−→
F = −−→▽(−−→µ n · −→B ) = −→µ n(

−→▽−→
B ) (2.8)The orientation of this for
e depends on the proje
tion of the neutron spin on the a
t-ing �eld. A magneti
 �eld of 1 Tesla 
orresponds to a potential energy of ±60.3neV/T.Neutrons with spin parallel to the applied �eld are attra
ted those with spin antiparallelare repelled. This property makes it possible to trap polarized neutrons in a suitablemagneti
 bottle [23, 24℄.Strong intera
tion and neutron opti
sThe strong intera
tion is responsible for the 
oupling of neutrons and protons in thenu
leus. The potential whi
h a
ts on a nu
leon in a nu
leus 
an be approximately de-s
ribed by a square well potential with a depth of ≈ 50MeV. The intera
tion of a freeneutron with a nu
leus is therefore mu
h larger than the 
orresponding neutron energy(≈ 25meV). We 
onsider the S
hrödinger equation for the relative motion of the neutronand nu
leus

− ~
2

2µ
▽2

η Ψ + [E − V (η)]Ψ = 0 (2.9)where η = r − rn and µ the redu
ed mass.Unfortunately, the wavefun
tion of an in
ident neutron behaves di�erent in presen
e orin absen
e of the intera
tion, whi
h makes the use of perturbation te
hnique impossi-ble. Fortunately, due to its short range, the wavefun
tion of the neutron outside the5



2.1 Basi
s of ultra
old neutronsintera
tion region is only sligthly disturbed. This allowed Fermi in 1936 to introdu
ean equivalent potential as solution with neutron wavefun
tion outside the nu
leus
UF (η) =

2π~
2

µ
aδ(η) (2.10)where a represents the unbound s
attering length of a neutron with a single nu
leus,and δ(r) is a delta-fun
tion. Ex
hanging V (η) with the introdu
ed equivalent potential

U(η), one obtains for the solution of the Shrödinger equation Ψsc a fun
tion of thes
attered wave produ
ed by the nu
leus.
Ψsc(r) = − a

|r− rn|
eik|r−rn|eik·rn (2.11)S
attering from a 
olle
tion of nu
leiSpeaking about neutron s
attering on a latti
e, one speaks about s
attering on a stru
-ture of bound nu
lei whi
h are in 
omparison to the previous dis
ussed situation unableto re
oil during the s
attering. From eqn.2.10 we see, that the Fermi potential andtherefore the s
attering length are proportional to the redu
ed mass µ. In a systembased on a huge number of bound nu
lei, this redu
ed mass µ 
an be repla
ed by theneutron mass mn. The s
attering length on an unbound nu
leus, a, 
an be ex
hangedby the s
attering length on a bound nu
leus b.

b =
mn

µ
a (2.12)Neutrons in
ident on a latti
e see a

ording to eqn.2.10 a huge quantity of δ-Fermipotentials

VF =
2π~

2

mn

∑

i

biδ(r − ri) (2.13)where ri is the position of the ith nu
leus and the sum over i in
ludes all nu
lei.Averaging over a volume of many nu
lei, the isotope spe
i�
 nu
lei density Ni repla
esthe δ-fun
tion and we obtain the e�e
tive pseudo opti
al potential of a material surfa
ewhi
h also is usually referred to as ”Fermi potential”.
VF =

2π~
2

mn

∑

biNi (2.14)
6



2 Ultra
old neutrons and ways to obtain themNeutron opti
The main e�e
t of this potential on the neutron is that its wave ve
tor k will 
hangeinside a medium. As in light opti
s it is therefore possible to de�ne a neutron refra
tionindex
n =

kin

kout
(2.15)Conservation of energy determines its relation to the opti
al potential:

n2 = 1 − VF

En
(2.16)Only a small number of elements have a neutron refra
tion index higher than one. Thus,for almost all materials, neutrons 
an be totally re�e
ted on the external boundary ofthe material va
uum interfa
e, a property whi
h is used in neutron guide te
hnique.Furthermore, neutrons with kineti
 energies below the opti
al potential are re�e
tedunder all angles of in
ident (UCN). Su
h neutrons 
an be trapped inside material bottles.Tab.2.2 give an overview of Fermi potential values for some standard materials used inultra
old neutron physi
s. Due to the small but non-vanishing penetration depth ofTable 2.2: Chara
teristi
s of some standard materials used in UCN physi
selement ρ(g/
m3) b (fm) σtot(barn) VF (neV)

58Ni 8.8 14.4 4.6 335BeO 3.0 13.6 6.6 261Ni 8.8 10.6 4.49 252Be 1.83 7.75 0.0076 252Cu 8.5 7.6 3.78 168Al 2.7 3.45 0.23 54Pet 0.92 -0.84 0.06 -8.7Ti 4.54 -3.34 6.09 -48
10B ≈ 2 -0.1 3840 -3.2
6LiF 2.635 7.65 940 125neutrons s
attered into the medium, the absorption 
ross-se
tion σtot leads to possiblelosses per re�e
tion whi
h 
an des
ribed by

η =
W

VF
(2.17)with W = Niσtot and σtot is the total absorption 
ross-se
tion.Today, ultra
old neutrons are stored for several hundred se
onds, using traps from mate-rials with very small absorption 
ross se
tions (e.g., Fomblin [25, 10℄ ) or by repla
ing thematerial opti
al potential by a magneti
 �eld gradient a
ting on the magneti
 moment[23℄. The possibility of in
reased observation time, is one of the biggest advantages,whi
h are used in a more a

urate determination of the neutron lifetime and in sear
hesfor a neutron ele
tri
 dipole moment. 7



2.2 UCN produ
tion2.2 UCN produ
tionDue to the beta de
ay, neutrons exist in nature abundantly only in nu
lei. To studythe physi
s of the free neutron or to work �nally with ultra
old neutrons, one has toprodu
e or set them free from nu
lei. The produ
tion of a high �ux of fast neutrons 
anbe a
hieved either by a nu
lear rea
tion whi
h is used in spallation sour
es or by nu
lear�ssion in rea
tors. Fast neutrons 
an be slowed down with the help of a moderatortype Energy E Velo
ity v Wavelength λ[eV℄ [m/s℄ [nm℄UCN < 0.2 · 10−6 < 6 > 64VCN 0.2 · 10−6 ... 50 · 10−3 6 ... 100 4 ... 64CN 0.05 · 10−3 ... 25 · 10−3 100 ... 2000 0.18 ... 4thermal ...25 · 10−3 ... 2200 ... 0.18epithermal 25 · 10−3 ... 500 · 103 2200 ... 1 · 107 ... 0.08fast > 500 · 103 > 107Table 2.3: Neutron terminology versus energy range( H2O,D2O, graphite,...) to the thermal neutron energy range. The neutrons 
omeinto thermal equilbrium with the moderator at room temperature. By using a 
oldmoderator based on liquid hydrogen, deuterium, or methane, it is possible to de
reasethe energy of thermal neutrons (25meV) in a se
ond step to the energy of 
old neutrons(2meV) whi
h is still a fa
tor of 10000 higher then the energy of ultra
old neutrons. Afurther loss of energy 
an be a
hieved by the following methods:
• Extra
tion of UCN from the tail of the maxwell distribution of the 
old neutronspe
trum
• Inelasti
 downs
attering of 
old neutrons in a superthermal UCN sour
eThe next subse
tion will try to des
ribe both methods and their 
hara
teristi
s in moredetails.2.2.1 From fast to ultra
old in ”a 
onventional way”The energy spe
trum of neutrons dΦ/dE whi
h are in equilbrium with a moderator attemperature T0 
an be approximately des
ribed by

dΦ

dE
= Φ0 ·

E

(kBT0)2
· e−

E
kBT0 (2.18)where Φ0 represents the total neutron �ux, E the neutron energy, k0 the Boltzmann
onstant, and T0 the moderator temperature. This approximation is valid for the as-sumption of a non-absorbing, in�nite sized moderator. In reality (�nal size of moderatorvessel, et
), not all neutrons are 
ompletely moderated. Therefore, the �nal neutron8



2 Ultra
old neutrons and ways to obtain themspe
trum has sligthly higher energies whi
h 
orresponds to a higher moderator temper-ature.From integration of (2.18) over the range of UCN energies, whi
h are de�ned by theneutron opti
al wall potential VF of the storage vessel used, one 
an obtain a UCN gasdensity in the moderator proportional to T−2
0

ρUCN =

√
2

3

√
m · Φ0 ·





V
3
2

F

(kBT0)2



 (2.19)If we take for example the high neutron �ux in the rea
tor at the Institute Laue Langevinin Grenoble (Φ0 = 1.5 ·1015 cm−2 ·s−1) and insert the wall potential of beryllium (VF =
252 neV), we obtain a density of ≈ 130UCN/cm−3 in the moderator at T0 = 300K.In the 
old sour
e at ILL with a temperature of 25K we obtain, although the thermalneutron �ux at the position of the 
old sour
e is slightly redu
ed (≈ 5∗1014 cm−2 ·s−1),still a density of ≈ 5000UCN/cm−3.These numbers sound great for everybody who is thinking about physi
s with UCN, butreality shows a di�erent pi
ture: several loss me
hanisms don't allow to get all UCNsfrom the huge produ
tion volume (≈ 20 liters).

• Cold sour
es working materials are mostly D2 or H2 whi
h results in losses due toabsorption and ups
attering
• Losses in windows
• Losses on the moderator walls
• Losses during transport to the experimental area ( > 20m away)To over
ome or redu
e these losses, two ideas have been persued:verti
al extra
tion Sin
e losses of neutrons in moderator- and window-materialsdepend on 1/v , neutrons with higher energies 
an be extra
ted with higher ef-�
ien
y. Using a verti
al guide dipping into the 
old sour
e makes it possible tode
elerate faster neutrons with the help of gravity down to the ultra
old neutronregime. First test of su
h a 17m long verti
al guide dipping in the 
old sour
e atthe ILL resulted in a storable density of 19UCN/cm−3 [6℄. → Extra
tion e�
ien
y0.38%neutron turbine The verti
al guide 
on
ept was improved by in
reasing the usableneutron energy. By using the so 
alled 'neutron turbine' whi
h is able to transformneutrons with in
ident velo
ities in the range of 50m/s down to the UCN regimeit is possible to redu
e neutron transit losses in the guide. Consisting of a wheelwith 1.7 m diameter whi
h is equipped with 690 bent and polished 
opper mirrors
oated with ni
kel, the turbine setup was �rst tested by Steyerl and 
oworkers at9



2.2 UCN produ
tion

Figure 2.1: The UCN turbine at "niveau" D at the ILL in Grenoble. The verti
alneutron guide enters the turbine in the 
enter of the pi
ture[48℄.the Fors
hungsreaktor in Gar
hing [5℄ before it was sent to ILL. The mirrors rotatein �ight dire
tion with a radial speed of 25 m/s whi
h results in a velo
ity shiftof the re�e
ted neutrons. This te
hnique provides so far the highest UCN densityof ≈ 50UCN/cm−3 whi
h is available at the turbine exit [6℄ almost 
ontinously.The ILL UCN fa
ility [6℄ with its four UCN exit ports is up to now (after more than20 years of operation) a unique fa
ility whi
h provides UCNs regularly to users. Never-theless, after so many years, the most important experiments rea
hed their statisti
allimits and physi
ists started looking for new sour
es. All developments in the regionof 
onventional UCN produ
tion whi
h depend on de
elaration of neutrons in potential�elds are limited to the initial UCN density inside the used 
old sour
es. This fa
t isalso well known under the name Liouville theorem, whi
h says that the phase spa
edensity is 
onstant under the a
tion of a potential for
e. An in
rease in phase spa
edensity is only possible by means of non
onservative for
es10



2 Ultra
old neutrons and ways to obtain them2.2.2 The superthermal 
on
eptOne way to over
ome the problem of fundamental limitation due to the Liouville the-orem is to �nd systems whi
h don't depend on transformation of the type mentionedabove. In 1977, R. Golub and M. Pendlebury [4℄ proposed a new 
on
ept whi
h exploitsthe inelasti
 downs
attering of neutrons in apropriate media at low temperatures. Inthis so 
alled "superthermal 
on
ept", neutrons loose their energy in one 
ollision pro-
ess and are therefore not in thermal equilbrium like neutrons in a standard moderator.As a result, the density of UCN 
orresponds to a temperature mu
h lower than the a
-tual moderator temperature. Instead of a neutron moderator su
h sour
es are workingas neutron 
onverters.The simplest 
ase of su
h a 
onverter 
an be demonstrated by a two level system with anenergy gap ∆E. A neutron 
an ex
ite a quasi-parti
le from the lower state to the higherstate by transfering the energy ∆E; vi
e versa, a quasi-parti
le from the higher state
an fall down to the lower state by transfer of the energy ∆E to a neutron. Neutronsthose energies �t exa
tly in the range of this gap 
an loose almost all of their energyand are downs
attered to UCN. The probability for this downs
attering pro
ess is givenby the 
ross se
tion dσ
dE (E∗ → EUCN ). The ups
attering 
ross se
tion σ(EUCN → E∗)follows from the prin
iple of detailed balan
e

σ(EUCN → E∗) =
EUCN + ∆E

EUCN
· e

−∆E
kBTcon · σ(E∗ → EUCN ) (2.20)with σ(E∗ → EUCN ) being the inelasti
 downs
attering 
ross se
tion and Tcon the
onverter temperature.From 2.20 it is obvious that the ups
attering pro
ess gets negligible if one de
reases thetemperature of the 
onverter down to the limit Tcon ≪ E∗/kB . Without any other lossesinside the 
onverter material itself, the superthermal prin
iple allows the produ
tion ofhigh UCN densities.Nowadays, the realization of powerful UCN sour
es is mainly based on two 
onvertermaterials.Super�uid helium-4 due to its non existing neutron absorption 
ross se
tion allowsto produ
e huge UCN densities inside the 
onverter whi
h are only limited by walllosses on the 
onverter vessel and the �nite neutron lifetime. Nevertheless, thework temperature of 0.6K makes it impossible to install a helium sour
e 
lose toa rea
tor 
ore. The heatload due to gamma radiation would result in expensiveand non e
onomi
 realization.Solid deuterium sour
es are 
urrently under 
onstru
tion at PSI and at FRMII. Twosour
es are already under operation in Los Alamos and Mainz. Due to its nonvanishing neutron absorption 
ross se
tion of 0.4 barn (vUCN=3m/s) the lifetimeof an ultra
old neutron inside solid deuterium is limited to ≈ 130ms. This fa
tmakes it impossible to a

umulate high UCN densities inside the deuterium itself.As a 
onsequen
e, systems based on solid deuterium either separate the produ
tion11



2.3 Solid deuterium as 
onverterand storage volume by a fast shutter system or work with a thin 
onverter �lm,whi
h is only a small part of the �nal storage volume.2.3 Solid deuterium as 
onverterAs pointed out in the introdu
tion already, this thesis is dedi
ated to the investigationof a solid deuterium UCN sour
e at the TRIGA Mainz. Therefore, I will mainly fo
uson the UCN produ
tion in solid deuterium. More details about UCN produ
tion insuper�uid helium 
an be found elsewhere [19℄.The produ
tion of ultra
old neutrons in solid deuterium 
an be 
al
ulated using theprodu
t of the initial neutron spe
trum dΦ/dE0 times the downs
attering 
ross se
tionmentioned already in eqn.2.20.
P = ND

∫ EUCN

0

∫ ∞

0

dΦ

dE0

dσ(E0 → EUCN )

dEdE0
dE0dE (2.21)In order to 
al
ulate the produ
tion over a solid deuterium volume one should not forgetthe atomi
 density ND of solid deuterium.2.3.1 UCN produ
tion 
ross se
tionIn order to integrate eqn.2.21 we need an expression for the downs
attering 
ross se
tion

dσ/dE whi
h des
ribes the probability for UCN produ
tion. Following [26℄ and usingthe in
oherent approximation, the inelasti
 downs
attering 
ross se
tion of neutronsinside solid deuterium 
an be des
ribed by the double di�erential
dσ(E0 → EUCN )

dEdE0
= σ0

τ

2E0
· g(E0 − E)

(E0 − E)(1 − e
E−E0

kBTcon )
· e−

E0+E
µτ

· [(E0 + E + µτ) sinh
2
√

E0E

µτ

− 2
√

E0E cosh
2
√

E0E

µτ
]

(2.22)
This equation assumes mainly one phonon pro
ess and a 100% ortho deuterium 
on-
entration. In 2.22, µ denotes the nu
lear mass in units of the neutron mass, σ0 thein
oherent neutron 
ross se
tion of deuterium (7.63 barn) and the 
hara
teristi
 energy
τ 
orresponding to

τ =
~

2

2Mγ
(2.23)with M the neutron mass and γ the Debye Waller fa
tor whi
h has to be 
al
ulateda
ording to12
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old neutrons and ways to obtain them
γ =

~
2

2M

∫

1

ǫ
· Coth(

ǫ

2kBT
)g(ǫ)dǫ (2.24)The last missing part for the �nal 
al
ulations is represented by the density of states

g(ǫ) whi
h 
an be des
ribed in a �rst approximation with the Debye model as
γ =

3ǫ2

(kBTD)3
(2.25)A

ording to [26℄, we assume for Deuterium a Debye temperature of 110K.
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Figure 2.2: Normalized density of states using a standard Debye model with TD=110KAn evaluation of eqn.2.22 by using the standard Debye model (eqn.2.25) gives some �rstimpressions (Fig.2.3 and Fig.2.4) of the produ
tion 
ross se
tion of solid deuterium. A
omparison of a more realisti
 density of states model by Nielsen et al. [27℄ and themeasured UCN data is given in 
hap.4.3.2.From Fig.2.4 its 
learly visible that using a solid deuterium 
onverter 
lose to a 
oldneutron sour
e around 30K would in
rease the UCN output 
ompared to a thermalneutron sour
e by about a fa
tor of 10. First tests of 
old organi
 premoderators infront of the UCN 
onverter were done in Mainz [28℄ in 2007. Based on these results, theoperation of a premoderator is also planned for the �nal installation at the new UCNsour
e at beamport D. More information about this topi
 
an be found in 
hap.6.
13



2.3 Solid deuterium as 
onverter
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Figure 2.3: Behaviour of the integral downs
attering 
ross se
tion as a fun
tion of�nal neutron energy (0 through 500neV) using the standard Debye model with
TD = 110K in a �rst approximation
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Figure 2.4: Variation of downs
attering 
ross se
tion as a fun
tion of the initialneutron spe
trum temperature T
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2 Ultra
old neutrons and ways to obtain them2.3.2 UCN lossesAs already shown in eqn.2.20, there exists besides neutron downs
attering also a neu-tron ups
attering 
ross se
tion whi
h 
an be 
ontrolled by the 
onverter temperature.Compared to helium, deuterium has in addidtion other non vanishing loss 
hannels,whi
h have to be taken into a

ount.
UCN

Up-scattering by phonons Up-scattering by spin flip

CN

Phonon

UCN

CN

para D2

ortho D2Figure 2.5: Up s
attering loss me
hanismsUCN up-s
attering by phonons Up-s
attering of UCN via phonon ex
itations insolid deuterium leads to a

eleration of the neutrons above the UCN range. Theo

upation of the ex
ited states at a 
ertain temperature is des
ribed by the Boltz-man fa
tor. The prin
iple of detailed balan
e, eqn. 2.20, des
ribes the 
orrelationbetween the down- and ups
attering 
ross se
tions as fun
tion of temperature.Redu
ing the temperature of the 
onverter, Fig.2.6, shifts the balan
e towardsprodu
tion and makes this loss 
hannel negligible. Below a 
onverter temperatureof 5K, the losses due to phonon ups
attering get 
omparable with the all timeexisting absorption 
ross se
tion.UCN up-s
attering by spin �ip on para deuterium The D2 mole
ule exists intwo di�erent 
on�gurations. The anti-symmetri
 
on�guration is 
alled orthodeuterium, J=even, the symmetri
 state, para deuterium, J=odd. The transitionbetween the ortho ground state J=0 and the para J=1 state requires an energyof Espinflip = 7.5meV and a spin �ip. In a s
attering pro
ess of a produ
ed UCNwith a para deuterium mole
ule, the spin 
an be �ipped, J = 1 → J = 0, and theUCN gains the spin �ip energy and leaves the UCN energy region.In natural deuterium (deuterium at room temperature) the para 
on
entration isabout 33%. As 
an be seen in Fig.2.6, in
reasing the ortho 
on
entration of thedeuterium if one wants to use it as UCN 
onverter is mandatory. 15



2.3 Solid deuterium as 
onverter

Figure 2.6: Ups
attering 
ross-se
tions of solid deuterium (neutron velo
ity ≈ 8m/s)for : i. the temperature dependent one phonon pro
ess on pure para (dashed line) andpure ortho (solid line) deuterium and ii. the temperature independent zero phononpro
ess on natural (33% para) deuterium. The plot is taken from Ref.[29℄, where thezero phonon 
ross-se
tions were 
al
ulated for the �rst time.

16
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UCN

Deuteron

Triton

UCN

Proton

Deuteron

Nuclear absorption
by deuterium

Nuclear absorption
by hydrogenFigure 2.7: Absorption loss me
hanismsNu
lear absorption by deuterium As already mentioned, deuterium has a non neg-ligible absorption 
ross se
tion due to the rea
tion (d+n → t+γ) This intrinsi
 lossme
hanism 
annot be avoided; hen
e the minimum attainable loss 
ross se
tion is

σabs(therm.) = 5.19 · 10−4barn.Nu
lear absorption by impurities In highly puri�ed deuterium the most abundantimpurities are hydrogen atoms. Due to its large absorption 
ross se
tion of
σH(therm.) = 0.3326 barn, it is ne
essary to start with the lowest possible hy-drogen 
ontent.SummaryIn a standard pro
edure the di�erent neutron loss 
hannels i inside the deuterium bulkare expressed by di�erent neutron mean free paths

λi =
1

ND · σi
(2.26)with ND the atomi
 number density of solid deuterium and σi the 
ross se
tion of theloss 
hannel for an given neutron velo
ity.The total mean free path λloss, used for the 
al
ulations of the neutron output from the
onverter, 
an be written as the inverse sum of the individual loss me
hanism λabs D,

λabs H , λup phonon and λup paraD2.
1

λloss
=

1

λabs(D2)
+

1

λup(D2)
+

1

λabs(H2)
+

1

λpara(D2)
. (2.27)Together with the averaged ultra
old neutron velo
ity vUCN inside the ultra
old neutron
onverter, whi
h 
an be approximately 
al
ulated as

v̄ucn =
3

4
·
√

2 · (VF(guide) − VF(sD2))/mn ≈ 3.0 m/s, (2.28)17



2.3 Solid deuterium as 
onverterone obtains the neutron lifetime inside the deuterium bulk
τn =

λloss

v̄ucn
. (2.29)Based on the presented 
ross se
tions and an atomi
 density of ND ≈ 2.5·1022/cm3, one
an derive a mean free path of ultra
old neutrons (v̄ucn = 3m/s) inside a superthermalsolid deuterium sour
e at standard working parameters (Tcon = 6K, cpara D = 1.5%and cH = 0.5%) as

λloss ≈ 6.2 cm. (2.30)In 
omparison with the possible lifetime inside a super�uid helium 
onverter, this value
orresponds to a rather short neutron lifetime of
τn ≈ 21 ms. (2.31)This obvious drawba
k of solid deuterium is 
ompensated by the larger phase spa
e forneutron downs
attering.Anyhow, the goal of every superthermal ultra
old neutron sour
e based on solid deu-terium should result in no further de
rease of this "optimum" lifetime, whi
h mayhappen due to multiple s
attering inside a poly
rystal 
onverter.
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2 Ultra
old neutrons and ways to obtain them2.4 UCN at a pulsed sour
e, the rea
tor TRIGA in MainzBefore I start with the des
ription of the experimental setup in 
hap.3 for the inves-tigation of a solid deuterium UCN sour
e, I want to give a short introdu
tion of ourthermal neutron fa
ility, the TRIGA Mainz and its spe
ial features 
on
erning futureexperiments with ultra
old neutrons.2.4.1 UCN at pulsed neutron sour
esOne drawba
k of all superthermal UCN sour
es is the low operation temperature. Of
ourse it is possible to 
ool down a solid deuterium 
rystal below 6K. Nevertheless,this ”
ooling” pro
edure 
lose to a stationary strong neutron and gamma �eld like theyexist at neutron sour
es like the FRMII or the ILL is 
onne
ted with an expensive andpowerful helium 
ooling fa
ility. In 1995, Yu. Pokotilovsky [30℄ published his ideasabout a pulsed solid deuterium UCN sour
e at low power resear
h rea
tors like theTRIGA type with its ”pulse” mode operation opportunity (see next se
tion). The mainintention behind his idea was:
• Almost all experiments dealing with ultra
old neutrons (lifetime, nEDM,...) arestorage experiments and therefore have a 
y
li
 
hara
ter. This means, that theexperimental setup has to be loaded with neutrons within a �lling time. Dur-ing the a
tual storage run no additional neutrons are needed. After a prede�nedstorage time, the survived neutrons are dete
ted and the whole pro
edure is 
on-tinued. Therefore, the optimal UCN fa
ilities for these types of experiments arepulsed sour
es with a high neutron peak intensity and typi
al repetition rates inthe range of the storage times, normally a few minutes.Pulsed TRIGA rea
tors are able to produ
e pulses with every 5 min whi
h makesthem to ex
ellent thermal neutron sour
es for pulsed UCN sour
es, see alsoChap.4.4.
• The temperature of the 
onverter is of great importan
e for the extra
tion of ul-tra
old neutrons (
hap.4.3.2). The nu
lear heating problem whi
h is not negligiblein stationary resear
h rea
tors is minimized at pulsed sour
es to the duration ofthe pulse (≈ 30ms) itself, see also Chap.6.3.
• There is no radiation ba
kground in the experimental area after the rea
tor pulse(rea
tor is swit
hed "o�").

19



2.4 UCN at a pulsed sour
e, the rea
tor TRIGA in Mainz2.4.2 The rea
tor TRIGA Mark II in MainzThe TRIGA rea
tor in Mainz was for the �rst time 
riti
al in 1965. The name TRIGAin
ludes the purpose of its design:
• Training
• Resear
h
• Isotope produ
tion
• General Atomi
sThe TRIGA Mainz is a free standing swimming pool type rea
tor whi
h provides fourbeamports, a thermal 
olumn and several radiation 
hannels 
lose to the rea
tor 
orewhi
h are used for radio 
hemi
al analysis. This rea
tor 
an be operated at a steady-state power of 100 kW or in pulsed mode with a maximum power of 250 MW and anenergy release of 10 MWs [31℄.

Figure 2.8: S
heme of the TRIGA Mainz. The existing prototype UCN sour
e islo
ated at the tangential beamport C. The new upgraded UCN sour
e is installed atthe radial beamport D whi
h 
rosses the internal graphite re�e
tor ring and ends 
loseto the 
ore.76 fuel elements are a
tually installed in the rea
tor 
ore. The used 
hemi
al 
om-position Uranium (20% 235U)-Zir
oniumhydride (UZrH) 
ombines the produ
tion ofneutrons (nu
lear �ssion) and their moderation (neutron s
attering on hydrogen insidethe Zr-matrix) within the fuel elements.20



2 Ultra
old neutrons and ways to obtain them

Figure 2.9: A
tual pi
ture of the TRIGA Mainz. View from top of the 
rane systemon beamport C and the installed prototype inpile part of the solid D2 sour
e 21



2.4 UCN at a pulsed sour
e, the rea
tor TRIGA in MainzIn a standard water-
ooled rea
tor, sudden removing of the 
ontrol rods results in anot 
ontrolable 
hain rea
tion, leading �nally to a melting of the fuel elements. This isbe
ause the neutrons from the �ssion rea
tion remain ”
old” from intera
ting with the
old water around the fuel and maintain their ability for further �ssioning of uraniumatoms in the fuel. The mixing of fuel and moderator in one element, however, results inan inherent safety. Therefore, as the fuel temperature in
reases when the 
ontrol rodsare suddenly removed, the neutrons inside the hydrogen-
ontaining fuel rod be
omewarmer than the neutrons outside in the 
old water. These warmer neutrons inside thefuel 
ause less �ssioning in the fuel and es
ape into the surrounding water. Finally therea
tor automati
ally redu
es power within a few millise
onds, faster than any engi-neered devi
e 
an operate.Due to this inherent safety feature, the so-
alled prompt negative temperature 
oe�-
ient, the TRIGA Mainz is able to in
rease its power rapidly ”pulsed” to a maximumpower level of 250 MW with a rea
tivity insertion of 2ρ/β in the pulse (in the languageof rea
tor users termed 2 $ pulse), 
orresponding to a released energy of about 11 MWs.

Figure 2.10: S
hemati
al time sequen
es for di�erent pulses at the TRIGA MainzHere, ρ = δk/k is the rea
tivity with the e�e
tive multipli
ation fa
tor k being thenumber of �ssions in one generation divided by the number of �ssions in the previousgeneration. The quantity β represents the number of delayed neutrons. For the TRIGAfuel elements with aluminium 
ladding and 8 % by weight U-ZrH the value of β is 0.0073[31℄.Depending on the pulse rod setting and the �nal rea
tivity the pulselength 
an varybetween 30ms and 100ms (see Fig.2.10)22



2 Ultra
old neutrons and ways to obtain themThe a
tual neutron �uen
es The neutron �uen
es of the tangential and radialbeamports C and D were measured with the help of neutron a
tivation analysis. Adetailed des
ription of the measurement pro
edure 
an be found in [32℄. On bothbeamports, the measurements were done in pulsed mode operation driving the rea
torat a power of 6.5 MWs. The results of our measurements 
an be seen in Fig. 2.11
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Figure 2.11: Thermal neutron �uen
es at beamport C and D during a 1.5$ pulsemeasured with gold foil a
tivation analysis.At the position of the deuterium 
onverter (50mm away from the end of the beamport)a thermal neutron �ux of ≈ 2 · 1014n/cm2s was measured at the tangential beamportC. This 
orresponds to a total number of ≈ 1.5 · 1013n/cm2. It's quite obvious thatone would gain a fa
tor of 4-5 in thermal neutron �ux by installing a UCN sour
e atbeamport D. However this gain whi
h is related to the smaller distan
e between thesolid deuterium and the rea
tor 
ore, might be 
ompensated to our disadvantage bya stronger nu
lear heating of the deuterium by fast neutrons and hard gammas (seealso 
hap.6). Therefore, �rst attempts to understand the working prin
iple of a soliddeuterium UCN sour
e under ”real” rea
tor 
onditions were done at beamport C outsideof the graphite re�e
tor ring (see Fig.2.8).
23



2.4 UCN at a pulsed sour
e, the rea
tor TRIGA in Mainz
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Chapter 3The prototype of a superthermalsour
e based on sD2 at rea
torTRIGA Mainz Beamport CThe �rst steps in the dire
tion to an UCN sour
e at the TRIGA Mainz started in 2004.In order to investigate solid deuterium as UCN 
onverter (under rea
tor 
onditions) forthe future Mini-D2 UCN sour
e at the FRM II [16℄, a prototype sour
e was designedand built in 
ollaboration with the department E18 and Mainz. The �rst version wasinstalled at the beamport C of the TRIGA Mainz at the end of 2004. After some te
h-ni
al problems, the �rst version was revised and the se
ond version started its operationin January 2006. Several Diploma Theses and one PhD thesis [28℄ referred already tothe design and the 
onstru
tion of the existing sour
e setup. The experimental part ofthis thesis used the existing inpile 
ryostat of the UCN prototype sour
e. Therefore, Iwill point out only a few important topi
s of that inpile 
ryostat before I will start withthe dis
ussion of an improved gas system for the future sour
e at beamport D.3.1 The experimental setupThe se
ond upgraded setup whi
h was 
onstru
ted and installed in 2005 
onsisted ofthree main parts.
• The inpile-
ryostat whi
h in its last version 
ontains a highly polished stainlesssteel (no
ado) UCN guide. One end of the guide is 
losed by a 
onverter 
up 
ooledwith liquid helium (to provide the 
old part for freezing out solid deuterium fromthe gas phase). The other end is sealed by an aluminium exit window.
• The deuterium gas handling system in
ludes several important parts ne
es-sary for safe handling of the deuterium gas. It 
onsists of a storage vessel for thehigh purity deuterium gas, a 10K storage vessel (
ooled by a 
old head), a gasvalves manifold 
ontaining and a huge number of pressure transdu
ers.25



3.1 The experimental setup
• The 
ontrol system in its �rst version was based on a 
ommer
ial Simati
 S7-400 
ontroller to drive and monitor all valves and sensors of the gas system and
ryostat.3.1.1 The inpile-
ryostatThe inpile-
ryoytat (Fig.3.1) is made of two parts: the inpile tube, with external diame-ter of 140mm 
ontaining neutron guide with 
old UCN 
onverter inside and the verti
al
ryostat vessel for 
onne
tion of all ne
essary support lines (deuterium gas, liquid he-lium/nitrogen, sensors). The whole setup is mounted on a 
arriage system whi
h allowseasily to move the sour
e in and out of the rea
tor beamport.

Figure 3.1: Se
tional drawing of the sD2 UCN sour
e. The verti
al 
ryostat ismounted on a 
arriage (not shown) so that the whole setup 
an be moved in and outof the beamport.3.1.2 The D2 
onverter 
up and the neutron guide systemThe main part of the inpile 
ryostat 
onsists of an ele
tropolished stainless steel tubewith a length of ≈ 3m and an inner diameter of 66mm whi
h serves as transport guidefor ultra
old neutrons, produ
ed in a solid deuterium 
rystal, frozen inside a double26



3 The prototype of a superthermal sour
e based on sD2 at rea
tor TRIGA MainzBeamport Cwalled 
onverter 
up at one end of the guide. The 
onverter 
up (Fig.3.3) is made ofthe same ele
tro-polished tube and is welded to one end of the neutron guide situated
lose to the rea
tor re�e
tor inside beamport C. With an internal length of 60mm the
up 
an keep up to 200cm3 of solid deuterium. Cooling of the 
ryogeni
 part below10K is provided by a �ow of liquid helium (a
tually by a �ow of gas-liquid heliummixture) around the internal 
onverter 
up. The helium lines have a diameter of 10mm.To de
rease the heat load from the surrounding va
uum tube at room temperature,the whole deuterium 
onverter is 
losed by an aluminium shield 
ooled to 77K withliquid nitrogen. The manipulation of the frozen deuterium temperature was realisedvia heating of the in
oming helium by a spe
ial gas heater. The heat load 
aused by

Figure 3.2: Left: Cut through the installed 
onverter 
up at the end of the neutronguide. Right: Aluminium premoderator vessel whi
h �ts exa
tly on the outer diameterof the 
onverter 
up.thermal 
ondu
tivity of the 2mm thi
k stainless steel tube of the neutron guide wouldin
rease the liquid helium 
onsumption. On the other hand, it would also result ina 
ooling down of the neutron guide, resulting in a freezing of residual gas mole
ules(N2,H2 ...) on the inner surfa
e of the neutron guide and therefore 
ausing big losses ofUCN travelling through the guide. To over
ome this problem, the outer diameter of theneutron guide was ma
hined to a thi
kness of 0.5mm on a length of 40
m dire
tly behindthe 
onverter 
up. This a
ted as an e�
ient thermal bridge whi
h redu
ed the heatloadon the 
onverter 
up from 30W/s to the minimal heatload of 75mW/s. In addition, theouter part of the neutron guide following the thermal bridge downstream was equippedwith a heating wire to keep the rest of the UCN guide at room temperature.As it was shown in Fig.2.4, the use of a 
old neutron moderator near the deuterium
onverter 
an result in a gain in UCN produ
tion. Therefore, an ex
hangeable neutron27



3.1 The experimental setuppremoderator 
up with an external diameter of 110mm was built. The vessel was builtfrom aluminium and was also 
ooled after installation on the 
onverter 
up by thein
oming helium �ow.

Figure 3.3: The deuterium 
onverter 
up after installation. The 10mm ”liquid” heliumlines on top of the neutron guide are 
overed with superisolation. A liquid nitrogenisolation shield 
an be mounted on the 
ooled holder behind the 
onverter 
up3.1.3 The deuterium gas handling systemThe deuterium gas handling system is an important part of the UCN sour
e. It shouldprovide the users with a safe pro
essing of the �ammable deuterium gas. Under pro-
essing one understands:
• storage of several hundred liters of D2 gas
• preparation of very pure (98%) ortho D2

• 
leaning of D2 gas from possible 
ontaminations
• transfer of D2 gas to the 
onverter 
up of the sour
e (during freezing from the gasphase) and from the sour
e ba
k to the reservoir (evaporation of D2 
rystal)To assure safe pro
essing of these a
tions, the system was designed on the prin
iple ofa two barrier prote
tion. The 
losed deuterium system is entirely mounted in a spe
ialoverpressure vessel, �lled with helium at a slightly higher pressure than the surroundingatmospheri
 pressure. As a result, deuterium gas leaking out from pipes (worst 
ase)
annot mix with air and form an explosive mixture.The �rst version of the deuterium gas system for the prototype sour
e at beamport C28



3 The prototype of a superthermal sour
e based on sD2 at rea
tor TRIGA MainzBeamport Cwas designed at the department E18 at the Te
hni
al University, Muni
h. A detaileddes
ription of this system 
an be found elsewhere [28℄.Based on the experien
e whi
h 
ould be gained during one and a half year of su

esfuloperation, a new gas system for the future UCN sour
e at beamport D was designed,built and �nally tested in 
ombination with the prototype inpile 
ryostat at beamportC. Several improvements were done whi
h will be des
ibed in more detail.
• tubing was simpli�ed by using standard 
erti�ed Swagelok 
onne
tion and Swagelokvalves instead of big Stoehr valves for welding
• a premoderator gas handling system was in
luded in the new system
• a new para/ortho 
onverter based on Oxysorb R© was installed
• storage of deuterium and premoderator gas is done in separate vessels outside the
ontrol system
• A new 
ommer
ial Raman spe
trometer was in
luded and the Raman 
ell was di-re
tly 
onne
ted to the deuterium gas system enabling online ortho/para analysisDeuterium and va
uum systemA s
heme of the 
ontrol software of the deuterium and premoderator system 
an befound in Fig. 3.9. To improve the a

essibility and the 
ommutability of all 
ompo-nents, we used instead of welded tubes like in the former system, the standard swagelokte
hnique. This te
hnique made the system more �exible and mu
h more easily servi
edwithout loosing its reliability. The deuterium parts of gas system 
an be eva
uated bya oil free pump station in
luding an Oerli
on E
oDry forepump and a TurboVa
 50 tur-bomole
ular pump. Unlike in the old system, the deuterium part has its own va
uumpumps whi
h are used only to eva
uate the deuterium lines, in
luding storage vessel, theRaman 
ell, the zeolithe 
leaning trap, the Oxysorb R© system, and the deuterium sys-tem of the inpile 
ryostat. The premoderator lines and the helium barrier are pumpedby their own va
uum stations.To monitor va
uum and pressure inside all gas system parts, IONIVAC ITR90 andTable 3.1: Equipment and working parameters of the new gas system for 
hannel Ddeuterium premoderatorstorage volume 300l Al vessel 500l Al vesselva
uum system DryVa
 + Turbo pump DryVa
 + Turbo pumpva
uum gauge IONIVAC IONIVACpressure transdu
er CERAVAC CERAVACZeolith trap intern nonpara/ortho 
onverter intern extern�ow 
ontrol for freezing MKS MKSMaximal pressure in sour
e 700mbar 700mbar 29



3.1 The experimental setupCERAVAC CTR90 transmitters from Oerli
on are installed. For the swit
hing of thedeuterium lines, all-metall Swagelok valves (normal 
losed) are installed.Some main features of the new gas system are presented in tab.3.1For safety reasons, overpressure valves (opening pressure 700mbar) and rupture dis
s(burst pressure 1.5bar) are installed between the in-pile 
ryostat and the gas system.This way, the dangerous build up of deuterium or premoderator gas pressure in the
ryostat during unexpe
ted melting of the frozen 
onverter should be safely prevented.A new ortho-para 
onverterAs already mentioned, deuterium at standard 
onditions (”fresh from the bottle”) 
on-tains 33% of para deuterium. Su
h 
on
entrations would result in non negligible UCNlosses due to spin �ips [29℄.The normal 
onversion from the 66% ortho deuterium at room temperature to thethermal equilibrium at 
ryogeni
 temperatures (co,T around 98%) via the forbiddentransition 
an be des
ribed by a linear di�erential equation as
dco

dt
= K · [cp,0 − (1 − co,T )] · e−K·t → co(t) = (1 − co,T − cp,0) · e−K·t + co,T . (3.1)Here, K is the 
onversion 
oe�
ient, t the elapsed time, cp,0 the initial para 
on
entra-tion and co,T the �nal ortho 
on
entration at a temperature T. Without a paramagneti

atalyst, the 
onversion 
oe�
ient K is Knat = 6 · 10−4h−1[33℄. This 
orresponds to a
onversion time of 6 months. By using paramagneti
 
atalysts as reported by groupsfrom PSI [34℄ and Los Alamos [35℄, one 
an de
rease the 
onversion time down to hours.Unlike the old gas system, in whi
h an external para-ortho 
onverter was used [28, 36℄,we designed a horizontal 
onverter 
ell, Fig.3.4 with a volume of 0.5 liter, whi
h was�lled with two 
atridges of Oxysorb R© (Cr2O3).Apart from the lid of the 
onverter 
ell, all other 
ryogeni
 parts are made from 
op-per. For thermal isolation of the 
ryogeni
 system from the va
uum housing and thedeuterium gas lines, the lid and the 
onne
tion tubes are made from stainless steel. Toprevent the Oxysorb powder leaking from the 
onverter 
ell, a standard stainless steelsinter �lter with a porosity of 5µm is soldered to the exit lid.With a "10K" 
old head (from Sumitomo) and an isolation va
uum better than 5 ·

10−6mbar a 
onverter vessel temperature of 7 K 
an be rea
hed. Four CernoxTMsensors distributed over the 
onverter volume and one thermo
oax heating wire aroundthe 
onne
tion of the ne
k from the 2nd stage of the 
old head to the 
onverter vesselallow to 
ontrol the temperature of the system with an a

ura
y of 0.1 K.The volume of the 
onverter is big enough to liquefy almost 300 l of deuterium from thewhole gas storage vessel ∼ around 14 mol (usually there are only 9mole of deuteriumin the system). At minimal temperature, it takes around 5 hours to empty the storagevessel down to a minimal pressure of 3mbar. A determination of the 
onversion speedlike it was done in [36, 28℄ was impossible be
ause the para-ortho 
onversion startsalready during pumping of the warm gas. The large surfa
e of the Oxysorb whi
h isin
reased in the horizontal arrangement of our setup favors the 
onversion. As a result,after 5 hours of pumping we obtain already an ortho 
on
entration of 96%.30



3 The prototype of a superthermal sour
e based on sD2 at rea
tor TRIGA MainzBeamport C

Figure 3.4: Se
tional drawing of para-ortho 
onverter. Cooling down to 8K is providedby a 
old head from sumitomoA further in
rease of the ortho 
on
entration up to 98.2% was rea
hed by the ”boiling”pro
edure whi
h is also des
ribed in [36℄ and [28℄. After emptying of the storage vessel,the 
onverter volume is isolated and its temperature is in
reased up to 22 K. The boilingof the D2 ensures a good 
onta
t of the whole D2 volume with the Oxysorb and enablesfurther 
onversion whi
h rea
hes its limit after 5 hours.Raman spe
tros
opyAs des
ribed already in many publi
ations [35, 34, 28℄, the ortho-deuterium 
on
en-tration 
an be measured by using the Raman spe
tros
opy te
hnique. Therefore, the
ommer
ially available Raman spe
trometer 'Sentinel-II-532' (Fig.3.5) from Bruker Op-ti
s was pur
hased and installed 
lose to the new deuterium gas system. As 
an be seenin Fig.3.5, the spe
trometer is mounted in a standard 19 in
h ra
k. It in
ludes a 532nmlaser with a maximum power of 100mW and a CCD grid spe
trometer with a spe
tralresolution of 3.8cm−1 within a range from 80cm−1 to 3200cm−1. An external probe is
onne
ted via two opti
al �bres with the laser and the spe
trometer. Due to the ex
ita-tion and dete
tion of the Raman light in one opti
al axis, a 
ompa
t deuterium Ramanhead 
onsisting of the external probe and a gas 
ell was built and dire
tly 
onne
tedto the deuterium system. For the gas 
ell, we used a standard Duran R© glass vessel(length 150mm, diameter 20mm) 
oated with aluminium.Fig.3.6 shows a Raman spe
trum of the Raman 
ell �lled with 
onverted deuterium ata pressure of 800mbar whi
h was obtained after an integration time of 10min.After subtra
ting the ba
kground spe
trum (empty 
ell) produ
ed by the glas windowof the 
ell, we get the pure deuterium spe
trum, presented in Fig.3.7.In order to determine the ortho deuterium 
on
entration co, one 
an use, a

ording toRef.[33℄ the ratio, R, of the Raman intensities of the well known spin transitions J=031



3.1 The experimental setup

Figure 3.5: Ba
kground: Commer
ially available Raman spe
trometer'Sentinel-II-532'; left pi
ture: Raman probe dismounted from its 
ase.
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3 The prototype of a superthermal sour
e based on sD2 at rea
tor TRIGA MainzBeamport C
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Figure 3.7: Raman spe
trum of D2 gas (800mbar). Only the D2 rotational lines areshown. Taking the ratio of the integrals under the J=0 and J=1 peaks, the measured
alibration fa
tor kcal of eqn.3.4, eqn.3.2 and eqn.3.3, one obtains a ortho
on
entration of 97.5%.in literature [33℄, R is expressed as
R =

S(0 → 2)

S(1 → 3)
=

5

3

co

1 − co
(
ω − ω02

ω − ω13
)3τgas (3.2)with ω the frequen
y of the initial laser light, ω02 and ω13 the frequen
ies of the ortho(J=0) and para (J=1) transistions and τgas a 
orre
tion fa
tor taking into a

ount thedistribution of the rotational states of the mole
ules.Setting the right side of eqn.3.2 to a 
onstant 
alibration fa
tor kcal

5

3
(
ω − ω02

ω − ω13
)3τgas = kcal, (3.3)one 
an ex
lude the not well known spe
tral e�
ien
y of the raman spe
trometer. Usingthe well known ortho 
on
entration of natural deuterium (66%) and the measured ratioof the ortho-para intensities (see Fig.3.8), kcal 
an be 
al
ulated from

Rnat =
S(0 → 2)

S(1 → 3)
= 2 · kcal. (3.4)to be kcal = 0.76.With the used setup, it is possible to obtain within an integration time of 10min ana

ura
y of the ortho deuterium 
on
entration of 0.5%. For possible 
ontaminations33



3.1 The experimental setup

 0

 20000

 40000

 60000

 80000

 100000

 100  200  300  400  500  600  700  800

in
te

ns
ity

 [a
.u

.]

Raman shift [cm^-1]

ortho

J=0

J=1

para

ortho

J=2

J=3

para
ortho

J=4

nat.D2 sample

Figure 3.8: Raman spe
trum of natural D2 gas at a pressure of 600mbar.
D2 H2 HDJ Exp Literature Exp Literature Exp Literature0 179 179.12 354.0 354.39 not visible 267.121 297.3 297.63 587.0 587.07 not visible 443.172 414.6 414.78 814.3 814.48 not visible 616.213 529.8 530.07 1034.9 1034.75 not visible 785.15Table 3.2: Raman lines for the 
harateristi
 rotational states of deuterium and itspossible main 
ontaminations. The experimental values for D2 were obtained from thedata plotted in Fig.3.8. For hydrogen the values are taken from the data presented inFig.5.5. The literature values are taken from [33℄.of hydrogen and hydrogen-deuterium, we obtain an upper limit of 0.1%, whi
h wouldresult in negligible hydrogen indu
ed losses whi
h are far below the a
tual absorptionlosses in deuterium.3.1.4 The 
ontrol systemThe safe and reliable operation of the new gas system is realized by a 
ombinationof the industrial standard SPS system Simati
 S7-200 from Siemens and two digitaland analog I/O 
ards from National Instruments. While the SPS system provides the
ontrol over all installed valves, the National Instrument (NI) 
ards are responsible forthe readout of all sensor of the system. The 
ontrol software is written under NI Labviewwhi
h allows the easy and 
onvenient handling of the gas system and a safe 
ontrol ofall situations during the experimental operations of the UCN sour
e. Fig.3.9 shwos as
reenshot of the a
tually implemented 
ontrol software. For better visuality pumped34



3 The prototype of a superthermal sour
e based on sD2 at rea
tor TRIGA MainzBeamport C
onne
tion lines (< 0 mbar) are 
oloured green. All other pressurized lines are 
olouredblue. To asure a safe handling of the deuterium gas, e.g. pumping of deuterium outof the system, a spe
ial interlo
k system is implemented whi
h 
lose immediately themain valve, V1, sensor S1 feels any deuterium.
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3.1Theexpe
rimentalsetu

p
Figure 3.9: S
reenshot of the 
ontrol software of the gassystem and the inpile-
ryostat 36



Chapter 4Experimental results and theirdis
ussionIn 
ontrast to other experimental setups to 
hara
terize solid deuterium [36℄ as suitableUCN 
onverter, the used inpile 
ryostat at beamport C doesn't give us the oportunity foran opti
al investigation and monitoring of the growth me
hanism of a solid deuterium
rystal. Therefore, we are not able to judge the form or the transparen
y of our 
rystals.Our main interests in the present topi
 
an be summarized in four questions
• What are the optimal freezing parameters?
• Can we grow 
rystals in a reprodu
ible way?
• What happens to solid deuterium under radiation exposure?
• Are there any 
hanges in the 
rystal and 
rystal performan
e over time?To obtain answers, we started to investigate the UCN produ
tion by using the pulsemode of the Mainz TRIGA rea
tor. But it turned out, that due to the fa
t that theout
oming neutron spe
trum of the solid deuterium 
ontains also very 
old neutrons,the analysis of the �nal results in this 
ase is not free from some ambiguity. Therefore,we swit
hed to the 
onstant power mode (100kW) and used the time-of-�ight method(TOF) to obtain results sensitive to the neutron velo
ity distribution. Finally, to showthe future prospe
ts of a pulsed UCN sour
e at a low power rea
tor of the TRIGA type,we performed a storage experiment to measure the available UCN densities in a realstorage volume at the experimental area outside of sour
e.4.1 Experimental investigation of ”pulsed” UCN produ
-tionThe experimental results a
hieved during one year of pulse mode operation are the mainpart of another PhD thesis and 
an be found in detail in [28℄. For 
ompleteness I willgive here only a short summary. 37



4.1 Experimental investigation of ”pulsed” UCN produ
tion4.1.1 The experimental setupIn order to investigate solid deuterium under pulsed mode operation, a simple setup,
onsisting of a standard 'no
ado' tube (�ight path 1.5m), followed by a 90◦ bend, 0.5mof verti
al neutron guide and a dete
tor, was dire
tly mounted to the exit of the UCNsour
e. A se
tional drawing of the setup was already shown in Fig.3.1. In order toin
rease the dete
tion e�
ien
y of the used Cas
ade UCN dete
tor, see also appenidxA, the UCNs have been a

elerated by gravity after the 90◦ bend half a meter downinto the dete
tor.To freeze out and to keep the solid deuterium at 6K, a 250 liter dewar provides the
onverter 
up with liquid helium. Additionally, a se
ond dewar with 150l of liquidnitrogen is needed to 
ool down simultaneously the thermal shield of the 
onverter 
up.Unfortunately due to the too big inner diameter of the 
ryogeni
 supply tubes, theliquid helium �ow had to be in
reased drasti
ally in order to avoid pressure os
illationsinside the tubes, due to helium evaporation. The big helium 
onsumption of 20 litresper hour redu
ed the sour
e working time to 10 hours per day, only.The time-of-�ight spe
trum of the pulsed UCN sour
e measured with the CASCADE-Udete
tor triggered by the rea
tor pulse is shown in Fig. 4.1.The amount of frozen D2 in the 
onverter 
up was about 4.5 mol. The 
ount rates rea
h
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Figure 4.1: Time-of-�ight spe
trum of a typi
al UCN pulse from a standard 4 mol
rystal.a maximum at about two se
onds after the rea
tor pulse and then de
rease with a time
onstant of about 5 s. The relatively long tail between 5 s and 20 s indi
ates that fora small fra
tion of UCN, the guide a
ts as storage bottle rather than as neutron guide.The ba
kground is 
ompletely negligible as it 
ontributes only with a few hundred to38



4 Experimental results and their dis
ussionthe totally measured 
ounts.4.1.2 UCN Produ
tion versus amount of frozen deuteriumAt �rst, the neutron yield was measured as a fun
tion of the amount of sD2 in the nose.These data were taken without a pre-moderator. As 
an be dedu
ed from Fig. 4.2, thedata points (full diamonds) show an almost linear in
rease of the neutron yield up to 2mol of frozen deuterium. For larger amounts, saturation is observed probably 
aused bythe poly-
rystalline stru
ture of the 
onverter. During these measurements, the amountof frozen deuterium gas was in
reased, step by step in small portions of 0.3 to 0.4 mol,while keeping the temperature of the nose 
onstant at about 6 K. A signi�
ant in
rease

Figure 4.2: Neutron 
ounts (normalized to the pulse energy (MJ)) measured versusamount of solid. Full diamonds: neutron yield obtained by gradually in
reasing thequantity of sD2 in steps of 0.3 to 0.4 mol, while keeping the temperature of the
onverter at 6 K, i.e., without thermal 
y
ling. Open 
ir
les: thermal 
y
ling of thefrozen deuterium results in an in
rease of the neutron yield. Hat
hed triangle:Corresponding error bars on the data indi
ating the reprodu
ibility (10%) of thethermal 
y
ling pro
edureof the UCN yield, in parti
ular for �llings beyond 2 mol of sD2, 
ould be observed afterthermal 
y
ling the sD2 
onverter in the temperature range between 5 K and 13 K. Theopen 
ir
les in Fig. 4.2 show the resulting 
ount rates for di�erent amounts of frozendeuterium. Obviously, thermal 
y
ling of the 
rystal improves the sour
e performan
e.This behavior 
oin
ides with a 
hange of its opti
al properties as reported in [34℄.However, the relation between the opti
al properties of the 
rystal and the dynami
sfor UCN produ
tion still needs to be determined. After thermal 
y
ling, an almostlinear in
rease of the neutron yield up to 7 mol was found. Beyond 7 mol (V > 14039



4.1 Experimental investigation of ”pulsed” UCN produ
tion
m3) the 
apa
ity of the nose (V ≈ 200 
m3) is gradually approa
hed with no furtherin
rease of the neutron yield. This is 
aused by the stronger e�e
t of the heat load fromthermal 
ondu
tion through the thermal bridge as well as the heat radiation from thewarm neutron guide. Furthermore, the dissipation of this heat load is de
reasing within
reasing sD2. The measurements in
luding thermal 
y
ling had been performed a fewtimes for amounts of sD2 in the range 1 mol ≤ msD2 ≤ 9 mol in order to proove thereprodu
ibility. Variations observed in the maximal yield indi
ate a systemati
 error of5 % to 10 % as shown in Fig. 4.2.In Fig. 4.3 details of thermal 
y
ling are shown for 4 mol of sD2. This amount of

Figure 4.3: Full squares: neutron 
ounts (normalized to the pulse energy (MJ)) as afun
tion of the serial 
ount of rea
tor pulses. The temperature of the sD2 
onverter(open squares) was in
reased and lowered periodi
ally in the range between 6K and13K. The amount of frozen deuterium was 4 mol. From pulse number 25 on, the nosewas kept at 6 K resulting in a 
onstant yield at around 12 000 
ounts/MJ.deuterium gas was transferred in one step into the UCN sour
e volume. After freezingout at 6 K (nose temperature), the temperature of the nose was in
reased and loweredperiodi
ally. After four 
y
les, the measured neutron yield in
reased by a fa
tor ofabout 1.7 from 7 000 
ounts/MJ to 12 000 
ounts/MJ. Keeping the nose temperature
onstant from then on, no 
hange in the neutron yield was observed in the followingmeasurements.4.1.3 UCN produ
tion versus rea
tor powerIn a sequen
e of measurements, the pulse power of the rea
tor and thus the thermalneutron �ux was varied. Figure 4.4 shows the ba
kground-subtra
ted integrated neutron
ounts as a fun
tion of the pulse energy for 4.0 mol of frozen deuterium, demonstrating40



4 Experimental results and their dis
ussionpre
ise s
aling of the neutron yield versus the thermal neutron �uen
e. This behaviourwas found to persist up to 7 mol of frozen deuterium.

Figure 4.4: Total 
ount rate as a fun
tion of the rea
tor pulse energy in MJ. Theamount of frozen deuterium was 4.0 mol. The statisti
al un
ertainties are smaller thanthe size of the symbols.4.1.4 Test of an organi
 premoderatorAs already shown in Fig.2.4 the UCN produ
tion rate in the sD2 
onverter strongly de-pends on the in
ident neutron spe
trum. Thus, the use of a 
old pre-moderator enablesto mat
h the in
oming neutron spe
trum to the phonon ex
itation spe
trum of the sD2
onverter in order to obtain maximum UCN yields.Two di�erent pre-moderator substan
es were tested: mesitylene and a mixture of 33vol% toluene and 67% vol% mesitylene. Methyl derivatives of benzene, su
h as mesity-lene ((CH3)3C6H3) and toluene (CH3C6H5) with relatively low melting points (227 Kand 180 K, respe
tively) 
an be used as an e�
ient 
old moderator, be
ause even atlow temperatures the weakly hindered rotational motions of their methyl groups enablethe absorption of small amounts of energy from neutrons. In our tests, mesitylene aspre-moderator material turned out to be the most e�e
tive pre-moderator, giving about10% to 15% higher neutron yields 
ompared to the toluene/mesitylene mixture. Thissubstan
e was �lled into the pre-moderator 
up (Fig. 3.3, right), whi
h was put on the
old nose with a thermal 
onta
t. During the measurements, the pre-moderator was
ooled to about 16 K. The average pre-moderator thi
kness was 15 mm. A pe
uliar-ity of solid mesitylene is that it 
an exist in three 
rystalline phases [37℄, whi
h showvery di�erent inelasti
 neutron 
ross se
tions [38℄. It is very likely that, at a 
oolingspeed of ≈ 3 K/min, we produ
ed a mixture of phase I and III. Compared to phase41



4.2 Veri�
ation of the neutron opti
al potential of sD2III, the two other phases have more soft phonon states and thus are more suitable as
old moderator for thermal neutrons. In Fig. 4.5 the maximum UCN yield after ther-

Figure 4.5: Neutron yield (
ounts/MJ) as a fun
tion of the amount of frozendeuterium. Full squares: neutron yield without pre-moderator. The broken line isdrawn to guide the eye. Open 
ir
les: 
orresponding neutron yield with mesitylene at16 K as a pre-moderator.mal 
y
ling of sD2 is shown for di�erent amounts of frozen deuterium, measured withand without a mesitylene pre-moderator. The most striking �nding is that with pre-moderator, more neutrons are produ
ed. Whereas the gain in neutron yield is about afa
tor of two higher at low molar values of sD2 
ompared to the measurements withouta pre-moderator, the neutron yield levels o� towards higher amounts of sD2 resultingin only somewhat higher neutron 
ounts at about 7 mol. The almost linear in
rease inneutron 
ounts without pre-moderator 
an be explained by the role of sD2 whi
h a
tsboth as 
onverter for UCN and as 
old moderator for the in
ident thermal neutrons.Hen
e, the pre-moderator e�e
t of sD2 will be more pronoun
ed at larger amounts ofsD2.4.2 Veri�
ation of the neutron opti
al potential of sD2Measuring the very low energy end of the neutron spe
trum from a solid 2H2 
rystalin an ultra
old neutron (UCN) sour
e gives a dire
t estimate for the material opti
alpotential, see, e.g., Ref.[39℄, i.e. the averaged or 
oherent strong intera
tion potential,whi
h arises in the theoreti
al treatment of the intera
tion of very low energy neutronswith materials in terms of refra
tion, e.g. Ref.[40℄.The material opti
al potential has been measured for most materials using re�e
tometry42



4 Experimental results and their dis
ussionand thin �lm material transmission and is required for 
omputing the 
enter-of-massvelo
ity asso
iated with absorption (or other 1/v) 
ross-se
tion values obtained fromtransmission data measured with very low energy neutrons, see ,e.g., [41, 42, 43℄. Afurther 
onsequen
e of the material opti
al potential is that the energy of neutrons pro-du
ed within a sample will be boosted as they 
ross the material boundary, leading toan external spe
trum being shifted in energy; su
h a measurement will give a modelindependent value of the material opti
al potential but requires (a) a material thatprodu
es signi�
ant quantities of very low energy neutrons and (b) measurement of thelower energy limit of the external neutron spe
trum. This is possible, and has been
arried out, by measuring for the �rst time the spe
trum of UCNs produ
ed in a solid
2H2 
onverter.In order to determine the UCN energy spe
trum from the superthermal solid 2H2 
on-verter, we used a gravitational spe
trometer [44℄, see Fig. 4.6 whi
h was dire
tly 
on-ne
ted to the neutron guide outlet of the inpile 
ryostat. The 'U'-
hi
ane uses gravity
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1     2          3

3.25 m

UCN

1     2          3

3.25 m

UCN

1     2          3

3.25 m

UCN

1     2          3Figure 4.6: Sket
h of the gravitational spe
trometer; 1: va
uum shutter; 2: 10 
mborated polyethylene; 3: UCN dete
tor with 0.1 mm aluminium entran
e window.The dete
tor was shielded against ba
kground in a box of 10 
m borated polyethylene(not shown).to determine the minimum energy of throughgoing UCNs; its height and hen
e the min-imum UCN energy was adjusted by rotation around the neutron guide axis. A va
uumshutter was installed in front of the `U', 
f. Fig. 4.6, to prevent inrush of air into theva
uum system of the 
old sour
e during the rotation pro
ess.Unfortunately, about 40 % of the UCNs were absorbed in this gadget. Passing neutronsare registered in a gas 
ounter 
ontaining 18 hPa 3He and 12 hPa CO2 in about 1070hPa Ar. The dete
tor with its 0.1 mm aluminium entran
e window was mounted 60 
mbelow the beam axis.This way, gravitation a

elerates UCNs su
h that all of them 
an penetrate the dete
torentran
e window with a material opti
al potential of 54 neV. The data were a
quiredduring two 
onse
utive days driving the TRIGA rea
tor in pulsed mode. Working with43



4.2 Veri�
ation of the neutron opti
al potential of sD2two di�erent solid deuterium 
rystals might have 
aused a non-statisti
al un
ertainty,whi
h was taken into a

ount as des
ribed below.Furthermore, it 
annot be ex
luded that 
ertain sour
e parameters may have 
hangedwith time leading to a drift in UCN intensity. In order to minimize the in�uen
e ofsu
h drifts, the sequen
e of data taking at di�erent heights was determined randomly.Figure 4.7 shows the registered neutrons normalized to the rea
tor power. Ea
h data
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0 50 100 150 200 250 300Figure 4.7: Data taken with the gravitational spe
trometer. The UCN transmissionrates per megajoule of the rea
tor power after ba
kground subtra
tion are plottedagainst the verti
al height of the gravitational spe
trometer. The two lines representthe �t to the data, see text.point 
onsists of 
ounting neutrons after two 
onse
utive rea
tor pulses with a timeinterval between 3 and 10 minutes. In order to determine the dete
tor ba
kground dur-ing a rea
tor pulse, two measurements were performed, one before freezing of the 2H2and a se
ond one with the va
uum shutter 
losed. The two methods showed identi
alba
kground rates of 20 
ounts per megajoule (MJ). The rea
tor pulses had an energy oftypi
ally 6.7 MJ. A 2 % un
ertainty of the rea
tor yield in the pulsed mode at 
onstantreleased energy was estimated and added in quadrature to the statisti
al un
ertainty.To the left of the data shown in Fig. 4.7, one 
an see a �at distribution over in
reasingheight of the spe
trometer. Above about 100 
m, 
orresponding to ∼100 neV neutronkineti
 energy, the spe
trum de
reases. This 
an be 
ompared to the material opti
alpotential of solid 2H2 at 5 K 
al
ulated to be about 106 neV [45℄.For the analysis, we have introdu
ed a simple model: UCNs gain energy through a
-
eleration in the 
oherent strong intera
tion surfa
e potential when they leave the solid44



4 Experimental results and their dis
ussion
2H2 
onverter.Consequently, the minimal energy of UCN from the new sour
e at the TRIGA Mainzrea
tor 
orresponds to the material opti
al potential of solid 2H2. Above this threshold,the energy spe
trum is expe
ted to rise linearly (i.e. quadrati
ally with velo
ity, v2) [46℄.This 
an be seen in Fig. 4.7 from the linear intensity de
rease of dN/dE with in
reas-ing height. The minimal energy of UCNs from the sour
e was determined by �tting a
onstant A to the �at distribution and a straight line, y = Bx + C, to the beginningof the slope at height values above 100 
m, see Fig. 4.7. From the 
rossing of these twofun
tions, we dedu
e the minimal UCN energy, i.e. the material opti
al potential of solid
2H2 at 5 K. The material opti
al potential is proportional to the density of the material.The density gradient in solid 2H2 at that temperature is about 0.00006 g/
m3/degree.Un
ertainties from the determination of the temperature are thus negligible.The �tted parameters are A = 1002± 12, B = −10.1± 0.6 and C = 2002± 86. The χ2per degree-of-freedom of the two �ts were 1.0 for determining A and 0.93 for the straightline. With these values, we �nd Ec = (99 ± 7) neV, in agreement with expe
tations.The bend in the spe
trum around 200 
m originates from the material opti
al potentialof stainless steel (210 neV) [47℄:UCNs with higher energies are no longer totally re�e
ted under all angles and theU-
hi
ane serves as an energy �lter. The small number of events above 210 neV isattributed to s
attered neutrons passing this �lter.Using a gravitational spe
trometer, we �nd a minimal kineti
 energy of Ec = (99 ±7) neV for neutrons from a solid deuterium UCN 
onverter. The result is in ex
ellentagreement with theoreti
al predi
tions, Ec = 106 neV.

45



4.2 Veri�
ation of the neutron opti
al potential of sD2

Figure 4.8: Pi
ture of the gravitation spe
trometer in a
tion
46



4 Experimental results and their dis
ussion4.3 Chara
terization of a sD2 
onverter by the time-of-�ight (TOF) methodReadig the last se
tion, one 
ould think that the whole job in 
hara
terizing the opera-tion parameters of a solid deuterium UCN 
onverter is done. But dis
ussing the resultsabove with physi
ists, working sin
e many years in the �eld of UCN s
ien
e, one obtainstwo standard questions."How 
an you be sure that you saw UCN?","Did you make storage?" [48℄Today my answer to the se
ond questions would be "Yes, look in se
tion.4.4!"Besides storage measurements whi
h are not suitable to 
hara
terize several di�erentparameter sets of an UCN 
onverter, there exists also another method whi
h allowsenergy dependent 
hara
terization, even at neutron energies higher than the opti
alpotential of existing storage bottles. In this se
tion, I will report on the realizationof a time-of-�ight setup at the existing UCN sour
e at beamport C at the rea
torTRIGA Mainz and also about the detailed energy dependent 
hara
terization of theUCN 
onverter based on solid deuterium.4.3.1 The TOF systemIn prin
iple, a TOF measurement 
an be performed both in the pulsed or in steadystate mode of the rea
tor. In the pulsed mode, the minimal overall length of the �ightpath is from the geometri
al layout (shielding, 
ryostat, et
., see also Fig.3.1) more than6 m. In su
h a long UCN guide, part of the neutrons are repeatedly di�usive s
atteredba
k and forth and the neutron guide a
ts also as a neutron storage 
hamber.This leads to a delay of these s
attered neutrons in rea
hing the dete
tor apparently ata lower velo
ity. In the steady state mode using a 
hopper for the TOF information,the TOF path length 
an be 
hosen to be mu
h shorter, see below.In order to avoid dire
t view to the rea
tor 
ore and to redu
e the ba
kground fromthermal and epithermal neutrons, a horizontal bend se
tion of 45 degree was used,followed by an 1m long straight neutron guide.For the 
orre
t determination of a velo
ity distribution with the TOF method, weassume a high guide transmission for UCN, i.e. a high per
entage of spe
ular re�e
tionsin the UCN guide system, whi
h is experimentally supported by Ref.[49℄.The experimental setup for the TOF measurement, des
ribed in Refs.[50, 51, 52℄, isinstalled behind this neutron guide; a sket
h is shown in Fig. 4.9.During our investigations two di�erent 
hoppers have been used. Until the end of 2008, athree dis
 
hopper [50℄ from our 
olleagues at the Paul S
herrer Institute, in switzerlandbuilt the main part of our time-of-�ight setup. After its return to switzerland a newlydesigned single dis
 
hopper was build in Mainz and su

esfully implemented in therunning 
hara
terization of the UCN 
onverter. More details about the design and the
onstru
tion 
an be found elsewhere [53℄. 47



4.3 Chara
terization of a sD2 
onverter by the time-of-�ight (TOF) method
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3006 mmFigure 4.9: S
heme of a standard time-of-�ight setup as it was used for theinvestigation of ultra
old neutron 
onverters. As explained in the text, two di�erentdis
 
hoppers were used during the measurements.In Fig.4.9 slow neutrons enter the apparatus and pass through a 
hopper operating witha duty 
y
le of 5.5% [50℄ or 3% [53℄, respe
tively.They are registered in a neutron dete
tor (3He or Cas
ade U, see appenidx A) whi
hwas installed dire
tly behind the TOF path (≈ 1.5m). The Al entran
e windows ofboth dete
tors was 0.1 mm thi
k with an energy barrier of 54 neV (material opti
alpotential of aluminium) and 
aused some redu
tion of the dete
tor e�
ien
y.With this setup, the (averaged) velo
ity 
omponent along the forward dire
tion 
an bemeasured [51, 52℄.As DAQ system we used either a PCI-BUS module MCD-2 (dual imput multis
aler,FAST ComTe
) or the on board DAQ system of the advan
ed Cas
ade-U, see alsoappenidx A. The start signal for the TOF spe
tra was delivered from the 
hopper 
ontrolunit. In the 
ase of the MCD-module for the event (stop) signal, the dis
riminatoroutput of a Canberra 2015 Ampli�er with intergrated single 
hannel analyser was used.The dis
riminator level was adjusted well above the noise level of the dete
tor signal.The dwell time for the multis
aler was 2.5 ms.4.3.2 Experimental results and their interpretationWith the installed TOF setup and operating the TRIGA at a steady state power of100kW we had been able to investigate velo
ity dependent neutron yield asso
iatedwith the following issues.1. UCN and VCN produ
tion as fun
tion of amount of frozen deuterium2. UCN and VCN yield as fun
tion of temperature3. UCN and VCN yield as fun
tion of the para deuterium 
on
entration4. Thermal 
y
ling e�e
t5. E�e
t of di�erent freezing pro
edures on UCN and VCN yieldTo obtain the velo
ity dependend informations for UCN, 3.3m/s < vaxial < 6m/s andVCN, v > 6m/s, all TOF spe
tra were de
onvoluted and transformed to velo
ity spe
trawith a mathemati
al routine, des
ribed in appenidx C.48



4 Experimental results and their dis
ussion1. The amount of sD2Like in the pulsed rea
tor mode, we started our investigations on freezing out di�erentamounts of solid deuterium inside the 
onverter 
up. The measurement was 
arried outin two 
onse
utive days. All 
rystals were frozen with the same pro
edure as it was donein pulsed mode operation (see 
hap.4.3.2). Spe
ial attention was laid on the preparationof the big quantities of deuterium, e.g., 5mol and 6mol. Thermal 
y
ling was performedfor all 
rystals until the deuterium gas pressure in the neutron guide dropped below2mbar. Unfortunately, due to the high liquid helium 
onsumption a preparation of a7mol 
rystal was not possible.
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Figure 4.10: De
onvoluted velo
ity spe
tra for di�erent amounts of solid deuterium(97% ortho 
on
entration). During the measurement, the temperature of the soliddeuterium was kept below 8K. For neutron dete
tion, a 3He dete
tor was used.Starting from 5.5m/s at one mol a slight shift of the peak velo
ity up to 5.7m/s at6mol is visible. Also an in
rease of neutrons with velo
ities higher than the boundaryvelo
ity of stainlees steel is observed and 
an be explained by the larger mean free pathof these neutrons inside the solid deuterium 
rystal. Integrating the spe
tra of Fig.4.10over the UCN (v ≤ 6m/s) and the VCN range (v > 6m/s) results in the following plotwhi
h 
an be dire
tly 
ompared with the already shown result for the "pulsed" modeoperation, Fig.4.2. 49
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Figure 4.11: Yield of UCN with v ≤ 6m/s (upper plot, bla
k points) and VCN
v ≥ 6m/s (lower plot, bla
k points) as fun
tion of the amount of solid deuterium.The red line represents the data obtained from Monte Carlo simulation (λloss = 3.5
m) ex
luding premoderation inside the solid deuterium.Supposing no premoderation of the initial thermal neutron spe
trum inside the deu-terium, we obtain from the Monte Carlo transport simulation 
ode (desribed in ap-penidx E) a loss mean free path of ≈ 3.5
m (for UCN with v = 3 m/s). The simulatedUCN yield as a fun
tion of the amount of solid deuterium is plotted in Fig.4.11, redline. Looking on the two plots, we 
an make already two important 
on
lusions:1. The dete
ted number of VCN is sligthly higher than the predi
ted numbers from ourMonte Carlo simulations based on a simpli�ed produ
tion model. Thus, premod-eration of thermal neutrons inside solid deuterium has to be in
luded2. The mean free path of 3.5 
m is still to high (30% lower yield than expe
ted).50



4 Experimental results and their dis
ussionIn
luding premoderation of the thermal neutron spe
trum as result of MCNP simula-tions (see 
hap.D), one obtains for the UCN produ
tion inside the deuterium as fun
tionof the amount of solid deuterium the plot shown in Fig.4.12 .
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Figure 4.12: Cal
ulated UCN produ
tion as fun
tion of the frozen amount of soliddeuterium. For the 
a
l
ulation the denity of states measured by Nielsen was used [27℄.Together with the new produ
tion numbers and by varying the loss mean free path ,we�nally get the 
orre
ted plot, Fig.4.13.In order to obtain a good agreement with the measured data, we had to redu
e themean free path drasti
ally down to a value of 3 mm. Due to unknown 
rystal stru
-ture (density, geometry and a
tual temperature) of our 
onverter and also unknownpremoderation 
ross se
tions of solid deuterium, we 
an state at this point only twofa
ts:1. The UCN yield in
reases with growing amount of deuterium and saturates above 6mol.2. We 
an give only an estimation for the mean free path of UCN (v = 3m/s) insidethe solid deuteriumwhi
h should be in the range between 3 mm and 35 mm.
51



4.3 Chara
terization of a sD2 
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Figure 4.13: Yield of UCN v ≤ 6m/s (upper plot, bla
k points) and VCN v ≥ 6m/s(lower plot, bla
k points) as a fun
tion of the amount of solid deuterium. The red linerepresents the data obtained from Monte Carlo simulation (λloss = 3mm) in
ludingpremoderation inside the solid deuterium.
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4 Experimental results and their dis
ussion2. The temperature of the solid deuterium 
onverterThe prin
iple of detailed balan
e, eqn.2.20 
onne
ts the down- and ups
attering 
rossse
tions via an exponential fun
tion depending on the UCN 
onverter temperature [29℄.The ups
attering 
ross se
tion at 5 K is equal to the absorption 
ross se
tion σth = 0.519mbarn and in
reases about one order at a temperature around 12 K. Hen
e, a signi�
antde
rease in UCN 
ountrate is expe
ted for temperatures higher than 12 K.To investigate this behaviour, an appropriate heater was installed on the liquid heliumentran
e line of the inpile 
ryostat. The 
ontrolled evaporation of helium allowed usto vary the 
onverter temperature between 6 and 15 K. To rea
h higher temperatureswas not possible due to liqui�
ation of the deuterium whi
h would have resulted in asudden evaporation of the deuterium inside the neutron guide Fig.3.2.
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Figure 4.14: De
onvoluted velo
ity spe
tra for 1mol deuterium (97.5% ortho
on
entration) at di�erent temperatures. For neutron dete
tion a 3He dete
tor wasused.Fig.4.14 shows the temperature e�e
t on the TOF spe
tra taken at 1mol of solid deu-terium (2.5% para 
on
entration). In order to avoid temperature gradients inside thedeuterium, like in [28℄, espe
ially a thin layer of solid deuterium was 
hoosen. Within
reasing temperature a de
rease in 
ountrate is visible, whi
h is mainly dominated bythe expe
ted de
rease of UCN.Using the 
ross se
tions given in [29℄, we tried to verify the measured data with ourMonte Carlo 
ode. Looking on the data we �nd good agreement up to a temperatureof 11 K.Unfortunately due to instabilities in the temperature regulation of the 
onverter 
up,53



4.3 Chara
terization of a sD2 
onverter by the time-of-�ight (TOF) method
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Figure 4.15: Yield of UCN v ≤ 6m/s (upper plot) and VCN v ≥ 6m/s (lower plot)as a fun
tion of temperature.espe
ially for higher temperatures, and the resulted in
rease of the deuterium pressureinside the guide, any theoreti
al des
ription of the data has to be handled with 
are.Qualitavively, we 
an only 
on
lude, that in the temperature range between 6 K and10 K no signi�
ant de
rease in the UCN yield was dete
ted. This fa
t �ts quite well tothe data already presented in [28℄.3. The para 
on
entrationA

ording to [29℄, UCN 
an gain energy (7meV) during a zero phonon intera
tion witha para deuterium mole
ule by spin �ip. This possible intera
tion de
reases 
onsiderablythe mean free path of UCN inside the 
onverter in the presen
e of para deuterium. From[29℄ one 
an dedu
e a 
ross se
tion for pure para deuterium of 78.2 barn (v = 3m/s).In thermal equilibrium, "natural" deuterium 
onsists of 33% para deuterium whi
hresults in an 
hara
eristi
 ups
attering time of only 4.3 ms, 
orresponding to a meanfree path of ≈ 1.3 cm (v = 3m/s)54



4 Experimental results and their dis
ussionOf 
ourse we don't want to keep our produ
ed neutrons inside the neutron guide 
loseto the open 
onverter, but nevertheless produ
ed UCN inside the 
rystal may stronglysu�er from the presen
e of para deuterium. To redu
e the para 
on
entration, weimplemented in our new gas system a 
atalyti
 
onversion system, whi
h allows usa redu
tion of para deuterium 
ontaminations down to 1.5%. Anyhow, to estimatepossible UCN losses in our solid deuterium due to para impurities, we investigated theneutron yield of 1mol 
rystals for di�erent para 
on
entrations. Of 
ourse, the lossesinside bigger 
rystals would be more signi�
ant due to the low mean free path, but therepodu
ibility of 
rystals bigger than 2 mol is quite questionable and would have led tonot predi
table results.
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Figure 4.16: Yield of UCN with v ≤ 6m/s (upper plot) and VCN with v ≥ 6m/s(lower plot) as a fun
tion of the para deuterium 
on
entration. The green lines are theresults of Monte Carlo transport simulationsThe measurements shown have been performed in a four days beamtime. For nor-malisation reasons, additional data with natural deuterium were taken for ea
h para
on
entration run. 55



4.3 Chara
terization of a sD2 
onverter by the time-of-�ight (TOF) method4. Thermal 
y
lingIn order to get a deeper look inside of the already measured annealing e�e
t of growndeuterium 
rystals, a series of TOF spe
tra using a 3 mol 
rystal were taken. Startingwith the �rst TOF spe
trum dire
tly after freezing (deuterium "snow"), four 
onse
utiveTOF spe
tra at 7 K have been taken. Before ea
h measurement the 
rystal was kept 40min at a temperature between 10 and 14 K. After every 
y
ling spe
ial 
are was takenin 
ooling down the 
rystal slowly enough in order to avoid thermal sho
ks whi
h 
ouldresult in 
ra
ks, resulting in a de
rease in neutron transparen
y (
ompare also [36℄).

 0

 10

 20

 30

 40

 50

 60

 70

 80

 4  6  8  10  12  14

a.
u

axial velocity [m/s]

just frozen
1.Thermal Cycling
3.Thermal Cycling
4.Thermal Cycling

Figure 4.17: De
onvoluted velo
ity spe
tra for 3 mol of solid deuterium (96.5% ortho
on
entration) after di�erent thermal 
y
ling pro
edures (des
ribed in text). Duringthe measurement, the temperature of the solid deuterium was kept below 7 K. Forneutron dete
tion, a 3He dete
tor was used.As in the 
ase of the previous "pulsed" measurements, it was possible to prove the e�e
tof thermal annealing, resulting in a higher solid deuterium transparen
y for UCN andVCN. The improvement of transparen
y due to thermal annealing 
an be explained bya de
rease of poly
rystal s
attering 
enters. Analogous to the repeated melting andfreezing out of snow, the transparen
y of frozen deuterium 
ould be in
reased.Simultaneously with the improvement of the UCN yield, we also found a de
rease ofgaseous deuterium pressure inside the neutron guide, whi
h 
an be explained by anin
rease of thermal 
ondu
tivity due to the higher bulk density and therefore a lowertemperature at the 
onverter surfa
e. Starting from 6 mbar deuterium (after freezingof "snow"), it was possible to redu
e the pressure inside the neutron guide down to 2mbar. After 4 
y
lings a gain of 14% in UCN and VCN yield 
ould be rea
hed. Unfor-tunately, due to our "open" 
onverter 
up design, it was not possible for us to in
rease56
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Figure 4.18: Yield of UCN v ≤ 6m/s (upper plot) and VCN v ≥ 6m/s (lower plot)with in
reasing number of thermal 
y
lings (des
ribed in text).the annealing temperature up to 16 K like reported in [36℄. Maybe, a thermal annealingtime longer than the applied ones would still improve the results, but due to the highhelium 
onsumption of the test sour
e, an investigation in this dire
tion was not possible.5. Freezing pro
eduresInvestigations on the opti
al and neutron-opti
al transparen
y of solid deuterium 
rys-tals give quite di�erent results depending on the freezing pro
edures. By looking onthe inelasti
 neutron s
attering results of [36℄, and their 
on
lusions, one 
an �nd thatthe UCN produ
tion doesn't depend on the 
rystal stru
ture, but 
ertainly that the
rystal stru
ture is of great importan
e for an optimal UCN transmission. Comparedto other sour
e 
on
epts (Los Alamos and PSI), the presented open 
onverter design ofthe UCN sour
e in Mainz doesn't allow to freeze a deuterium 
rystal from the liquidphase. Therefore, the investigation of di�erent freezing mea
hnisms from the gas phasewas of great importan
e for us. 57



4.3 Chara
terization of a sD2 
onverter by the time-of-�ight (TOF) methodUnlike the old deuterium gas system [28℄, the new gas system is equipped with pre
isiongas �ow 
ontrollers from MKS, whi
h have been espe
ially 
alibrated to 
ontrol smallgas �ows of deuterium. Within the range of zero and one standard liter per minute(1slm) it was possible to vary the 
rystal growing time for one mol of deuterium be-tween 25min and a few hours. In agreement with [36℄, we 
an 
ompare two di�erentfreezing pro
edures:"Pulsed" freezing is realized by keeping the 
onverter all time at a temperature ofaround 6 K. For freezing, the neutron guide with the 
onverter volume are repeat-edly �lled with deuterium gas up to a pressure of 45mbar. Due to the 
ryopumpinge�e
t of the 
old 
onverter 
up, the deuterium resublimates at its 
old parts andthe pressure drops down to the saturation pressure, 
orresponding to the 
onvertertemperature. This pro
edure is repeated until the �nal quantity is rea
hed or un-til the 
onverter (solid deuterium 
rystal) is not able to pump anymore gas fromthe guide volume. A further in
rease of 
onverter thi
kness is then only possibleafter several thermal 
y
lings (see also se
tion about thermal 
y
ling). Using thismethod, it is possible to build a 4 mol 
rystal in 4 hours in
luding a minimum of3 thermal annealing breaks with a duration of 25 min ea
h."Continous freezing" keeps the deuterium gas pressure 
onstant inside the systemduring freezing.During the �rst investigations (1.The amount of sD2 and 2.The temperature depen-den
e) the solid deuterium 
rystal was prepared with the above des
ribed freezingmethod. Comissioning the new gas system for beamport D, it was later possible toinvestigate also deuterium 
rystals grown under 
onstant gas �ow, whi
h is 
alled fromhere on "
ontinous freezing".Looking on the obtained TOF spe
tra in Fig.4.20, the in
rease in UCN yield by resub-limating solid deuterium under a 
onstant gas �ow is quite signi�
ant. The pressureinside the guide doesn't in
rease beyond 3 mbar during the whole freezing pro
edureand drops down to 2 mbar at the end of this pro
edure. Further de
rease in deuteriumpressure in 
onne
tion with a small in
rease in 
ountrate 
an be realized by a 
arefullyprepared thermal annealing at a temperature of 14 K.From [36℄, a further improvement in UCN transmission was expe
ted by variation ofthe deuterium gas �ow resulting in a solid deuterium growth speed in the range of 3mm/h. This speed 
orresponds to a 
onstant gas �ow of ≈ 0.2 slm and to a freezingtime of 8 hours for 4 mol of solid deuterium.As already mentioned, the huge helium 
onsumption of the UCN sour
e in 
ombinationwith 250l dewars allowed only preparation and measurement times of max. 11hours.Therefore, at the beginning of our resear
h, the detailed investigation of slower freezingspeeds was impossible.To over
ome this problem, a 1500 l helium dewar was installed 
lose to the sour
esetup. Together with home made liquid helium transfer lines, we even redu
ed the he-lium 
onsumption to a minimum of 14 l per hour. This way it was possible, to freeze out
rystals over night and to keep the same 
rystals for measurement periods of three days.58
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Figure 4.19: Time-of-�ight spe
tra of two 4 mol solid deuterium 
rystals grown with i.pulse freezing (bla
k 
urve) and ii. 
ontinous freezing (red 
urve) pro
edure. Theinitial deuterium parameters for both 
rystals were the same cortho = 97.5%. Themeasurements were performed with the single dis
 
hopper [53℄ and the standardCas
ade U dete
tor (appenidx A).Test of the new 
ryogeni
 
ooling arrangementDuring the test of our new liquid helium transfer lines, we made a standard freezingpro
edure at a deuterium gas �ow of 1 slm (Fig.4.20, red 
urve). In order to improvethe UCN yield, as done before, a thermal annealing pro
ess at a temperature of 14Kwas performed. Instead of a further in
rease, the UCN yield (Fig.4.20,green 
urve) andeven more the VCN yield dropped down. To 
ompare the measured result with previousmeasurements performed at the same deuterium parameters but with the old transferline, the bla
k 
urve in Fig.4.20) is added. Looking on the 
onverter temperatures ob-tained with both lines, one 
an �nally 
on
lude, that temperature os
illations in therange of one Kelvin, whi
h had been the result of using the old transfer line, obviouslydamage the 
rystal (
ra
ks) and de
rease the UCN transmission. This e�e
t 
ould bedemonstrated during annealing of the 
rystal (Fig.4.20,green 
urve) whi
h also resultedin not 
ontrollable temperature oszillations due to the evaporation of liquid helium.Finally, we prepared a 4 mol 
rystal with a deuterium gas �ow of 0.25 slm, whi
h is
lose to the growth speed mentioned in [36℄. The TOF spe
trum of this 
rystal is alsopresented for 
omparison in Fig.4.20. In 
ontrast to the 
rystal prepared at a deuterium�ow at 1 slm, the UCN (v ≤ 6m/s) yield in
reased only sligtly. A 
onsiderable in
rease(>10%) is only visible for neutrons at higher velo
ities (v ≥ 6m/s). 59



4.3 Chara
terization of a sD2 
onverter by the time-of-�ight (TOF) method
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Figure 4.20: Time-of-�ight spe
tra of three 4 mol solid deuterium 
rystal, grown withdi�erent freezing pro
edures and freezing speeds. Bla
k 
urve: 
arefully annealed 4mol 
rystal, grown with 1 slm and temperature oszillations of around 1 K (old transferline). Red 
urve: 4 mol 
rystal grown with 1 slm and temperature oszillations ofaround 0.1 K (new transfer line). Green 
urve: 4 mol 
rystal (red 
urve) after 
arefulyannealing at 14 K (40min). Blue 
urve: 4 mol 
rystal grwon with 0.3 slm andtemperature oszillations of around 0.1 K (new transfer line). The measurement wereperformed with the des
ribed single dis
 
hopper [53℄ and the advan
ed Cas
ade 2Ddete
tor (appenidx A).A formula for a good deuterium 
rystal1. Grow the 
onverter 
rystal at low speed (≈ 3mm/h) and low pressure2. Avoid big temperature gradients inside the 
rystal3. For 
rystals grown with these hints thermal annealing is dangerous, at least if one
annot 
ontrol pre
isely the temperature.6. amount of sD2 at optimal freezing parametersAt the end of our investigations, knowing now a formula, how to prepare reprodu
ibledeuterium 
rystals with high UCN yield at the dis
ussed 
onverter setup, it is worth torepeat our �rst investigations on the UCN yield as a fun
tion of amount of solid deu-terium. Therefore, to 
omplete the two measurements at 1 mol and 4 mol, a deuterium
rystal with the amount of 7 mol (≈ 140 
m3) was prepared with the above des
ribedgrowing parameters.60
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Figure 4.21: De
onvoluted spe
tra for di�erent amount of sD2, frozen with a speed of0.3 slm at a temperature of 6 K. Bla
k 
urve : 1 mol sD2, red 
urve : 4 mol sD2, green
urve : 7 mol sD2Integrating the obtained TOF spe
tra (Fig.4.22) over the UCN (v ≤ 6 m/s) and VCN(v ≥ 6 m/s) region we get the following plot for the UCN and VCN yields as a fun
tionof the amount of solid deuterium.In 
ontrast to the data taken in 2007, the new data give almost a fa
tor of 2 higherUCN yield. In
luding the premoderation of solid deuterium, the data is in fairly goodagreement with a UCN mean free path of λloss = 23± 5mm. This value �ts also to theestimated allowed region for the mean free path given above in the �rst investigation.
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Figure 4.22: Measured UCN v ≤ 6m/s and VCN v ≥ 6m/s yields at beamport C.The data are normalized to the yield measured at 1 mol of solid deuterium. The bla
kpoints in both plots represent the yield for the "slowly" prepared 
rystals (0.3 slm).The red lines are the result of Monte Carlo transport simulations with a UCN meanfree path of (λloss = 23 mm). The green points (the old data from 2007) are onlyshown for 
omparison.
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4 Experimental results and their dis
ussion4.4 First storage of ultra
old neutrons at TRIGA MainzLookíng into literature dealing with ultra
old neutrons, the reader is 
onfronted all timewith the same standard de�nition:"Ultra
old neutrons are neutrons whi
h 
an be stored in materialbottles"Hen
e, if you want to 
onvin
e ultra
old neutron physi
istss who don't believe in time-of-�ight measurements, you have to perform a storage measurement.The �rst storage of ultra
old neutrons in a real storage setup (one storage volume, twoshutters) was performed at the UCN sour
e C in Nov.2007.

Figure 4.23: Storage setup installed at the UCN area C one meter higher than theUCN sour
e exitThe storage volume was built from an ele
tro-polished stainless steel tube (no
ado) withan inner diameter of 150mm and a length of 500 mm. Two ele
tro-polished stainless steel�anges redu
ed both ends of the storage vessel to the standard UCN guide diameter of66mm. Together with two standard UCN guide pie
es (length 100 mm), whi
h were usedas 
onne
tion between the storage vessel and the shutters, the overall storage volume was
9520 ± 20cm3. The short time s
ale of the in
oming UCN pulses (see also Fig.4.1) andthe bad transmissivity for the dire
t neutron beam aborted the use of standard UCNshutters 
ommonly applied at the steady state UCN sour
e at the ILL in Grenoble.With the goal to build a fast 
losing shutter system (≈ 100ms) with high transmissivityfor dire
t beam and negligible UCN lea
kage, we designed new stand alone shutters. Adetailed des
ription of the te
hni
al realisation 
an be found in 
hap.7.4.Fig.4.23 shows the �nal storage setup installed at the UCN area C at the rea
tor TRIGA63



4.4 First storage of ultra
old neutrons at TRIGA MainzMainz.In order to perform a realisti
 UCN experiment, the storage vessel was not dire
tly
onne
ted to the sour
e exit. By using a feeding guide (length 1.9m) and two 45 degreeele
tro-polished stainless steel bends, it was possible to vary the height of the storagesetup with respe
t to the level of the sour
e exitt (zero level).In Fig.4.23 UCN enter from the left side via the feeding guide and the �rst UCN shutter(�lling shutter) into the storage volume. After some prede�ned storage time (tstorage)the UCN are emptied via the se
ond shutter (emptying shutter) and are dete
ted withthe Cas
ade-U A (not visible in the pi
ture).To in
rease the dete
tion e�
ien
y, the Cas
ade-U dete
tor is installed with a 90 degreestainless steel bend and an UCN guide half meter length below the storage vessel. Thisway UCN, whi
h would not over
ome the Fermi potential of the dete
tor entran
ewindow (54neV), are a

elerated by gravity and gain an energy of ≈50neV.During the �rst storage experiment, the timing of the shutters with respe
t to therea
tor trigger was realized by using three digital I/O ports of the existing SPS 
ontrolsystem [28℄, whi
h was implemented to 
ontrol the deuterium gas handling system. One
omplete storage 
y
le was split into three parts:1. Close emptying shutter and wait for rea
tor trigger2. After rea
tor trigger, 
lose �lling shutter after a prede�ned �lling time tfill3. After some prede�ned storage time tstorage, open emptying shutterPro
essing several 1.5$ rea
tor pulses with a maximal energy release of 6.4 MJ anda time interval between 6 and 10 min, we obtained for two storage setup positions,level zero (storage vessel lo
ated at the same hight as the sour
e exit) and 1m abovethe following storage 
urves (Fig.4.24). Unlike steady state UCN sour
es, pulsed UCNsour
es rea
h the optimal density of storable neutrons in a few se
onds after the initialrea
tor pulse. The 
hara
teristi
 �lling time of our setup was 2.5s. A more detailedoptimzation of the �lling time 
an be found in Fig.4.25.Introdu
ing a simple �t 
urve a

ording to
N(t) = A · exp

− t
τ1 + B · exp

− t
τ2 (4.1)where A and B are amplitudes and τ1 and τ2 are the storage times 
orresponding todi�erent velo
ity regions, see also eqn.4.2, one 
an extra
t the �nal results given inTab.4.2.Looking on the storage times for both 
on�gurations one 
an realize the 
hange in thevelo
ity distribution to lower velo
ities by lifting the whole storage volume one meterhigher than the UCN sour
e exit. Con
erning the minimal UCN energy (106 neV, seealso 
hap.4.2) leaving the solid deuterium 
onverter and the maximal storable energy(190 neV, stainless steel), we estimate an averaged velo
ity of the stored neutrons atzero level of 5.5 m/s. A

ording to

1

τ
=

A

4V
· v · µeff (4.2)64



4 Experimental results and their dis
ussion
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Figure 4.24: First storage 
urves obtained for two di�erent storage vessel positions.Lower 
urve (red points): vessel positioned at the same height as the sour
e exit ≈900mm over �or(zero level). Upper 
urve (blue points): vessel positioned 1m higher thanthe "zero" level. Both measurements used the same �lling time of 2.5 s and the samesolid deuterium 
rystal of 4 mol. Freezing was performed in "pulsed" mode at atemperature of 6 K in
luding 2 thermal 
y
les of 20 min ea
h.position zero level 1000mm
τ1 [s℄ 22.73 44.3
τ2 [s℄ 5.5 17.7

ρ(0)[cm−3] 0.54 0.81Table 4.1: Fit results of the measurements shown in Fig.4.24. The given densities ρ(0)are extrapolated (not 
orre
ted for dete
tor e�
ien
y) at t=0 and measured at area
tor pulse power of 10 MJ.with A the inner surfa
e of the storage vessel, V the volume of the storage vessel, v theaveraged velo
ity of the neutrons inside the vessel, µeff the averaged e�e
tive loss perboun
e and assuming a de
eleration (100 neV) of the average velo
ity down to 3.4 m/swe evaluate in a rough estimation a storage time at the lifted position (1000 mm) of36.7 s. Without knowledge of the real velo
ity and angular distribution and negle
tingthe velo
ity dependen
e of µeff , this 
al
ulated result is in fair agreemenet with themeasured storage time of 43.7 s. Assuming for the lower storage time, τ1 an inititialvelo
ity of 7 m/s and a de
eleration of 100neV we would expe
t a storage time τ1 onemeter higher of roughly 10 s.As 
on
lusion of the �rst storage measurement, one has to point out that we had been65



4.4 First storage of ultra
old neutrons at TRIGA Mainzable to 
onvin
e the UCN 
ommunity of the su

esfull test of a solid deuterium UCN
onverter in Mainz.4.4.1 Final UCN densities for UCN experimentsFinally, after two years of investigation and optimization of freezing and working pa-rameters of the realized solid deuterium UCN 
onverter prin
iple, a reprodu
ible UCNdensity available at the present UCN fa
ility "UCN C" should be given.
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Figure 4.25: Determination of the optimal �lling time. The storage time tstorage waskept 
onstant at 5s over the whole measrement run. UCN 
onverter parameter: 4 molsolid deuterium, 97.5% ortho deuterium, growing speed 300 s

m, 
onvertertemperature 6 K .To determine the "�nal number", we installed exa
tly the same storage setup whi
hwas used already two years ago, at the neutron guide exit of "UCN C". The onlything whi
h had to be 
hanged was the shutter 
ontrol system. Due to the no longeravailability of the TUM SPS system, we implemented a small portable USB digital I/O
ard from National Instruments, whi
h 
ould be 
ontrolled via standard NI Labviewroutines, instead.As dete
tor, we used a Cas
ade-U dete
tor with 2D readout stru
ture (appenidx A).To 
ompare our results with the former measurements, presented above a solid deu-terium 
onverter with the same amount of 4 mol was prepared with the latest formula.By keeping the storage time (tstorage = 5s) 
onstant , the �lling time a

ording to thefollowing plot (Fig.4.25) 
ould be optimized in the �rst measurement run.Like two years ago, a �lling time of 2.5 s was found to be optimal for the existing setup.66



4 Experimental results and their dis
ussionAfter this optimum ba
kdi�usion into the neutron guide system get's more and moreimportant. A de
rease of the neutron density due to the short storage time of the whole
onverter and guide system is visible (τstorage ≈ 4s).In 
omparison with the TOF spe
trum obtained with both shutters in open position,the maximum density is obtained almost one se
ond after the peak maximum of theUCN pulse, shown in Fig.4.1.UCN density as a fun
tion of solid deuterium amountIn order to demonstrate again the gain of UCN yield as a fun
tion of the UCN 
onvertervolume, a two storage measurements (see also Fig.4.26) were performed with a 4 moland 7 mol deuterium 
onverter.
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Figure 4.26: Storage 
urves for two di�erent amounts of solid deuterium. Upper 
urve(red points): 7mol solid deuterium frozen at 300 s

m at 6 K. Lower 
urve (bluepoints): 4mol solid deuterium frozen at 300 s

m at 6 K. Both 
rystals are preparedwithout thermal 
y
ling.As summarized in Tab.4.2, a gain of 2.3 was found for the larger 
onverter. Remember-ing a UCN (v ≤ 6m/s) gain fa
tor of roughly 1.5 in Fig.4.22, this result shows 
learlythe in�uen
e of faster neutrons (6m/s ≤ v ≤ 8m/s) on the UCN density (VCN gainfa
tor = 2).Therefore, for further in
reasing the density of storable neutrons at levels above thesour
e exit, high qualitative neutron guide parts and espe
ially high qualitativ bentparts are extremly needed. 67



4.4 First storage of ultra
old neutrons at TRIGA MainzA new 45 degree bent part for the de�e
tion of neutronsAs shown in Chap.7.5, neutron guides, made from round glass tubes 
oated inside withmaterials of high neutron opti
al wall potential, 
an 
ertainly improve the performan
eof the UCN and even more VCN transmission in 
omparison with the standard usedno
ado stainless steel tubes.Ex
hanging the �rst 45 degree no
ado bent (bent radius ≈150 mm) at the sour
e exitwith a glass bent (larger bent radius) 
oated with 500 nm NiMo (90/10) should resultanaloque to our experien
es with 20 degree glass bents (see also appenidx E, Fig.E.2),in a higher UCN density inside the storage volume.

Figure 4.27: Pi
ture of the new 45 degree glass bend 
oated inside with 500 nmNiMo(see 
hap.7.5) installed at the UCN sour
e yield.As 
an be seen in Fig.4.27, the idea of a 45 degree glass bent (bent radius ≈ 500 mm)was realized and tested in the frame of the latest storage experiments. Unfortunately,the inner diameter of the used glass tubes was sligthly smaller (64 mm) than the stan-dard no
ado tubes and therefore the �nal UCN values have to be 
orre
ted.The analysis of the shown 
urves, Fig.4.28 and Fig.4.26 give us the �nal densities of:Corre
ting the last density of 3.75 with smaller guide 
ross se
tion (diameter 64mm) ofthe glass bend to a standard guide 
ross se
tion of 66mm, gives a �nal density of
ρ(0) = 3.75 · 332

322
UCN · cm−3 = 4 · UCN · cm−3 (4.3)68



4 Experimental results and their dis
ussion
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Figure 4.28: Storage 
urves for di�erent 45 degree bent parts, installed at the sour
eexit. Upper 
urve (blue points): 45 degree glas bend 
oated inside with 500 nmNiMo(see 
hap.7.5). Lower 
urve (red points): 45 degree ele
tro polished stainlesssteel bend (no
ado). Both measurements were performed with the already des
ribed 7mol 
rystal.
4mol 7mol glass bend

τ1 [s℄ 4.5 28.8 15.28
τ2 [s℄ 43.8 146 56.25

ρ(0)[cm−3] 1.36 3.13 3.75Table 4.2: Fit results of the measurements shown in Fig.4.26 and Fig.4.28. The givendensities ρ(0) are extrapolated, no dete
tor e�
ien
y 
orre
tion at t=0 and measuredat a rea
tor pulse power of 10 MJ.
69



4.5 Con
lusion and outlook4.5 Con
lusion and outlookTo summarize the presented results, I would like to state, that in the last beamtime welearned the important things about freezing and handling of solid deuterium .Keeping loss me
hanisms as low as possible, it is quite obvious from the data presented,that the most signi�
ant in�uen
e on the UCN yield is related to the 
rystal stru
tureand therefore the freezing pro
edur. For optimal freezing parameters (97.5% ortho 
on-
entration, 
onverter temperature 6 K, deuterium gas �ow during freezing 0.3 slm, anda temperature stability of 0.1 K), we obtained reprodu
ible 
rystals with a mean freepath of 23±5 mm for UCN with a velo
ity of 3 m/s. The error is mainly dominated bythe not well known premoderation e�e
t of solid deuterium and the 
onverter geometry.Another important aspe
t, whi
h 
ould be demonstrated during the experiments wasthe in�uen
e of the temperature stability of the system, whi
h in agreement with theinvestigations presented in [36℄, results in 
ra
ks inside the 
rystal 
ausing in a de
reasedUCN mean free path.Referring on the �nally a
hieved 
orre
ted UCN density of 4 UCN/
m3, rea
hed inthe experimental area of beamline C, we had been able to show the performan
e ofthe available UCN sour
e in Mainz in 
omparison to the existing most powerful UCNsour
es in the world (5 UCN/
m3 [54℄). Furthermore I would like to point out, thatthe so far reported densities in vi
inity of the ultra
old neutron sour
e at Los Alamosdi�er 
onsiderably from the obtained densities in the storage volume of dedi
ated setups[54, 55℄.
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Chapter 5Hydrogen, a 
andidate asprospe
tive 
onverter material for asuperthermal UCN sour
e with anin
lined 
hannelPresently, all new superthermal sour
es under 
onstru
tion are based on two 
onvertermaterials, namely, solid deuterium or super�uid helium. Investigations in the dire
tionof other promising 
andidates like solid oxygen or heavy methane [56℄ haven't shown sofar the expe
ted UCN yield. Besides these substan
es whi
h 
an be used as 
onverterdue to their dedi
ated phonon dispersion 
urves, hydrogen has been forgotten so far.First produ
tion 
al
ulations for solid para hydrogen [26℄ indi
ated a ten times higherUCN produ
tion in 
omparison with deuterium, whi
h is 
onne
ted to the ten timeshigher in
oherent s
attering 
ross se
tion of σ0 = 79.7 barns. Additionally, hydrogenis also an ex
ellent premoderator for thermal neutrons and therefore in
reases also theUCN output due to the better pre
ooling of the initial neutron spe
tum.Unlike all the other 
onverter materials mentioned , hydrogen has one big drawba
k.Its absorption 
ross se
tion of σth = 0.334 barns is more than 600 times larger thanthe absorption losses in solid deuterium and hen
e redu
es the mean free path of UCNinside a solid hydrogen 
rystal down to 1 mm.Due to the idea of using a hydrogen premoderator in front of our new UCN 
onverterat beamport D, we started to investigate the neutron yield from solid hydrogen at thevery 
old part of the neutron energy spe
trum in order to understand the premoderation
apabilities.5.1 Some basi
s and 
al
ulations for solid hydrogen as 
on-verterSimilar to deuterium, hydrogen 
an be in two di�erent rotation J = odd (ortho) andJ = even (para) states. The ground state J = 0 (para) is separated from the �rst71



5.1 Some basi
s and 
al
ulations for solid hydrogen as 
onverterex
ited ortho state (J = 1) by an energy of 14.7 meV. In thermal equilibrium at roomtemperature, hydrogen 
onsists of 75% ortho and 25% para hydrogen. Unlike deuterium,the natural 
onversion from the ortho to the para state at low temperatures (≈ 10 K)is a fa
tor of 31 higher, and follows the simple di�erential equation
dcortho

dt
= −k · c2

ortho (5.1)with 
ortho being the ortho 
on
entration and k = 0.019 h−1 [57℄ the 
onversion 
on-stant. Thus, a 
onversion from natural to pure para hydrogen with a 
on
entration of99% would need only 40 h.UCN Produ
tionKnowing the phonon density of states of solid para hydrogen, Fig.5.1, we are able to
al
ulate, a

ording to the UCN produ
tion 
al
ulations performed already for soliddeuterium (see also 
hap.2.3.1), the UCN produ
tion inside a thin hydrogen �lm.
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Figure 5.1: Approximated phonon density of states of solid para hydrogen at 6 K.[26℄.The related dispersion measurements 
an be found elsewhere [27℄Integrating over the initial thermal neutron �ux at beamport C of the TRIGA Mainzand the �nal UCN energy spe
trum (0-190 neV), we expe
t an UCN produ
tion of
P = Patom · NsH = 18382 · 10−24 · 2.63 · 1022 1/cm3s = 483 /(cm3s) (5.2)for 1
m3 of solid hydrogen at 100kW rea
tor power. Here Patom represents the Produ
-tion 
al
ulated with eqn.2.21 and NsH the number density of hydrogen in solid phase.In
luding the premoderation (Fig.5.2) of the neutron spe
trum inside the hydrogen layer72



5 Hydrogen, a 
andidate as prospe
tive 
onverter material for a superthermal UCNsour
e with an in
lined 
hannelwith the help of detailed MCNP 
al
ulations, this number in
reases by about a fa
torof 2.6 to
P = 1254 /cm3s (5.3)All MCNP 
al
ulations have been performed using the available neutron s
attering
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Figure 5.2: Premoderation of the thermal neutron spe
trum (red 
urve) inside 1mol ofsolid para hydrogen (bla
k 
urve). As result of the in
omplete premoderation of theinitial neutron spe
trum a �t with two Maxwell fun
tions (green 
urve) in
luding twomoderator temperatures was used. From the �t we obtain T1 = 22K and T2 = 135K.
ross se
tion for liquid hydrogen. As presented in Fig.5.3, these MCNP results may beonly seen as a lower limit, be
ause of the not available s
attering data for solid hydrogen.5.2 Experimental resultsTogether with our 
olleagues from the Te
hni
al University of Muni
h, �rst tests ofhydrogen as UCN 
onverter were performed in the end of 2007 [28℄ driving the rea
torin pulsed operation. By applying the TOF method in further experiments, we had beenable to measure for the �rst time the neutron velo
ity distribution from a solid parahydrogen 
onverter. Looking for a suitable premoderator for our new sour
e at beam-port D, we started more detailed investigations on solid hydrogen in the beginning of2009. Using again the already desribed TOF setup, we investigated natural as well aspara (90%) hydrogen solids as a fun
tion of the amounts of frozen gas.The natural hydrogen was taken dire
tly from the bottle and �lled in the premoder-ator gas vessel of the new gas system. Due to the high absorption 
ross se
tion ofhydrogen we had not been afraid of any 
ontamination by other gases. Therefore we73



5.2 Experimental results

Figure 5.3: Liquid para-hydrogen and solid para-hydrogen time-of-�ight spe
trameasured by Webb et.al. at the BEPO rea
tor in Harwell [58℄. The white and bla
ksymbols 
orrespond to two di�erent sets of measurements.used standard hydrogen with a purity of 5.0. Nevertheless, to 
lean the hydrogen gasfrom possible hydro
arbon 
ontaminations, we installed a zeolithe trap in parallel tothe oxysorb 
onverter .The 
onversion from natural to para hydrogen was done by the use of a new ortho/para
onverter system, Fig.5.4, �lled with 50 g of oxysorb. To allow high mobility, the whole
onverter setup was installed verti
ally in a movable frame. With the help of a standard
ryopump 
old head from the former Leybold 
ompany, the 
onverter vessel 
ould be
ooled down to 11 K. Finally, we managed to enri
h para hydrogen 
on
entration up to90%.ortho/para 
onversionDuring a �rst test of the setup, only 15 K were rea
hed inside the ortho/para 
onvertervolume. A solidi�
ation of hydrogen (triple point 13.8 K) inside the 
onverter andtherefore a su�
iently fast 
ryopumping speed was not possible. In order to 
ontinuethe beamtime, the hydrogen was pumped in small quantities at a temperature of 15K inside the 
onverter. The high natural 
onversion of hydrogen and the additionalparamagneti
 
atalyst (Oxysorb R© ) enri
hed the para 
on
entration during one hourof pumping to a para 
on
entration of 90%, Fig.5.5, whi
h is a fa
tor of 34 higher thanthe natural 
onversion speed.A further de
rease in 
onversion time may be a
hieved by the boiling methode, proposedin [36℄ and used already for the para ortho 
onversion of deuterium.74



5 Hydrogen, a 
andidate as prospe
tive 
onverter material for a superthermal UCNsour
e with an in
lined 
hannel

Figure 5.4: Hydrogen 
onverter system in
luding a verti
al temperature 
ontrolled
onverter volume and a zeolithe trapUCN output as fun
tion of the amount for natural hydrogenIn 
ontrast to solid deuterium, one expe
ts for hydrogen, be
ause of the higher absorp-tion 
ross se
tion, a mu
h shorter mean free path of ≈ 1mm. Therefore, investigationsof the UCN yield as a fun
tion of the solid hydrogen quantity were done in smaller75



5.2 Experimental results
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Figure 5.5: Ba
kground 
orre
ted Raman spe
tra of natural (red 
urve) and enri
hedpara hydrogen (bla
k). The 
onversion speed was 34 times higher than the natural
onversion. The de
rease of the J = 1 is quite signi�
ant.steps than 1 mol. TOF spe
tra were taken for natural and 90% enri
hed para hydro-gen with the standard setup already used for solid deuterium. As �ight path for theTOF setup, we used a standard no
ado guide with a length of 1.5 m. Unlike soliddeuterium, the thermal 
ondu
tivity of solid hydrogen is almost a fa
tor of 10 higher(≈ 1.5 W ·cm−1 ·K−1 for pure para)[59℄. Hen
e freezing of solid hydrogen at a speed of1 slm resulted in our experiments in not dete
table pressure inside the neutron guide.During the measurements the temperature of the 
onverter was kept all the time 
on-stant at 7.5 K.Ea
h spe
trum was a

umulated within a measurement time of one hour. Supprisingly,the 
ountrate for natural hydrogen was around 10 
ts/s and in
reased with 90% parahydrogen at an amount of 2 mol to 33 
ts/s. In 
ontrast to solid deuterium, themaximal intensities in both spe
tra shifted to higher velo
ities around 8 m/s. This 
anbe explained by the expe
ted mu
h smaller mean free path inside the solid hydrogen.
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5 Hydrogen, a 
andidate as prospe
tive 
onverter material for a superthermal UCNsour
e with an in
lined 
hannel
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Figure 5.6: De
onvoluted spe
tra for di�erent amounts of solid natural hydrogen.
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5.3 Zero phonon ups
attering on ortho hydrogen5.3 Zero phonon ups
attering on ortho hydrogenBy integrating the obtained spe
tra for the interesting velo
ity regions, we obtain thealready known neutron yield as a fun
tion of amount of frozen hydrogen. Looking
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Figure 5.8: Upper Plot: UCN output for nat. and para hydrogen as a fun
tion offrozen amount. Lower plot: VCN output for nat. and para hydrogen as a fun
tion offrozen amount.on both plots in Fig.5.8, the almost 4 times higher neutron output of para hydrogenobtained, is quite signi�
ant. Using only the known hydrogen parameters, it is simplynot possible to explain this gain fa
tor.Table 5.1: Initial hydrogen parameters, used for the simulation of the UCN(v ≤ 6m/s) and VCN (v ≥ 6m/s) yield of a solid hydrogen 
onverterparameter valuemole
ular number density ≈ 2.63 · 1023 /
m3

σa 0.3325 barn
σinc 79.6 barn78



5 Hydrogen, a 
andidate as prospe
tive 
onverter material for a superthermal UCNsour
e with an in
lined 
hannelA

ording to the zero phonon 
al
ulations of para deuterium given in [29℄, it was possi-ble to derive also in 
ase of hydrogen with the known thermal in
oherent s
attering 
rossse
tion of 80 barn and the 
onversion energy of 14.7 meV, a temperature independentups
attering 
ross se
tion for pure ortho hydrogen of 3306 barns (v = 3 m/s). ThisUCN loss 
hannel for natural hydrogen is almost one order of magnitude higher thanthe 
apture 
ross se
tion.Comparing the Monte Carlo results, see Fig.5.8 in
luding this ups
attering 
ross se
tion,one obtains a gain fa
tor of 4 for an enri
hement of para 
on
entration up to 90%, whi
his in good agreement with the measured data.5.4 Hydrogen vs. deuteriumWith respe
t to [26℄, we are able to 
ompare the neutron outputs of a solid deuteriumand a solid hydrogen 
onverter. The data are shown in Fig.5.9
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Figure 5.9: Comparison of TOF spe
tra measured with a UCN 
onverter of 4 molsolid deuterium and with 2 mol of 90% para hydrogen. Both 
onverters were preparedwith the same freezing speed of 1 slm.Unexpe
tedly, we found that the UCN and VCN neutron yield from the para hydrogen
an be made 
omparable with solid deuterium at similar 
onditions. The only di�eren
e
an be found in the velo
ity distribution of para hydrogen, whi
h is shifted to highervelo
ities.These results 
an open a new way, to use para hydrogen as 
onverters for UCN sour
esat high �ux rea
tors. The advantages of su
h a 
onverter 
an be summarized: 79



5.4 Hydrogen vs. deuterium
• Thin layers of hydrogen giving approximately the same UCN yield as thi
k deu-terium 
rystals
• Thermal 
ondu
tivity of solid para hydrogen is mu
h better than that of deuterium[59℄
• Hydrogen 
an serve as e�e
tive premoderator as well
• Hydrogen has mu
h higher ortho-para 
onversion speedFrom our observations, it be
omes obvious that UCN sour
es based on solid para hydro-gen 
an be mu
h easier realised at a high �ux rea
tor than UCN sour
es based on soliddeuterium. Taking into a

ount the velo
ity shift of the shown TOF measurements, onehas to mention that the installation of a UCN sour
e based on solid para hydrogen inan in
lined 
hannel is preferable.
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Chapter 6Design of an upgraded UCN sour
efor beamport DThe tangential beamport C of the rea
tor TRIGA Mainz was a unique test environment,whi
h allowed us to study the physi
s and the handling of a solid deuterium UCN sour
eat a real rea
tor environment. Based on the obtained experien
es, the se
ond topi
 ofthis thesis in
ludes the design and installation of a new superthermal UCN sour
e forthe rea
tor TRIGA Mainz, whi
h will operate at the radial beamport D. In future,UCN densities in the range of 30-40 UCN/
m3 should be available for users at theexperimental area.Main tasks for the inpile 
ryostat design at beamport D are:
• 4 times higher thermal neutron �ux → faster and higher a
tivation of the mainsour
e 
omponents
• nu
lear heating of the solid deuterium is 80 times higher than in beamport C dueto fast neutrons
• the new system should work without liquid nitrogen
• an improved stability of the deuterium temperature is needed
• a signi�
antly lower helium 
onsumption is demanded
• installation of a premoderator is a prerequisite6.1 The new inpile 
ryostat for ”UCN D”As already shown in Fig.2.8, beamport D is the only 
hannel of the TRIGA Mark IIwhi
h 
rosses the graphite re�e
tor ring and ends 
lose to the rea
tor 
ore. Due tothis fa
t the thermal neutron �ux is about a fa
tor of four higher than in beamportC, Fig.2.11 , that should result 
orrespondingly to an in
rease by the same amount inobtainable ultra
old neutron density. 81



6.1 The new inpile 
ryostat for ”UCN D”However, besides this attra
tive feature, the radial 
hannel has also an essential draw-ba
k, e.g., the higher �ux of fast neutrons and gammas whi
h results both in an in
reaseof heatload and in higher a
tivation of the sour
e 
omponents.To over
ome or at least to minimize these problems 
oupled with proximity to the re-a
tor 
ore, spe
ial 
are was taken for the design of the 
onverter 
up and all parts upto a distan
e of 500mm behind it. In the following se
tion, all substantial parts of thenew inpile 
ryostat will be des
ribed in more detail.6.1.1 UCN guide and 
onverter systemIn order to redu
e the neutron a
tivation and to improve the thermal 
ondu
tivity ofthe whole 
onverter 
up, the standard rea
tor alloy AlMgSi (Al6061) as material forthe "nose" part of neutron guide is sele
ted. Unfortunately, like beamport C, the innerdiameter of the beamtube of 150mm redu
es quite severely the available spa
e for the�nal 
onverter setup. To in
rease the available spa
e, we omitted the use of a threebarrier system like at the prototype sour
e. To ensure all safety requirements, thethi
kness of the va
uum tube was in
reased and should now a
t also as safety barrieragainst explosions. This way it was possible to a
hieve an maximal usable internaldiameter of 130 mm for the �nal 
onverter and guide installations.As 
an be seen in Fig.6.1, the simple 
ylindri
al design of the �nal 
onverter 
up in
ludesthree aluminium 
ylinders with a maximal wall thi
kness of 1mm, whi
h are weldedtogether at 2 radial positions. The inner 
up, the UCN 
onverter volume, has thestandard neutron guide internal diameter of 66mm and 
an keep with the internallength of 100 mm maximal 340 
m3 (14.5 mol) of solid deuterium. The a
tive 
oolingsurfa
e of ≈ 250 
m2 is surrounded by a layer of super
riti
al helium whi
h is kept ina gap of 1.5 mm by a se
ond aluminium 
ylinder. Finally a premoderator 
y
linderbuilds the third wall around the deuterium and helium part. The maximum usablepremoderator volume is 540 
m3 whi
h results in maximum of 40 mol of solid hydrogenor 17 mol of solid methane.

Figure 6.1: Cylindri
al design of the 
onverter 
up for the UCN sour
e at the radial
hannel D of the Triga rea
tor in Mainz.To over
ome the low Fermi potential of alumnium (54neV), whi
h would result in ob-82



6 Design of an upgraded UCN sour
e for beamport Dvious UCN losses, the assembled and ele
tropolished 
onverter 
up was 
oated insidewith a non magneti
 alloy of NiMo (90/10). To ensure good adhesion of the 
oatingswe made use of the sputtering te
hnique whi
h is also used for the produ
tion of UCNguides [60℄.The high thermal 
ondu
tivity of the used aluminium alloy ensures an optimal heat re-moval from the 
onverter and the premoderator volume, but as already realized in the�rst version of a prototype sour
e for beamport C [61℄ it 
annot be used as substratematerial for adjoint neutron guide to extra
t UCN. Using aluminium as UCN guidematerial would result in a 
ooling down of the whole guide, espe
ially in that part 
loseto the 
onverter (below 20 K). This 
old part would then a
t as 
ryopump and freezeout the rest gas (mainly hydrogen and nitrogen) on the surfa
e of neutron guide whi
hwould produ
e UCN losses due to absorption.To solve this problem the aluminium guide of the �rst prototype version was ex
hangedagainst an ele
tropolished high grade stainless steel tube, whi
h is used in pharma
eu-ti
al industry and was found to be also a good guide for ultra
old neutrons [62℄.The thermal 
ondu
tivity of stainless steel is mu
h weaker than that of aluminium. Byredu
ing the standard tube thi
kness from 2 mm to 0.6 mm on a length of 400mmbehind the 
onverter 
up, it was possible to keep the adja
ent neutron guide at roomtemperature whi
h was essential for the �nal su

ess in extra
tion of UCN at beamportC.A

ording to our experien
es with UCN at C, stainless steel as material for neutronguide is a reliable 
hoi
e, also for the new UCN sour
e at beamport D. Unfortunately,one 
an �nd only two a

eptable variants for the 
onne
tion between the aluminium"nose" and the adja
ent stainless steel at very low temperatures and under radiation
onditions: a �ange 
onne
tion with metalli
 sealing, or an explosion bonded transitionwith intermediate materials like Cu and Ti. Due to the la
k of spa
e inside the inpiletube, any �ange 
onne
tion was pra
ti
ally impossible. Also the sizes and thi
knessesof 
ommer
ially available explosion bonded transitions were to large for our purpose.A home made aluminium stainless steel transitionIn order to solve the problem, we started to investigate fri
tion welding and shrinkingte
hniques. After several attempts in testing the shrinking te
hnique, where a stainlesssteel is pressed into a aluminium tube, we found the following solution shown in Fig.6.2.To ensure a stable and va
uum tight 
onne
tion, the intermediate surfa
e is ma
hinedslightly 
oni
al. After 
ooling down the stainless steel part to liquid nitrogen temper-ature and simultaneously heating the aluminium up to 200◦C, the stainless steel 
one
an be pla
ed without for
e inside the aluminium tube. The for
e due to shrinking ofthe aluminium during 
ooling down was su�
ient for a good sealing. To prevent theintermediate 
onne
tion from ageing due to the di�erent ele
tronegativities of the 
on-ne
ted parts and for improvement of sealing, the stainless steel was 
oated additionallyby ele
trodeposition with a 20 µm Cu layer whi
h a
ts as safety barrier. 83



6.1 The new inpile 
ryostat for ”UCN D”

Figure 6.2: Pi
ture of a 70mm test transition. The visible 
opper will be 
overed in ase
ond step by low temperature epoxy in order to prevent the 
opper from oxidation.6.1.2 Design of the 
ryogenique systemMain goal of the design of a new 
ryogeni
 system for the new UCN sour
e at beamportD was the redu
tion of the huge helium 
onsumption a
tually needed at the 
urrentUCN sour
e at beamport C. In future, it should be possible to work with the alreadymentioned 1500 l helium dewar for more than three weeks without melting of the 
rystal.This goal 
orresponds to a helium 
onsumption of ≈ 3 l/h.
p p

p
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JTV control motorFigure 6.3: S
heme of the 
ryogeni
 system of the new inpile part for beamtube D.
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6 Design of an upgraded UCN sour
e for beamport DTo rea
h this goal, a 
ompletly new design of the 
ryogeni
 system was needed, whi
hresulted in:1. a redu
tion of the inner diameter of the helium supply lines to the 
onverter 
up.2. an installation of a Joule-Thomson expansion valve 
lose to the 
onverter 
up to
ontrol the helium �ow.3. a liquid helium bu�er volume in the 
ryostat va
uum vessel outside the rea
tor.4. an e�
iently 
ooled shielding for the liquid helium line between bu�er and the 
on-verter 
up.helium supply linesInstead of the old 10mm diameter helium supply lines, the inlet line of the new systemhas a internal diameter of only 3 mm. To redu
e the mass of the stainless steel tubesand therefore the heatload, only 
apillar tubes with a wall thi
kness of 0.4 mm were used.Joule-Thomson valveA

ording to the standard lique�er te
hnique, a Joule-Thomson valve was designed andsoldered dire
tly to the helium input of the 
onverter 
up. Using this standard heliumevaporizer 
ryostat s
heme [63℄, temperature regulations in the region of the desired5 K should be possible with an a

ura
y better than 0.1 K. By applying a spe
ialpump system on the helium outlet line, the temperature stability 
an be improvedeven more. Futhermore, a de
rease in the helium 
onsumption due to a better heatex
hange between the 
onverter and the obtained super
riti
al helium He-II phase 
anbe expe
ted.Fig.6.4 shows the design of the installed needle valve. Besides the needle, whi
h isma
hined from a spe
ial aluminium bronze 
ompound, the whole valve is built fromstainless steel. To redu
e the number of neutron a
tivated parts and also for an easiermaintainan
e a

ess, the 
ontrol a
tuator of the valve is installed in the 
ryostat va
uumvessel outside of the rea
tor just under the helium bu�er volume. With the 
ouplingvia a tube system and a highly �exible bellow, the needle position 
an be regulated bya stepping motor from nanote
 
ompany with a resolution of 10 µm.A liquid helium bu�er volumeStarting from the �rst ideas of a running UCN sour
e at beamport D, a liquid heliumstorage volume inside the inpile 
ryostat was one of the key features, whi
h was needed,to ex
hange the small 250 l dewars without melting of the deuterium 
rystal.Therefore a 10 l stainless steel volume, Fig.6.5, was designed whi
h should keep enoughhelium for the safety handling of the deuterium for a minimum two hours. 85



6.2 First 
ooling down of the system
Figure 6.4: S
heme of the Joule Thomson valve (JVT) whi
h is soldered to the heliuminput of the 
onverter 
up.New shield 
on
ept for all 4K partsWithout any appropriate thermal shielding it is almost impossible to rea
h liquid heliumtemperatures in any 
ryostat system without 
onsiderable helium 
onsumption. Hen
e,to save the liquid helium from the thermal radiation heatload of surrounding warmsour
e parts, a new 
on
ept was developed, where the shield is no longer 
ooled withliquid nitrogen (old system) instead the outgoing evaporated helium gas, whi
h has stilla temperature of ≈ 30 K. Via a thermal bridge (stainless steel 
apillary tube) the heliumgas from the 
onverter is �rst �owing through an aluminium shield holder, whi
h 
oolesthis way the alumnium shield of the 
onverter 
up with a diameter of 120 mm. Thene
essary aluminium stainless steel transitions were also home made. A three meterlong 
apillary tube with an internal diameter of 4mm, soldered to a 12 mm diametertube whi
h a
ts as shielding of the liquid helium inlet line, transfers the helium gas tothe last heat ex
hanger 
oil at the bu�er volume shield. The shield of the bu�er volume
an be separately 
ooled down by a se
ond heat ex
hanger 
oil whi
h is 
onne
ted viaa low temperature helium valve to the bu�er volume.6.2 First 
ooling down of the systemThe �rst 
ooling down of the setup was done in August 2009. Be
ause of some delays inordering of the stepping motor for the 
ontrol of the needle valve, we had to drive thesystem with a 
ompletely open liquid helium inlet line whi
h should result in a higher
onsumption. The helium was transferred via a stati
 transfer line from a standard 250l dewar into the bu�er volume. Starting with a va
uum of ≈ 10−4 mbar (after 12hoursof pumping) and keeping the 
old gas valve for the pressure regulation of the bu�er
losed, we had been able to 
ool down the 
onverter 
up to a temperature of 8 K in30 min. Unfortunately a further de
rease of temperature was not possible due to thebad va
uum 
onditions and the related high temperature of ≈ 100 K at the 
onvertershield.Test of bu�er volumeDuring the �ow through mode, it was not possible to dete
t any liquid helium level insidethe bu�er volume. To test also the bu�er volume and its fun
tionality, the pressure andtherefore the helium �ow through the 
ryostat had to be redu
ed. After rea
hing a86



6 Design of an upgraded UCN sour
e for beamport Dshield temperature of 100K and opening the 
old gas valve to the heat ex
hanger 
oil,we had been able to �ll the whole bu�er volume ≈ 12 l within a time of 8 min. By
losing the gas valve a further de
rease of the 
onverter 
up espe
ially at the heliuminlet line 
ould be investigated. Without any regulation of the helium inlet the bu�ervolume was emptied in ≈ 4 min.
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6.2 First 
ooling down of the system

Figure 6.5: Pi
ture of the helium bu�er volume whi
h is already 
onne
ted to the top�ange of the support volume outside the rea
tor. The two swagelok lines in front arethe D2 and premoderator 
onne
tions to the neutron guide and the premoderatortransfer tube.
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6 Design of an upgraded UCN sour
e for beamport D

Figure 6.6: Pi
ture of the nose during the �nal soldering of the 
ryogeni
 transferlines. The 70 mm aluminium stainless steel transistion 
an be re
ognized on the glossy
opper 
oating. All the other transitions are hidden by low temperature sty
ast(bla
k), in order to avoid oxidation of the 
opper in air.
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6.2 First 
ooling down of the system

Figure 6.7: Pi
ture of the �nally assembled neutron guide. All helium lines in
ludingthe Joule Thomson valve (JT valve) are visible. The premoderator vessel is 
onne
tedwith a 8 mm stainless steel tube whi
h 
an be heated by means of a thermo 
oax line.The red wires in the pi
ture are ele
troni
 
onne
tions of the 
ernox temperaturesensors.
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6 Design of an upgraded UCN sour
e for beamport DCon
lusionsThe results of the �rst test 
an be summarized in a few points1. With the existing 
ryogeni
 setup, it is possible to rea
h the expe
ted temperaturesfor freezing a solid deuterium 
rystal2. Keeping liquid helium inside the bu�er volume is possible3. Without the installed Joule Thomson valve we rea
hed a helium 
onsumption of ≈8 l/h in �ow through mode4. An improved va
uum will further de
rease the temperature of the shield6.3 Predi
tions based on MCNP and latest resultsBe
ause of the not yet 
ompleted 
omissioning of the 
ryostat, only some predi
tions onthe UCN output and the �nal UCN density obtainable at the experimental area of thenew UCN sour
e at beamport D 
an be given. A

ording to the existing MCNP modelof the rea
tor in
luding 
hannel D, see also appenidx D, Fig.D.1, it was possible to givesome �rst estimation of the thermal neutron �uxes, the �nal UCN produ
tion, and thefast neutron and gamma heatload a
ting from the rea
tor on the installed 
omponents.Heatload 
al
ulationsBased on MCNP the nu
lear heating (mainly due to fast neutrons with energies around1 MeV) of the solid deuterium would result without any premoderator in:
Pn+γ = 40

mW

g · 100kW
(6.1)For a typi
al 1.5$ pulse this power would result in an energy release inside the deuteriumof:

En+γ = 2.5
J

g
(6.2)Assuming a fast energy release in 75 ms and a low thermal 
ondu
tivity of the deuterium,it is possible to estimate in a �rst approxiamtion using only the heat 
apa
ity for soliddeuterium of ≈ 155 mJ/g (at 5 K) a temperature in
rease of 16 K. Without a su�
ienthigh thermal 
ondu
tivity, whi
h is espe
ially the 
ase for not well prepared 
rystals,su
h a temperature rise would therefore lead immediatly to not 
ontrolable suddenevaporations of deuterium at its inner surfa
e.To avoid this situation the 
onverter has to be shielded from the 10 times higher fastneutron �ux.Typi
al re�e
tor materials are either beryllium or graphite. To optimize the re�e
torinsert, we performed several MCNP 
al
ulations with varying the insert length. Finally91



6.3 Predi
tions based on MCNP and latest results
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Figure 6.8: MCNP result for the thermal neutron spe
tra with and without a graphiteshielding.we found that a graphite 
ylinder in front of the inpile tube, see also Fig.D.1 with alength of 120 mm would redu
e the initial neutron heatload by about a fa
tor of 5, witha redu
tion of the thermal neutron �ux of 5.5% , see also Fig.6.8The �nal heatload with a 120 mm grapithe 
ylinder in front of the inpile tube will be
Pn+γ = 9

mW

g · 100kW
(6.3)
orresponding to an energy realease during a 1.5$ pulse of

En+γ = 0.55
J

g
(6.4)and a temperature in
rease of 3.5 K. Keeping the 
rystal at a 
onstant temperaturewould result in a sudden temperature of around 9 K. An evaporation of the deuterium,therefore, is impossible. Damages due to 
ra
ks are not ex
epted up to now.The right premoderatorTo a
hieve an optimal UCN produ
tion inside the solid deuterium, the initial thermalneutron spe
trum has to be 
ooled down to the range of 30 K, see also Fig.2.4.In 
ontrast to the tested liquid organi
 premoderators whi
h didn't show the expe
tedgain fa
tors, the new setup is prepared for a premoderator whi
h 
an be frozen like thedeuterium 
onverter dire
tly from the gas phase.Due to their thermal neutron 
ross se
tions, hydrogen and methane are standard sub-stan
es used in 
old neutron sour
e designs and are therefore interesting materials for92



6 Design of an upgraded UCN sour
e for beamport Dour premoderator 
hoi
e.Liquid HydrogenNowadays many resear
h rea
tors are equipped with 
old neutron sour
es, based oneither H2 or D2 or mixtures of both . Deuterium has the advantage of a good s
atter-ing quality 
ombined with low absorption. But be
ause of the mean free path of theneutrons of > 100 mm in D2, larger moderator volumes in 
omparison with hydrogen(< 20mm) are needed.Nevertheless, the absorption 
ross se
tion of hydrogen is by more than a fa
tor of 600higher.The use of hydrogen as premoderator demands one remark: the ortho-para 
onversion.As mentioned in Chap.5, hydrogen at room temperature 
ontains 25% of H2 mole
ulesin para state. Liquifying or even solidifying normal hydrogen at lower temperatures willautomati
ally 
ause a 
hange of the equilibrium to higher 
on
entrations of para H2.At 10 K almost 99.9% of the mole
ules are para-hydrogen.As 
an be seen in Fig.6.9, for neutron energies smaller than 100 meV the mean neutrons
attering 
ross-se
tion strongly depends on the ratio of ortho and para H2.

Figure 6.9: The 
ross se
tions for liquid ortho hydrogen(upper 
urve) and liquid parahydrogen (lower 
urve) are 
ompared with experimental dat due to Squires (gas) at20K (squares), Whittermore at 20K (
ir
les), and Sei�ert at 14K (triangles). The solid
urves are at 20K, and the dashed 
urve is at 14K. The sharp drop in the para 
rossse
tion below 50 meV is due to spin 
oheren
e, and the se
ond drop below 3 meV isdue to intermole
ular interferen
e. The plot is taken from [64℄.Due to the fast ortho/para 
onversion of hydrogen at low temperatures [57℄, we expe
t93



6.3 Predi
tions based on MCNP and latest resultsa 
hange of the moderation properties within the �rst two days of sour
e operation.Driving the future sour
e at beamport D with a hydrogen premoderator at stable 
oldneutron �ux 
onditions, would therefore demand an ortho/para 
onversion of the usedhydrogen before the freezing operation.To study the moderation 
hara
teristi
s, the existing MCNP model was extended by arealisti
 
ylindri
al premoderator volume, see also Fig.D.1, with an maximal moderatorlayer thi
kness of 15mm. The 
ross se
tions for pure para and also natural liquidhydrogen were taken from the standard MCNP library.
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Figure 6.10: Neutron energy spe
tra obtained from MCNP simulations. Bla
k 
urve:15 mm natural hydrogen as premoderator layer. Red 
urve: 15 mm para hydrogen aspremoderator layer. In order to obtain the neutron spe
tum of the premoderator, thesimulation was performed without any deuterium 
onverter inside the 
onverter
up.Unfortunately the thermal 
ross se
tion for para hydrogen is 5-10 times less than fornatural hydrogen, whi
h 
orresponds to a redu
tion of almost 60% in 
old neutron �ux.A �t on the spe
tra presented in Fig.6.10 with the sum of two maxwell fun
tion givesfor para hydrogen two 
hara
teristi
 neutron temperatures T1 = 23 K and T2 = 90K.For normal hydrogen we obtain from the �t T1 = 36 K and T2 = 191K.
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6 Design of an upgraded UCN sour
e for beamport DSolid methaneSolid methane moderators are in operation at Argonne National Laboratory (IPNS-fa
ility, USA) at the Neutron S
ien
e Laboratory KENS ( KEK-fa
ility, Japan) , andat the pulsed rea
tor IBR-2 (Joint Institute for Nu
lear Resear
h in Dubna, Russia).One big advantage of methane over hydrogen 
an be found in its almost two times higherhydrogen atom density (≈ 8 · 1022/cm3 [65℄). This number is of great importan
e forthe slowing down of fast-neutron in a narrow region. Additionally, by the rotationalex
itations with energy levels
EJ = 1.30J(J + 1)/2 meV (J = 1, 2, 3, ...) (6.5)downs
attering of thermal neutrons to a 
old ones takes pla
e.Fig.6.11 presents the results of two total neutron 
ross se
tion 
al
ulations for solidmethane II (solid methane at a temperature ≤ 20.4K) at two di�erent temperatureswhi
h are published in [67℄.

Figure 6.11: Comparison of the 
al
ulated total 
ross se
tions of methane at 0.3 K and10 K, with the measured points of [66℄. Plot was taken from [67℄In 
omparison to para hydrogen, the s
attering 
ross se
tion in
reases below 100 meVin
reases by almost a fa
tor of 4 with de
reasing neutron energy. Therefor, we expe
ta mu
h higher UCN output from a UCN 
onverter 
ombined with a solid methanepremoderator. 95



6.3 Predi
tions based on MCNP and latest resultsAs for hydrogen, a MCNP simulation based on the existing rea
tor model in
ludinga premoderator layer of 15 mm thi
kness was performed. The neutron 
ross se
tionwas again taken from the MCNP library whi
h unfortunately 
ontained only the 
rossse
tion for solid methane I.
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Figure 6.12: Neutron energy spe
tra at the position of the �rst layer of the soliddeuterium 
onverter. Bla
k 
urve: Thermal neutron spe
trum with 15 mm parahydrogen as premoderator. Red 
urve: 15 mm of solid methane as premoderator.In 
ontrast to the hydrogen premoderated spe
tra a single maxwell �t des
ribes quitewell the simulated results.From the �t we obtain for solid methane a neutron tempera-ture of 59 K.The 
learly favourable neutroni
 properties of methane as a moderator, however, arefa
ed with some disadvantages in its te
hni
al realization :
• Methane is radiolysed under irradiation (mainly fast neutrons) in the followingrea
tion:

CH4 + ∆E → H∗ + C∗H3 (6.6)In liquid phase radiolysis plays a minor role. Re
ombination a

ording to:
H∗ + C∗H3 → H2 + C∗H2 (6.7)leads to the produ
tion of hydrogen and hydro
arboni
 "wax" -CH2-.However, be
ause of the low di�usion rate inside solid methane, radi
als are storedwithout re
ombination. Experimentally it was found, that radi
al 
on
entrationsat a level of 6% lead to an explosion with a high energy release.96



6 Design of an upgraded UCN sour
e for beamport D
• The heat 
ondu
tivity of solid methane is low ( < 4 mW / 
m K below 32 K) .This leads to a temperature gradient in the solid methane. Therefore only thinlayers should be used.To estimate the produ
tion of radi
als one 
an use the previously shown MCNP resultsin
luding the radiation dose inside a 15mm layer of solid methane of

Dn+γ = 600 Gray /2$ pulse (6.8)and a heatload of
Pn+γ = 10

mW

g · 100kW
(6.9)A

ording to [68℄, this radiation dose would lead to a radi
al formation of ≈ 2.4 · 1017radi
als per 2$ pulse. To a

umulate the explosive 
on
entration of 6% radi
als, oneneeds therefore more than 105 pulses.With this result, a safe operation of a solid methane premoderator at the beamport D
an be guaranteed.Possible UCN outputs at "UCN D" for di�erent premoderator settingsThe �nal de
ision on the later premoderator will 
ertainly be de�ned with the help ofexperimental results. In order to obtain a �rst impression of the �nal UCN produ
tionat the new 
onverter setup, it is nevertheless interesting to study a bit more in detailthe free parameters (premoderator material and thi
kness) of "UCN D" with the helpof MCNP simulations. To 
ompare the results with the data obtained for beamport C,we assumed for beamport D an UCN 
onverter with an amount of 7 mol deuterium. Forevery parameter setting (material and thi
kness of premoderator), the UCN produ
tionwas 
al
ulated a

ording to

P = Patom · NsD = Patom · 2.63 · 1022 /cm3s (6.10)For the total UCN produ
tion inside the whole 
rystal we have to multiply this numberwith the molar volume of solid deuterium of 20 cm3/mol

Pconverter = P · 20 cm3/mol (6.11)In 10 di�erent simulation runs, we obtained for the dis
ussed moderator materials (nat.hydrogen, para hydrogen and solid methane I) surrounding the UCN 
onverter as pre-moderator the UCN produ
tion as a fun
tion of premoderator thi
kness, Fig.6.13.
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6.3 Predi
tions based on MCNP and latest results
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Figure 6.13: Cal
ulated UCN produ
tion as a fun
tion of premmoderator thi
kness.Bla
k 
urve: liquid natural hydrogen (16 K) as premoderator. Red 
urve: liquid parahydrogen (16 K) as premoderator. Green 
urve: solid methane (phase I) aspremoderator.Be
ause of the not existing knowledge of the transmission fun
tion of the new setup,it is possible to give only a rough estimation of the �nal rea
hable UCN densities in astorage setup, see also 
hap.4.4.1.Comparing the 
al
ulated produ
tion of C and D and the �nally rea
hed UCN densityat "UCN C", one expe
ts a minimal UCN density for a 15 mm thi
k layer of parahydrogen as premoderator of
ρUCN = 32 /cm3 (6.12)The use of a 7 mm layer of solid methane as premoderator 
an even in
rease this numberby 40% to roughly
ρUCN = 44 /cm3 (6.13)
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Chapter 7UCN instrumentation anddevelopments
7.1 A fast shutter for UCN storage experimentsThe typi
al time s
ale of UCN pulses (see also Fig.4.1) following an rea
tor pulse at theexisting UCN sour
e at the TRIGA Mainz is in the range of a few se
onds. Comparedto typi
al �lling times (order of 10 se
onds) in standard UCN storage experiments atthe steady state UCN sour
e at ILL (Grenoble), this is a rather short time. In orderto rea
h an optimal UCN density inside a storage volume at a pulsed UCN sour
e likethe TRIGA Mainz, the 
losing time of a shutter is of great importan
e and should bein the range of one tenth of the �lling time, see also Chap.4.4.1.Thus, to realize a storage experiment at our pulsed UCN sour
e, we designed and builttwo stand alone shutters (Fig.7.4).7.1.1 The shutter designThe main requirements to any UCN shutter, used for storage experiments, is its almostdiminishing probability of loosing neutrons in a possible gap between shutter lid andstorage vessel. To redu
e this gap in our setup, a mea
hnism was realized, whi
h ispressing the lid to the entran
e of the storage vessel. Instead of two di�erent motions(
losing the lid and pressing the lid), espe
ially formed levers transform the verti
alfor
e of the 
losing lid into a horizontal one, just before the UCN entran
e is 
ompletely
losed, see also Fig.7.1.A pressurized air driven piston, whi
h is mounted outside the va
uum housing, garanteesthe needed for
e and speed for this a
tion. To save money, a standard stainless steelbellow with a length of 70 mm was adjusted for our purpose and serves now as va
uumfeedthrough for the linear piston motion.All of the shutter parts are made out of stainless steel to ensure their me
hani
al strengthand reliability. To de
rease the fri
tion of the lid during sliding inside its linear �xation,the lid was 
oated with 2 µm of diamond like 
arbon, DLC.99



7.1 A fast shutter for UCN storage experiments

Figure 7.1: Se
tional view of the shutter design.To determine the opening and 
losing speed of the shutter, we performed a TOF mea-surement 
orresponding to appenidxB. In this setup, the shutter was installed with ahorizontal 45 degree no
ado bend and 1.5 m guide tube away from the beam axis. Toobtain a "neutron pi
ture" the used UCN dete
tor was 
onne
ted with a short �ightpath of 20 
m UCN guide to the shutter outlet (entran
e to storage vessel).
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Figure 7.2: Measured opening fun
tion of the new shutter system. The spike at 0.2 soriginates from ele
troni
 noise from a solenoid.100
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troni
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7.1 A fast shutter for UCN storage experiments

Figure 7.4: Photograph of the shutter equipped with a pressed air a
tuator, to drivethe shutter lid.
102



7 UCN instrumentation and developments7.2 Cubi
 boron nitride: a new prospe
tive material forultra
old neutron appli
ationThe material opti
al potential Uf 
an be expressed as Uf = V − ıW [69℄, where the wall-potential V des
ribes the re�e
ting and the imaginary part W the absorbing behaviourof the material and is given by
V =

2π ~
2

m
·
∑

i

Ni bi, W =
~

2
·
∑

i

Ni σi vth. (7.1)Here, m is the neutron mass, N is the s
attering 
enter density, b is the bound 
oherents
attering length, σ is the sum of the absorption 
ross se
tions, σa, and the inelasti
s
attering 
ross se
tion, σins, at thermal neutron velo
ities, vth. The sum over i in
ludesall spe
i�
 nu
lei of the 
hemi
al 
omposition. Neutrons with a normal velo
ity 
ompo-nent below a 
riti
al value vc = (2V/m)1/2 are totally re�e
ted from the surfa
e. Theloss probability per re�e
tion is expressed by the energy-independent loss 
oe�
ient
η = W/V .The v2 dependen
e of the UCN velo
ity spe
trum [26℄ leads to a storable UCN densitywhi
h s
ales with V 3/2. Therefore, V has to be as high as possible to in
rease statisti
sin UCN experiments. At the same time, the η value has to be low enough to redu
eabsorption and ups
attering losses. Besides this, spe
i�
 experiments like the nEDM re-quire additional properties of the materials, e.g., high ele
tri
al resistivity (also againstsurfa
e 
urrents) and non-magneti
 properties.The material with the so far highest known wall-potential 
ommonly used in UCN ex-periments, is 58Ni with V = 346 neV 
orresponding to a 
riti
al velo
ity of vc = 8.1m/s.Ni
kel, however, is magneti
 and 
ondu
tive. So far, only beryllium oxide (BeO, V =261 neV, η ≈ 1× 10−4) satis�es all 
riteria mentioned above. But its high toxi
ity maybe prohibitive.By looking for other non-toxi
, non-magneti
 materials with high wall potentials andhigh ele
tri
al resistivity, we got interested in 
ubi
 boron nitride (
BN). Due to itshardness and high wear resistan
e, 
BN is under development as a super-hard 
oating(mi
ro-hardness > 50GPa, [70℄) for 
utting tools in the metal ma
hining industry.Natural boron 
onsists of two isotopes of abundan
e ratio: 10B/11B = 0.248. The 
al
u-lation of the pseudo-potential of this 
hemi
al 
omposite using Eq. (7.1), the 
hemi
alstoi
hiometry of BN (1 1) and the given material parameters, ρ ≈ 3.5 g/cm3 [71, 72℄,
N ≈ 8.5×1022 cm−3, b(10B) = −0.1 fm, b(11B) = 6.65 fm, b(N)=9.36 fm, yields
V = 324 neV and η ≈ 1.5 × 10−2. The value for η re�e
ts the enormously high absorp-tion 
ross se
tion of 10B, σa = 3840 barn[73℄.This drawba
k 
an, in prin
iple, be over
ame by using isotopi
ally enri
hed 11B in the
omposite (σa = 0.0055 barn), whi
h results in an even higher wall-potential of V =351 neV. The value of η ≈ 3.3×10−5 in this 
ase is mainly dominated by the absorption103



7.2 Cubi
 boron nitride: a new prospe
tive material for ultra
old neutron appli
ationof 14N (σa = 1.9 barn) for a 11B enri
hment of > 99.95 %. As a �rst step, we startedwith the investigations of natural 
BN.7.2.1 Experimental determination of the neutron opti
al potentials of
BNWe 
arried out two experiments to measure the 
riti
al velo
ity of UCN re�e
ted fromnatural 
ubi
 boron nitride, using (i) a time-of-�ight (TOF) measurement in order todetermine the transmission of ultra
old and very 
old neutrons (VCN) through a sili
onwafer (380 µm) 
oated with natural 
BN of thi
kness 300 nm and (ii) 
old neutronre�e
tometry with the same sample. For 
omparison, a natural ni
kel 
oated samplewith a layer thi
kness of 500 nm was investigated using the TOF method.The 
BN �lms were prepared in a rea
tive r.f. diode sputtering system using an ele
-tri
ally 
ondu
ting boron 
arbide (B4C) target. In order to rea
h good adhering 
BNlayers, a spe
ial pro
ess was used starting with an interlayer of boron 
arbide and 
on-tinuing with graded BCN interlayers, where the 
arbon is repla
ed by nitrogen by meansof an in
remental 
hange from argon to nitrogen as sputter gas. Further informationon the pro
ess and the sputtering fa
ility 
an be found in Refs. [70, 74, 75℄. With thismethod, 
BN layers of up to 2 µm thi
kness and a 
ubi
 phase 
ontent of approxi-mately 90 % (measured by IR spe
tros
opy [70, 74, 75℄), 
orresponding to a density of3.3 g/
m3, are produ
ed.The ni
kel 
oating was produ
ed at Hahn-Meitner-Institut (HMI) by 
onventional DCmagnetron sputtering. With this te
hnique, it is possible to rea
h 
oating densities 
loseto 100% of bulk material.The time-of-�ight experimentIn the time-of-�ight (TOF) experiment, we determined the neutron opti
al potentialvia the 
riti
al neutron velo
ity from the transmission of slow neutrons through thesample. The experiment was performed at the UCN sour
e C at the TRIGA Mainz.In all measurements, the same amount of solid deuterium (4 mol) was used as UCN
onverter. We used a time-of-�ight spe
trometer with a three dis
 
hopper [50℄ providedby the UCN group of the Paul S
herrer Institute (PSI). The neutrons were guided viaele
tro-polished stainless steel tubes with inner diameter of 66 mm from the UCN sour
eto the TOF spe
trometer. The arrangement is s
hemati
ally sket
hed in Fig. 7.5.Neutrons enter from the left and pass the TOF spe
trometer towards a Cas
ade-Udete
tor [76℄ at the end of the �ight path. The �ight path between 
hopper and dete
torwas (1006 ± 3)mm. The Al entran
e window of the dete
tor was 0.1 mm thi
k with anenergy barrier of 54 neV from the material opti
al potential of aluminium and 
ausedsome redu
tion of the dete
tor e�
ien
y. With this setup, the velo
ity 
omponent alongthe forward dire
tion 
an be measured.The 
oated and non
oated sili
on wafers (diameter 76 mm) were inserted in a foil holderpla
ed in front of the 
hopper operating at a duty 
y
le of 4.0% and at a frequen
y of1.0 Hz.104
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NeutronsFigure 7.5: Sket
h of the experimental setup for the time-of-�ight experiment with a
hopper.For the 
orre
t determination of a velo
ity distribution with the TOF method, weassume a high guide transmission for UCN, i.e. a high per
entage of spe
ular re�e
tionsin the UCN guide system, whi
h is experimentally supported by Ref. [49℄.Without sample, the 
ount rate in our TOF spe
trometer was about 45 s−1. As DAQsystem, we used a standard TOF 
ard from the FAST 
ompany. The TOF spe
trumwas started with the pulse from the 
hopper indi
ating the 
hopper status 'open'. Neu-trons were registered with a dwell time of 1.5 ms a

ording to their arrival time in thedete
tor. Figure 7.6 shows the time-of-�ight spe
tra without and with samples, i.e., theni
kel and 
ubi
 natural-boron nitride sample.
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7.2 Cubi
 boron nitride: a new prospe
tive material for ultra
old neutron appli
ationAnalysis of the time-of-�ight experimentIn order to extra
t the values of the opti
al potential from the layers of interest, wedeveloped an analysis pro
edure [77℄ following three steps.In the �rst step, we approximated the measured data with no sample and after ba
k-ground subtra
tion with a 
ubi
 spline fun
tion based on nine data points in or-der to obtain an analyti
 expression for the data, see also appenidxC. The χ2 perdegree-of-freedom was 2.8 whi
h on the one hand originates from sparks in the de-te
tor and on the other hand re�e
ts the rather simpli�ed parametrization of thespe
trum by the spline whi
h, however, is su�
ient for our purposes. In order totake this non-statisti
al un
ertainty into a

ount, we in
reased the un
ertaintiesof the data points by a fa
tor √

χ2.In a se
ond step, we 
al
ulate the transmission of the UCNs through layers. Forgiven values of the Fermi potential of ea
h layer, we developed pro
edures to per-form a numeri
al solution of the S
hrödinger equation. Hereby, we in
lude surfa
eroughness via smearing of the potential step at the border of adja
ent layers, 
f.Ref. [78℄. Mat
hing the numeri
al solution of the S
hrödinger equation outside thelayers with the well known analyti
al solution for plane wave propagation allowsus to 
al
ulate the value for the transmission.

Figure 7.7: Diagram of the Fermi-potential pro�le (thi
k step line) representing a wafer
oated on one side (here the left side). The transmissions Ti(i+1) at ea
h boundary aredetermined by the 
omponents of the wave ve
tors ki and ki+1 perpendi
ular to theinterfa
es between the refra
tive media, 
f. Eq. 7.2 for the sign 
onvention.The general physi
s model, 
f. Ref. [79℄, of the sample is sket
hed in Fig. 7.7,whi
h shows the Fermi-potential pro�le along the neutron path used to des
ribea sili
on wafer 
oated on the entran
e side. The transmissions Ti(i+1) at ea
hboundary are determined by the perpendi
ular 
omponents of the wave ve
tors
ki and ki+1. The problem 
an be lo
ally redu
ed to one-dimensional propagationthrough multiple potential barriers.Corresponding to Fig. 7.7, the general re
ursive formula for the perpendi
ular106



7 UCN instrumentation and developments
omponents of the wave ve
tors in the 
onse
utive media is:
ki+1 = [k2

i + 2m(Vi − Vi+1)/~
2]1/2 (7.2)where the Vi represent the Fermi potentials of the di�erent media.For the 
ase of no interferen
e e�e
ts in the thin �lms and low absorption, there�e
tivity R and transmission T per neutron through ea
h interfa
e 
an be ex-pressed as:

Ri(i+1) =

∣

∣

∣

∣

ki − ki+1

ki + ki+1

∣

∣

∣

∣

2 (7.3)
Ti(i+1) =

4kiki+1

|ki + ki+1|2
, (7.4)where Ri(i+1) + Ti(i+1) = 1. The ki are real and positive.The neutron attenuation by the respe
tive media is given by

αi = e−Σi
tli , (7.5)where li =(di/ cos ϕ) 
orresponds to the total path length in the thi
kness di, ϕis the sampled angle of the traje
tory to the main interfa
e normal and Σi

t is thee�e
tive attenuation 
ross se
tion,
Σi

t = Σi
a + Σi

s, (7.6)where Σi
a is the (ma
ros
opi
) absorption 
ross se
tion and Σi

s the 
ross se
tionfor s
attering out from the main propagation dire
tion and inelasti
 ups
attering.The substrates and the 
oatings used in the experiment are 
omparatively thi
kand have a �nite roughness so that the e�e
t of multiple re�e
tions and interferen
ebetween the interfa
es is negligible and the transmission of the neutron is thengiven by the produ
t:
τ =

∏

i

αiTi(i+1). (7.7)with the transition fa
tors Ti(i+1) given by Eq. 7.4.In the third step, we 
ompare our model with the measured data. For this purpose,we 
onvolute the produ
t of the transmission fun
tion (step 2) and the initialspe
trum (step 1) with the opening fun
tion of the 
hopper, see Fig. 7.8. The freeparameters of the �t were the mean free paths in the 
oated layers (
BN, Ni), theloss parameter η and the roughness of the sample. The values of these parameterswere obtained by 
omparison of our model with the data and minimization usingstandard least square �tting te
hniques. The experimental data with the �nal�t are shown in Fig. 7.9. In Fig. 7.10, the 
urves for the velo
ity dependenttransmission for the di�erent measured samples as derived from the analysis areshown. 107



7.2 Cubi
 boron nitride: a new prospe
tive material for ultra
old neutron appli
ation
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tion of the 
hopper measured at a frequen
y of 0.1 Hz. In theanalysis, the opening fun
tion is approximated by the trapezoidal fun
tion asindi
ated.In order to obtain independent layer parameters from the sili
on wafer, we startedwith a transmission measurement of a pure Si-wafer. Be
ause of the above mentionedaluminium window for the separation of the sour
e va
uum and the va
uum of theexperimental setup, an experimental determination of the sili
on material opti
al po-tential is obsolete sin
e the opti
al potentials of aluminium and sili
on have very similarvalues (54 neV). Therefore, the theoreti
al value for the material opti
al potential ofsili
on (54 neV) was used for the analysis. From the �t, we extra
ted an experimentalvalue for the loss parameter η of (1.5 ± 0.4) × 10−4, whi
h is in good agreement withthe theoreti
al value of 1.17 × 10−5. For the surfa
e roughness we obtained a value of9.8±0.1 nm.Due to its ferromagneti
 properties, the opti
al potential of ni
kel results in e�e
tivelytwo potential values, whi
h are 
oupled to the neutron spin state and its orientationrelative to the domain stru
ture of the Ni �lm [80℄. From the �t, we extra
t for anti-parallel spin states V = (207± 2) neV and for parallel spin states V = (284± 2) neV. Theun
ertainty of ±2 is the un
ertainty of the �t and does not (yet) in
lude the apparativeun
ertainty of the TOF 
alibration, see below. For η, we obtained an experimentalvalue of (9.0 ± 0.6) × 10−5, whi
h is 
lose to the theoreti
al value of 1.0 × 10−4. Forthe mean free path in ni
kel, we obtain a value of (499 ±1) nm and for the surfa
eroughness (10.5 ±0.1) nm. The redu
ed χ2 of the �t is 4.5. These results 
orrespondwell to an amorphous Ni
kel layer produ
ed by sputtering with maximum a
hievabledensities around 98 % of bulk ni
kel density.108
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Figure 7.9: Time-of-�ight data of very slow neutrons through 
oated sili
on wafers andthe �t to the data. Top: 380 µm sili
on wafer. Center: 500 nm ni
kel 
oated on a 380
µm sili
on wafer. Bottom: 350 nm 
BN on a 380 µm sili
on wafer. The 
orrespondingtime-of-�ight-data without sample used to 
al
ulate the spline �tting fun
tion forunfolding the data with the time a

eptan
e of the 
hopper are shown in all plots.The measured data were 
orre
ted for the 
hopper time o�set δt (see text)For our 
BN sample, we obtain for the opti
al potential a value of(305 ± 2) neV. From this and the theoreti
al value for 
BN, we 
al
ulate a layer densityof 90 % of the bulk density for our sample. For the loss parameter η, we obtain experi-mentally a value, η = (1.8 ± 0.3) × 10−3, in agreement with the theoreti
ally expe
ted
1.5 × 10−3. From our �t, we extra
t a mean free path of 2.25 µm whi
h is a fa
tor of7.5 higher than the produ
ed layer thi
kness. Together with a measured roughness of42±5 nm we 
on
lude that 
BN grows in a poly
rystalline layer. The redu
ed χ2 of the�t was 1.7.In order to take the χ2 value as originating from non-statisi
al un
ertainties into a
-
ount, we in
rease the un
ertainties (± 2 neV) by fa
tors √

χ2. The main 
ontributions109
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ation
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Figure 7.10: Cal
ulated transmission of the measured sili
on wafers 
oated with Ni(500 nm) and 
BN (300 nm) layers. The theoreti
al transmission of an isotopi
allyenri
hed 
11BN (300nm) layer was 
al
ulated from literature 
ross se
tions.to the total un
ertainty arise, however, from the time 
alibration of the TOF spe
trom-eter, δV = ±15 neV; the un
ertainty originating from the �ight path un
ertainty is 2neV. Thus, the total un
ertainties of our values for the opti
al potentials are ∆V ≈ ±15neV. The �nal results of our analysis are summarized in Table 7.1. While the opti
alpotential of 
BN has never been measured before, the values for Ni are in ex
ellentagreement with literature values [80℄. The main 
ontribution to the un
ertainty of theopti
al potential values originates from the un
ertainty of the 
hopper time 
alibration.In prin
iple, one 
ould eventually obtain a smaller total un
ertainty by 
alibrating the
BN data to the known potential of an other material, e.g. ni
kel. The di�
ulty herearises from the unknown ratio of domains with spins parallel and anti-parallel to theneutron spin, whi
h, in a way, 
ould also be extra
ted from the �t. However, we �nallyprefer to the data presentation as given above.The neutron re�e
tometry experimentThe se
ond experiment using neutron re�e
tometry was performed at the neutron re-�e
tometer V14 at the 
old neutron beam at the rea
tor of the Hahn-Meitner-Institut,Berlin. This method measures the 
riti
al angle for total re�e
tion of 
old neutrons at110



7 UCN instrumentation and developmentsgrazing in
iden
e, where the velo
ity 
omponent normal to the surfa
e is 
omparableto the velo
ity of UCN. Due to this fa
t, 
old neutron re�e
tometry 
an be seen as
ross-
he
k to the transmission measurements.The neutron 
riti
al angle of total re�e
tion, θc, is dire
tly 
onne
ted with the s
atteringlength density, i.e., the term N · b in equation (7.1), via the formula
sin θc

λ
=

√

N · b
π

(7.8)where λ is the neutron wavelength (4.9 Å at V14). By measuring θc for the samplesunder investigation, V 
an be determined using Eq.7.1:
V =

2π2
~

2 sin2 θc

m · λ2
(7.9)The re�e
tivity fun
tion for the analysis of the data was derived with the same quantumme
hani
al 
al
ulation as mentioned above. However, be
ause of the divergent beampro�le, the obtained re�e
tivity fun
tion has to be 
onvoluted with the known neutronbeam pro�le.
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old neutron re�e
tometry data from a sili
on wafer 
oatedwith 300 nm of 
BN and the 
orresponding �t.In the �t, the free parameters were (i) the s
attering length density N · b, 
f. Eq. 7.8,and (ii) the roughness and 
omposition of the surfa
es (substrate and 
oating). Themodel of the 
BN sample is represented by three layers, air, 
BN, and sili
on. Thes
attering lengths, b, for air, boron, nitrogen, and sili
on were taken from the literature111



7.2 Cubi
 boron nitride: a new prospe
tive material for ultra
old neutron appli
ation[81℄. The redu
ed χ2 of the �t to the re�e
tivity data is 3.0. The un
ertainties of
old neutron re�e
tometry depend strongly on the �atness and the roughness of thesamples under investigation. Sili
on wafers usually have very smooth surfa
es but notne
essarily a high �atness over the whole 
oated sample. This in
reases the un
ertaintyof the result. In order to take su
h an (unknown) apparative un
ertainty into a

ount,the experimental un
ertainties were s
aled [82, 83℄ to obtain a χ2 of one. Figure 7.11shows the experimental data and the �t.The extra
ted value of V for the re�e
tometer data is shown in Table 7.1. For the thi
k-ness, we obtained a value of 350±10 nm and for the surfa
e roughness a value of 31±1nm. Again these results are in good agreement with the above obtained transmissondata. Sin
e the intera
tion time of 
old neutrons with the 
BN surfa
e is mu
h shorter
ompared to the transmission experiment, we obtain a result for the layer thi
knesswhi
h is more realisti
 than the result shown above.Transmission experimentSample V(Eq.(2))[neV℄ V(exp)[neV℄ vc(exp)[m/s℄ Ω[Ohm·
m℄Ni ↑↑ 289 (284±15) (7.37±0.19) �Ni ↓↑ 211 (207±15) (6.29±0.23) �
BN∗ 308 (305±15) (7.64±0.19) > 3.4 · 1016diamond 305 - - - - 3.2 · 1016Cold neutron re�e
tometry
BN∗ 308 (300±30) (7.58±0.38) �
∗ 90% 
ubi
 phaseTable 7.1: Measured wall-potentials V of natural Ni, 
BN, diamond and resulting
riti
al velo
ities vc together with the measured spe
i�
 resistivities for 
BN anddiamond. In order to give more 
on�den
e in our analysing pro
edure, a Ni layer wasmeasured additionally to verify VNi as expe
ted from literature. The resulting error on

V (30 neV) measured using 
old neutron re�e
tometry mainly 
omes from theun
ertainty to give an absolute value of the angle of grazing in
iden
e.
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7 UCN instrumentation and developments7.3 A linear a
ting window 
hopper for Time of �ight mea-surementsIn this 
hapter, a new 
hopper system for time-of-�ight (TOF) measurements will bedes
ribed whi
h is based on linear a
tuators. It will be demonstrated, that standardTOF measurements using dis
 
hoppers [53, 50℄ 
an gain in intensity due to the high�exibility of presented system.7.3.1 MotivationTime-of-�ight setups 
an be 
hara
terized by their spe
i�
 energy resolution, whi
h isde�ned as
∆E

E
=

1

2

∆t

t
=

1

2

topenv

s
(7.10)with topen being the opening time of the used 
hopper, v the neutron velo
ity and sthe length of the �ight path [53℄. Hen
e, improvements in energy resolution 
an bea
hieved either by using a long �ight path or by de
reasing the opening time of the
hopper. Unfortunately both parameters are quite limited in their variation.The �ight path should be shorter than the way, the slowest neutrons travel duringone 
hopper 
y
le time T.The opening time 
an be de
reased quite well, but at the 
ost of de
reasing 
ountrate(duty 
y
le).Therefore, during the 
onstru
tion of a 
onventional 
hopper, based on the rotation ofa neutron absorbing dis
, one has to �nd an optimal parameter set for the dedi
atedappli
ation [53℄. Afterwards, the duty 
y
le of the 
hopper system 
an be only 
hanged,by ex
hanging the installed neutron absorbing dis
. During a running setup this resultsin a quite time 
onsuming pro
edure.In order to build a 
hopper system whi
h enables the user to vary the 
hopper param-eters without breaking any va
uum of the existing TOF system, one has to get rid ofany rotating dis
s as installed in former systems, and introdu
e a linear motion .7.3.2 Te
hni
al realization of a linear 
hopper systemIn order to build a 
hopper system with variable opening fun
tion, a new approa
h awayfrom the 
onventional 
hopper design was realized.Fig.7.12 shows the s
heme of the �rst prototype of the realized "linear window" 
hop-per, whi
h 
an be kept quite 
ompa
t, depending on the used motor system. Instead ofa rotating plexi dis
, whi
h requires a huge va
uum housing, two quadrati
 overlappingplexi blades (
hopper lids) build the "window" and open and 
lose the neutron guide
ross se
tion for the neutron beam.Using two fast linear motors (P01-23x160) from Lin Mot, the blades 
an be moved113
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ting window 
hopper for Time of �ight measurements

Figure 7.12: Se
tional view of the shutter design. Due to the �nite page size, only onemotor housing is shown.against ea
h other with a maximal measured speed of 1.5m/s. Ea
h linear motor is
ontrolled by its own 
ontroller, whi
h 
an be programmed (speed, opening position,a

eleration) independently from ea
h other by means of a serial interfa
e and a spe
ialsoftware. In
luding several digital I/Os it is possible, to syn
hronise the movement ofboth motors (both plexi blades) with an external 24V trigger signal.The external trigger ele
troni
The so far des
ribed 
hopper setup itself is working without any additional hardware.Nevertheless, to 
arry out a TOF measurement, one has to be sure, that the timing ofthe 
hopper and the 
onne
ted data aquisition system are working in phase with ea
hother.In 
oventional dis
 
hoppers, the syn
ronisation, the start of the data aquisition systemis 
ommonly realized with a signal of a photoele
tri
 barrier. Just a few millise
ondsbefore the neutron beam is open, this photoele
tri
 barrier sends a trigger pulse andstarts therefore the data aquisition system. The time between the trigger pulse and thereal neutron beam opening, the so 
alled o�set δt is later used to re
al
ulate the realtime of �ight spe
trum. For given 
hopper geometries this o�set depends only on thefrequen
y of the 
hopper dis
 rotation.In the presented linear 
hopper system, however, the syn
ronisation of the 
hopper andthe data aquisition is done for higher �exibility in another way. With the help of afree programmable mi
ro 
ontroller board based on an atmel µ-
ontroller and severaldigital I/Os, it is possible to send phase 
onstant trigger signals to 
hopper and dataaquisition.Besides the variable opening fun
tion whi
h 
an be programmed inside the 
ontrollersof the linear motors, this way, also the o�set and the duty 
y
le 
an be adjusted to thedemands of the TOF appli
ation.114



7 UCN instrumentation and developments
7.3.3 Experimental 
hara
terization at the ILL GrenobleThe �rst test and 
hara
terization of the prototype 
hopper was performed at the UCNturbine at the Institute Laue Langevine (ILL) in Grenoble within a short beamtimeof three days. Fig.7.13 shows the test setup, whi
h was installed similarly to 
onven-tional dis
 
hopper setups at the test beam line of PF2. For �ight path, a standardno
ado stainless steel tube with a length of 1.5 m and also 0.1 m (determination of theopeningfun
tion) was used. The neutrons were be dete
ted with the two dimensionalversion of the Cas
ade U dete
tor, see also appendix A whi
h enabled us, due to hisspe
ial readout ele
troni
s, to perform additionally the below des
ribed pseudo randommeasurements.

Figure 7.13: Pseudo random 
hopper test setup installed at the test beamline of PF2at the ILL (Grenoble). In order to de
rease ele
troni
 noise, whi
h unfortunatelyexisted at niveau D during our beamtime, 
hopper (left side) and dete
tor (right side)were 
overed with aluminium foil.The opening fun
tionAs des
ribed in detail in appendix B, the opening fun
tion is due to its �nite sizeof great importan
e for the �nal de
onvolution analysis of the measured TOF data.In the 
hopper existing geometry, as shown in Fig.7.12, the opening fun
tion 
an be115



7.3 A linear a
ting window 
hopper for Time of �ight measurementsapproximately des
ribed re
tangular (for small slit width).
openfun(t) =

1

∆topen
Θ

(

t +
∆topen

2

)

− Θ

(

t − ∆topen

2

) (7.11)with ∆topen the opening time of the slit.To determine the opening fun
tion, as des
ribed in appendix B, the neutron dete
torwas installed as 
lose as possible (100 mm) to the 
hopper exit. A pi
ture of the setupis shown in Fig.7.14.

Figure 7.14: Look inside one of the linear motor va
uum housings. The linear motor isen
losed by a radiator blo
k (bla
k).To demonstrate the performan
e of a TOF system equipped with su
h a 
hopper, open-ing fun
tions for several 
hopper parameter settings were measured.The opening fun
tion 
an be manipulated in two di�erent ways:
• Variation of the slit size by programming the "open" position inside the motor
ontroller
• Variation of the external trigger signal length. The 
hopper starts opening as longas the trigger input is set high.116



7 UCN instrumentation and developments1.Variation of the end positionThe 
onventional dis
 
hopper [53℄ with duty 
y
les around 5% possess standard slitwidth between 10 and 20 mm. To 
ompare the new linear 
hopper opening fun
tionswith the 
onventional di
 
hopper, see Fig.B.3, determined in a �rst test opening fun
-tions for three di�erent slit widths of 2 mm, 12 mm and 22 mm. To asure that themotor rea
hed his end position, the 
hopper blade trigger signal length was optimized.
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Figure 7.15: Measured opening fun
tions for three di�erent motor end positions. StartPosition (
hopper 
losed) was 
onstant at 37 mm Bla
k: Endposition set to 25 mm(Opening width = 22 mm). Red: Endposition set to 30 mm (Opening width = 12mm). Green: Endposition set to 35mm (Opening width = 2mm). Velo
ity of themotor was set to 0.1 m/s.While the 
losed lid position was kept 
onstant at 37 mm, the end position was varied(25 mm, 30 mm, 35 mm).This resulted in opening width 
orresponding to
∆sopen = 2 · (xend − xstart − 1) (7.12)where xend and xstart are the �nish and the start position of the motors. Due to theoverlap of the two 
hopper blades 2 mm have to be subtra
ted.
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Figure 7.16: Fit of eqn.7.11 to the data. For example two �ts are shown. Upper plot:Opening fun
tion for 22 mm slit. Lower Plot: Opening fun
tion for 12 mm slit.
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7 UCN instrumentation and developments1.Variation of the trigger signal lengthAs mentioned already, the 
hopper blades are syn
hronized by an external signal froma µ 
ontroller. By keeping the motor end position 
onstant, this variable trigger signalenables the user to stret
h the triangular opening fun
tion to a trapezoid (trigger lengthlarger than opening time), or to de
rease the opening width (trigger length smaller thanopening time). The measurements presented in Fig.7.17 where performed under realisti
motor speed 
onditions (vblade = 1.2 m/s). In order to obtain an impression of maximalresolution from the tested 
hopper, the end position of the motor was additionally setto the minimum of 35 mm, 
orresponding to a slit of 2 mm.
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Figure 7.17: Variation of the opening fun
tion as fun
tion of the trigger signal length.Bla
k: Triger signal length set to 10 ms. Red: Triger signal length set to 60 ms. Bothopening fun
tion had a slit width of 2 mm. The motor speed was set to 1.2 m/s.As result of this test, one 
an 
on
lude, that an in
rease in the trigger length by abouta fa
tor of 3, in
rease also the opening time by the same fa
tor. Additionally, the formof the opening fun
tion 
an transformed from triangular to trapezoid. For minimumopening time, we determined a value of ≈ 15 ms.Determination of the 
hopper O�setThe pro
edure of the 
hopper o�set determination is explained in detail in Appendix B.In this paragraph only the possibility of the external manipulation of the o�set will bedesribed and experimentally veri�ed. As dis
ussed already in a previous paragraph, thedelay time between the trigger of data aquisition system and the trigger to the 
hopper119



7.3 A linear a
ting window 
hopper for Time of �ight measurementsare �exible programmable. Therefore, it is possible to adjust the o�set spe
ially to theappli
ation.
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Figure 7.18: Variation of the dwell time by adjusting the delay between the motor andthe data aquisition trigger signal. Bla
k: Delay time 20 ms. Red: Dealy time 40ms.The �nal o�set is measured as explained in Appendix B.For example, Fig7.18 shows two measurements of the same opening fun
tion. Adding20 ms to the used delay time, shifts also the maximum of the opening fun
tion (red
urve) by 20 ms.7.3.4 The neutron opti
al wall potential of boron 
arbide B4CAs already mentioned in the previous se
tion 7.2, 
ompound materials based on boron-11 are of great interest for 
oatings of future UCN equipment. Besides 
ubi
 boronnitride (
BN), we got also interested in boron 
arbide, B4C, the initial target materialused for the produ
tion of 
BN layers. With the given s
attering length for 11B andthe additional s
attering length of b(C) = 6.646 fm [81℄ for 
arbon, one expe
ts for abulk density of ρ(B4C ≈ 2.5 g/
m3 a neutron opti
al wall potential of V ≈ 235 neV.This number is sligthly smaller than the neutron opti
al wall potential of ni
kel andberyllium (V ≈ 250 neV), but from theory 
oatings with boron 
arbide, should result ina very low loss parameter η of ≈ 10−7 (σa = 0.0035 barn). Additionally, due to its nonferromagneti
 properties, this material 
an be used for 
oating of non depolarizing neu-tron guides whi
h are useful for the adaption in high magneti
 �elds of super
ondu
tingneutron polarizers. With the development and investigation of the surfa
e 
hara
teris-ti
 it's may be also possible to repla
e existing non depolarizing supermirror 
oatings120



7 UCN instrumentation and developmentsbased on non magneti
 NiV or NiMo 
ompounds.Measurement of the neutron opti
al potential of B4C by time-of-�ightAs �rst experimental appli
ation of the new 
hopper system, the transmission of ultra-
old and very 
old neutrons through a sili
on wafer (thi
kness ≈ 380µm) 
oated witha layer of 250 nm of enri
hed 11B4C (enri
hment 96.5%) was investigated. Analoqueto the des
ribed method in se
tion 7.2, the presented TOF setup was used. The �ightpath had a length of 1500 mm. The data presented in Fig.7.19 was a

umulated withina measurement time of 1 hour.
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Figure 7.19: Time-of-�ight data of very slow neutrons through a 380 µm sili
on wafer
oated with 250 nm of B4C and the �t to the data. The 
orrespondingtime-of-�ight-data without sample used to 
al
ulate the spline �tting fun
tion forunfolding the data with the time a

eptan
e of the 
hopper are also shown in the plot.The measured data were 
orre
ted for the 
hopper time o�set δt = 71 msUsing the standard de
onvolution and analysis pro
edure, des
ribed in se
tion 7.2, weobtained in a �rst rough analysis with a redu
ed χ2 of 5.2 for the opti
al potentiala value of (220 ± 2) neV. The broader angular distribution of the neutron beam atthe ILL PF2 testbeam line (in 
omparison to the UCN C beamline in Mainz) 
ausedsome di�usive s
attered neutrons whi
h lead to a small number of delayed neutronsand therefore a worse χ2. For the loss parameter η, we obtain experimentally a value,
η = (5.7 ± 0.5) × 10−4, in agreement with the theoreti
ally expe
ted 5.6 × 10−4. Fromour �t, we extra
t a mean free path of (300 ± 5) nm whi
h is in good agreement withthe produ
ed layer thi
kness. 121



7.4 A pseudo random time-of-�ight system for ultra
old neutrons7.4 A pseudo random time-of-�ight system for ultra
oldneutronsTime-of-�ight measurements with UCN, espe
ially at the existing UCN sour
e in Mainz(at 100kW rea
tor power), are mainly limited by their poor 
ountrate. Standard singleslit measurements with duty 
y
les in the range of a few per
ent result in mesaurementtimes of 1 hour and more depending on the UCN �ux and sample. In this se
tion,the pseudo random method, whi
h for the �rst time was used in the 1960's in thermalneutron spe
tros
opy [84℄, will be introdu
ed and adapted to the TOF measurementswith slow neutrons. Using this method, a gain in 
ountrate of one order 
an be expe
ted.7.4.1 Theoreti
al aspe
tsIn an ideal time-of-�ight experiment, one measures the time elapsed between the triggersignal at the beginning of the �ight path and the dete
tor response. Without a 
hangein velo
ity of the neutron during �ight, one 
an dire
tly derive from the arrival timethe velo
ity distribution parallel to the �ight path.single slit methodThe 
onventional way to obtain a time-of-�ight makes use of a standard single slit
hopper, [53℄. Here, the neutron beam is 
hopped by a dis
 with one opening slit.Additionally, a trigger signal is sent to the data aquisition system whi
h sets the start-

Figure 7.20: Time s
heme of a 
onventional single slit Time-of-�ight setup. On
e per
hopper 
y
le a trigger signal (green) resets the time event histogramm (red) 
hannelto zero. The 
hopper dis
 (blue) opens the beam with a prede�ned o�set delay timejust after the trigger signal.ing time of the 
enter of beam opening. The dete
ted neutrons are assorted in time122



7 UCN instrumentation and developments
hannels a

ording to the time elapsed after the trigger signal. With the next triggersignal the data aquisition starts again at the �rst 
hannel, i.e. the spe
tra a

umulatedduring ea
h 
y
le with a length of T are summed up and, in prin
iple, it is only pos-sible to resolve time di�eren
es modulo T. The �nite width of the slit superimposes atime un
ertainty onto the measured time-of-�ight spe
trum, whi
h 
an be derived as a
onvolution of the real time of �ight spe
trum F (x) with the spe
i�
 opening fun
tion
Openf(x0) of the slit.

G(x) =

∫

F (x − x0) · Openf(x0) dx0 (7.13)pseudo random methodIn this TOF method, the neutron beam intensity is enhan
ed by allowing the beam topass not only through one slit per 
y
le, but through a sequen
e of unit slits distributedover the 
hopper 
y
le with a length of T . Using a well de�ned periodi
 binary sequen
e
ai of ones (slit) and zeros (no slit), e.g. Fig7.21, it is possible, to re
over the initialneutron TOF spe
trum, whi
h is 
onvoluted with the overlapping neutron bun
hes ofthe di�erent slits.The sequen
e ai, impressed on the 
hopper in our 
ase is due to its �nite lengtha pseudo-random binary sequen
e (PRBS) of length N = 2n − 1, whi
h has k slits
orresponding to , i.e. the duty 
y
le is enhan
ed by a fa
tor k 
ompared to the singleslit measurement (see also Fig.7.20. Its randomness reveals itself in the auto
orrelationof the sequen
e, whi
h is delta fun
tion like, i.e. maximal at τ = 0 and 
onstantotherwise:

A(τ) =
∑

i

aiai+τ =

{

2n − 1, τ = 0,

2n − 2, τ 6= 0
(7.14)where the indi
es must be taken modulo N. Unlike a true random sequen
e, ai is �niteand the modulation of the beam is periodi
al with period N.Asso
iated with ai one implements a se
ond sequen
e xi with elements xi ∈ −1; 1

xi = 2 · ai − 1 (7.15)The 
ross
orrelation, whi
h is given by
Cax(τ) =

∑

i

xiai+τ =
1

2
(N + 1)δτ0 (7.16)
onne
ts expli
itly the sequen
e xi with the modulation sequen
e ai. This 
ross 
orre-lation 
an later be used to reveal the real time of �ight data.Extra
tion of the single slit spe
trum from the pseudo random dataThe 
onvolution of a time-of-�ight spe
trum with a given opening fun
tion of the 
hop-per 
an be represented by a matrix multipli
ation. The binary sequen
e of ones andzeros, used to form a pseudo random sequen
e, given by ai, is from here on denoted as123



7.4 A pseudo random time-of-�ight system for ultra
old neutrons

Figure 7.21: Time s
heme of a pseudorandom time-of-�ight setup. On
e per 
hopper
y
le (after a time T) a trigger signal (light green) resets the time event histogrammer(red) 
hannels to zero. The 
hopper dis
 (blue) opens the beam with a prede�nedbinary pseudo random sequen
e (e.g., 1,0,1,1,0,0,1,0,1,0), used later to re
al
ulate thesingle time-of-�ight spe
trum. To save the phase stability of the 
hopper and the timehystgrammer, a se
ond trigger (dwell time trigger, dark green) is used.the ve
tor â. The order of the elements in this sequen
e is the timewise order in whi
hthe beam is open. Writing the time-of-�ight spe
trum also as ve
tor f̂ , the 
onvolutedpseudo random signal ŝ is given by:
ŝ = M(â)f̂ (7.17)Fig.7.22 shows in an illustrative way the previous matrix multipli
ation.Herein, the �rst row M(â)1,j of the matrix M(â) determines the signal in the �rst 
hannelof the obtained pseudo random spe
trum. In the �rst 
hannel, the signal from neutronsis stored whi
h have a time-of-�ight in the interval f1 and pass through the �rst openinga1. Furthermore, this 
hannel 
ontains the signal from those 
orresponding to f2, but124



7 UCN instrumentation and developments

Figure 7.22: General illustration of eqn. 7.17. The ve
tor ŝ is 
al
ulated as the sum ofall single slit TOF histograms, a1,a4,a5 .having passed through the last opening aN just before the new trigger signal was given.In this manner the whole matrix is given as:
M(â) =











a1 aN aN−1 · · · a2

a2 a1 aN · · · a3... ... ... ... ...
aN aN−1 aN−2 · · · a1











(7.18)The 
ross 
orrelation of the signal is its multipli
ation with the inverse matrix of M−1(â).The rows of M−1(â) are the 
y
li
 permutations of the sequen
es x̂ = 2â−1 (see eqn.7.15)
orresponding to the 
olumns of M(â).To pro
ess the obtained raw data, the raw spe
trum has to be multiplied with the in-125



7.4 A pseudo random time-of-�ight system for ultra
old neutronsverse of the matrix whose elements are the Mij times the N × N unity matrix.To visualize this mathemati
al operation, a standard gaussian distribution (see Fig.7.23)is 
onvoluted by matrix multipli
ation with the 
orrelation matrix of a 23 bin pseudorandom sequen
e.

Figure 7.23: Result (bla
k 
urve) of the 
onvolution of a 23 binary sequen
e (bla
k
urve under the red ideal opening fun
tion), in
luding already a realisti
 shape of theopening fun
tion with a gaussian distribution (green 
urve).Error AnalysisConsider a time-of-�ight measurement with N 
hannels of width ∆t and a 
hopper 
y
lewith a period T = N∆t. In
luding a ba
kground intensity un over all 
hannels , thesignal response in 
hannel n a

umulated during M 
hopper 
y
les is given by
rn = M

∑

m

an−mfm + un (7.19)with uj = u/n. A

ording to eqn. 7.15, the single slit spe
trum times the gain inintensity due to the k slits 
an be 
al
ulated via the 
ross 
orrelation
Fl = Mfl = M

N
∑

j=1

xl−j(rj − uj) (7.20)With the assumption that the errors of rj and uj are poisson distributed, one 
an derivefrom standard error propagation the error of Fl as
∆Fl =

√

√

√

√

N
∑

j=1

x2
l−j(rj + uj) (7.21)126
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=

√

√

√

√

N
∑

j=1

(rj + uj) (7.22)
=

√

(r + u) (7.23)where r and u represent the total number of dete
ted events. The relative error of ea
htime 
hannel is therefore
∆f

npr
=

√
r

npr
(7.24)with npr being the dete
ted events in the 
hannel. In 
omparison with the statisti
alerror per time 
hannel of the single slit method

∆fSS

nSS
=

1√
nSS

(7.25)the pseudo random method gives a smaller error 
orrelated with the number of 
hopperopenings k.7.4.2 First experimental realization of a Pseudo Random 
hopper forultra
old neutronsThe main experimental 
hallenge in the pseudo random te
hnique is given in the syn-
hronisation of the 
hopper openings and the dwell time of the data aquisition system,see also Fig.7.21. In 
omparison with the single slit mode, the dwell time 
hannelsin pseudo random mode 
annot be 
onse
utively in
reased inside the data aquisitionsystem. To prevent the data aquisition from phase shifts with respe
t to the 
hopper,the dwell time 
hannels have to be in
reased by the 
hopper itself.Fortunately, the 2D Cas
ade dete
tor is aditionally to the existing 
hopper 
y
le triggerequipped with a se
ond trigger input whi
h enables the swit
hing of the dwell time byexternal signals.From Fig.7.22 it's quite obvious, that any jitter in this syn
hronisation would 
auseimmediately not re
al
ulateable results of the pseudo random spe
trum and thereforeto huge errors in the extra
tion of the single slit TOF events.In order to syn
hronize a 
onventional dis
 
hopper system (with a multislit dis
) withany data aquisition system would re
ommend:
• a high a

ura
y during produ
tion of the slits,
• a well balan
ed dis
, to avoid me
hani
al jitter of the rotating dis
.Asumming 
hopper dis
s out of plexiglass, this 
hallenge is almost impossible.A way out, is the use of the des
ribed linear "window" 
hopper system. Using a thirdTTL output of the des
ribed µ-
ontroller board and a more 
omplex programm 
ode,127



7.4 A pseudo random time-of-�ight system for ultra
old neutronsthe �nal su

ess only depends on the speed and its 
onne
ted resolution of the 
hop-persystem, see also eqn. 7.10.The �rst pseudo random sequen
eTo guarantee a de�nite and simple extra
tion of the initial time-of-�ight distributionfrom the measured pseudo random data, one has to �nd �rst of all an adequate binarysequen
e, whi
h has to ful�ll in our 
ase two important requirements:
• Be
ause of easier mi
ro
ontroller programming, the binary sequen
e should startwith 0 and �nish with 0.
• The 
ross 
orrelation matrix should be easyly invertibleIn order to test the fun
tionality of the proposed pseudo random 
hopper at alreadyuseable resolution, we de
ided to use a binary sequen
e with a length of N = 31.Unfortunately, there exists in literature no binary sequen
e with the de�ned require-ments. Therefore, an optimization routine in Mathemati
a was written [85℄, with thegoal to �nd an optimal binary pseudo random sequen
e under 5 billion sequen
es di
edby a random generator. As �nal result, the following sequen
e was programmed intothe used µ-
ontroller board.

(0, 1, 0, 0, 0, 0, 0, 1, 1, 0, 1, 1, 0, 0, 1, 1, 1, 1, 0, 1, 0, 0, 1, 0, 1, 0, 1, 1, 1, 0, 0) (7.26)

Figure 7.24: Realisti
 binary sequen
e with a length of 31 
hannels. The openingfun
tion used in this sequen
e has a trise of 9ms and a total length of 32ms. After992ms, the 
y
le starts again.Due to the triangular shape of the 
hopper opening fun
tion, the programmed 
hoppersequen
e 
an be approximated by Fig.7.24.128



7 UCN instrumentation and developmentsExperimental proof of prin
ipleAfter the su

esfull test and 
hara
terization of the linear window 
hopper at the UCNtest beamline at the UCN turbine at the ILL (institute Laue Langevin), there was stillenough time to test also for the �rst time TOF te
hnique des
ribed on the last fewpages. With the preinstalled setup, shown in Fig.7.13 and a �ightpath of 1500 mm wetook in a time of 2 min the following 31 bin spe
trum, Fig. 7.25.
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time [s]Figure 7.25: First measured pseudo random spe
trum of the neutron spe
trum of thetest beam line PF2 obtained within a measurement time of 2 min.In order to 
ompare the pseudo random data with a single slit measurements, one has toa

umulate a standard TOF spe
trum using the same opening fun
tion as for the pseudorandom mode. Within a data a
umulation time of 1 h and an opening fun
tion with arising time of 9ms and a total length of 32ms the following single slit spe
trum, Fig.7.26was taken. By 
omparing both extra
ted spe
tra, one 
an arrive at two 
on
lusions:1. The extra
ted spe
tra have both a maximum at 0.13 s, 
orresponding to a peakvelo
ity of 11.5 m2. Due to the short �ight path and the only resolution of 31 
hannels, the pseudorandom spe
trum o

upies due only one third of the time axis. Therefore it isimpossible to see any more details like in the single slit spe
trum with a dwelltime of 2.5 ms and 500 
hannels. In order to obtain higher resolution, longer�ight paths and a higher number of 
hannels are important for following tests.As expe
ted from our test 
onvolution result, see Fig.7.23, the proof of prin
iple 
anonly be delivered after the su

esfull exta
tion of the single slit spe
trum with the knowninversion matrix, see also Fig.7.27. 129



7.4 A pseudo random time-of-�ight system for ultra
old neutrons
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al routine whi
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7 UCN instrumentation and developmentsThe neutron opti
al wall potential of boron 
arbide B4Cmeasured by PseudoRandom TOFFor the �nal proof of the prin
iple and to show the advantage of the proposed methode,we measured like in single slit mode, the transmission of slow neutrons through the
hara
terized boron 
arbide (B4C) sample. Similar to the single slit measurement, thesample was installed in the foil holder in front of the 
hopper. The data shown inFig.7.28 was a

umulated in a measurement time of 2min.
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Figure 7.28: Transmission measurement of a B4C sample (red points) obtained withthe pseudo random method within a measurement time of 2 min. The �t of the B4Csample was done by 
ombining the empty measurement (bla
k points) with thequantum me
hani
ally 
al
ulated transmission fun
tion, see also se
tion 7.2
In order to analyze the data, the pseudo random spe
trum with the empty foil holder,Fig.7.25 was 
ombined in a Mathemati
a �t routine [85℄ with the quantum me
hani
al
al
ulation of the transmission fun
tion, se
tion 7.2. With a redu
ed χ2 = 8.5 weobtained with an energy resolution of 6% a density for the the mesured B4C-sample of
96.7 ± 1% bulk density. This number is in good aggrement with the result presentedabove. 131



7.5 Straight and bent guide parts for ultra
old neutrons7.5 Straight and bent guide parts for ultra
old neutronsComparing measured time-of-�ight spe
tra with the results of the implemented MonteCarlo 
ode, see also appendix E, huge dis
repan
ies in transmission for faster neutronsare observed. The fa
t that the transmission properties of the used straight neutronguide parts are quite well 
haraterized [62℄, we suspe
ted a lower transmission of theinstalled bent se
tion to be the reason for the worse TOF results.This lower quality 
an be mainly explained by the higher surfa
e roughness, whi
h isan artefa
t of the forming pro
ess. To obtain higher transmission, the roughness ofthe inner surfa
e has to be improved. Be
ause of an impossible further polishing, wede
ided to produ
e new bent se
tions out of glass, whi
h o�er in 
omparison with thestainless steel tubes surfa
e roughnesses in the range of a few Å. To in
rease the lowneutron opti
al potential of glass, the assembled bents were 
oated with a high re�e
tiveNiMo layer in the existing sputter fa
ility [60℄.In order to test the performan
e of the new bent se
tions, two TOF measurements were
arried out at the UCN sour
e C at the rea
tor TRIGA Mainz. Fig.7.30 shows as aresult two de
onvoluted velo
ity distributions where the no
ado and the glass bent wereused as de�e
tion of the neutron beam.A signi�
ant gain fa
tor of ≈ 2 in neutron output espe
ially for neutrons with velo
itieshigher than 9m/s 
an be rea
hed with higher quality surfa
es.

Figure 7.29: First self made glass bent 
oated in the new sputter fa
ility in Mainz.
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7 UCN instrumentation and developments
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7.6 Con
lusions and outlook7.6 Con
lusions and outlookFuture UCN experiments will 
ertainly gain in performan
e due to new growing UCNfa
ilities around the world. Besides these highly intensive neutron beams, also newte
hniques have to be developed, whi
h will improve also the systemati
s of these ex-periments. Having a

ess to our own UCN sour
e at the rea
tor TRIGA Mainz, we hadbeen able to test in the framework of this thesis several interesting ideas, whi
h mayimprove existing and future experiments.The neutron opti
al potential value V of the highly resistive natural 
ubi
 boron nitridewas determined experimentally for the �rst time via the energy dependent transmissionof very slow neutrons through a 
BN layer, Vtrans = (305±15) neV and by 
old neutronre�e
trometry, Vrefl = (300 ± 30) neV. Both values agree with ea
h other and are inex
ellent agreement with theoreti
al expe
tations, V = 308 neV, obtained from eqn.7.1 and for the fra
tion of the 
ubi
 phase, whi
h was determined independently byinfrared spe
tros
opy to be about 90 % [70, 71, 72℄ for the spe
i�
 PVD pro
ess. Usingisotopi
ally enri
hed 11B, 
11BN 
an be an interesting 
oating material for the futurenEDM2 experiment, whi
h is at the moment in 
onstru
tion at the PSI.Furthermore, the opti
al potential value V of isotopi
ally enri
hed 11B4C was measuredfor the �rst time. Using the same transmission method as done for 
BN, a neutron op-ti
al potential of Vtrans = (218 ± 15) neV 
ould be determined. Due to its nonmagneti
properties and its high neutron opti
al potential, 11B4C 
an be an alternative 
oatingmaterial for nondepolarizing ultra
old neutron guides. In a next investigation step, theloss parameter η, whi
h is expe
ted to be of the order of ≈ 10−7 (σa = 0.0035 barn)has to be evaluated in an independent storage measurement.Besides the investigation of new 
oating materials, an infrastru
ture for the produ
tionof neutron opti
al 
omponents was implemented in a dedi
ated laboratory. This infras-tru
ture resulted in the establishment of improved straight and bent guides for ultra
oldneutrons, whi
h helped to in
rease notably the performan
e of the existing UCN sour
e.Finally, a new TOF te
hnique based on a pseudo random 
hopper was su

esfully im-plemented for UCN transmission appli
ations at the ILL in Grenoble. With its hugeduty 
y
le of 
lose to 50% this method will help to in
rease the statisti
al a

ura
y andmaybe the energy resolution of future TOF setups and simultaneously de
rease the ne
-essary measurement time. Espe
ially the UCN output of the existing UCN sour
e C atthe rea
tor TRIGA Mainz operating at 100kW will gain a fa
tor of 15 within standardtransmission measurements.
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Appendix AUCN dete
tors and their
hara
teristi
sThe neutron is, as his name reveals, an un
harged parti
le. Standard parti
le dete
torsbased on ionisation pro
esses obtain only a signal from an arriving neutron, if this neu-tron is 
onverted in an absorption pro
ess into 
harged parti
les whi
h 
an be dete
ted.Several substan
es 
an used as neutron 
onverters in neutron dete
tors:
3He + n → 3H + p + 764 keV σth = 5330b
6Li + n → 3H + α + 4.78 MeV σth = 940b
10B + n → 7Li + α + 2.79 MeV (6%) σth = 3838b

→ 7Li∗ + α + 2.31 MeV (94%)
→ 7Li + γ(0.48 MeV)

155Gd + n → 156Gd∗ → 156Gd + γ + e− (29 − 181 keV) σth = 61000b
157Gd + n → 158Gd∗ → 158Gd + γ + e− (29 − 181 keV) σth = 254000b

235U + n → �ssion produ
ts + 
a. 160 MeV σth = 680b
239Pu + n → �ssion produ
ts + 
a. 160 MeV σth = 1017bTable A.1: Neutron 
onverters and their asso
iated nu
lear rea
tions.In pra
ti
e, only the �rst three elements are 
ommonly used for neutron dete
tors.During our investigations, we used two di�erent types of UCN dete
tors, a 3He 
ounterand a fast GEM based dete
tor.The 3He 
ounterspur
hased from Dubna are the today 
ommonly used UCN dete
tors in the world. Neu-trons are dete
ted in the gas dete
tor volume after passing through a 100 µ aluminiumwindow. The gas is a mixture of 3He at 18 mbar, CO2 at 10 mbar and as mu
h argonas needed to get a total pressure in the dete
tor volume of 1.1 bar. Due to the highneutron 
apture 
ross-se
tion of 3He, only little amounts of the gas are needed to obtaina high dete
tion e�
ien
y for UCN.Besides the high dete
tion e�
ien
y of 
lose to 100% and robustness, the only drawba
k137



of the 3He 
ounter is its poor time resolution whi
h 
an be explained by the unknownintera
tion position of the absorbed neutrons inside the gas volume.Two Cas
ade-U dete
torsare 
urrently in use at the UCN sour
e in Mainz, a one dimensional dete
tor whi
hwas used during our �rst pulsed experiments and a more advan
ed stand-alone versionwhi
h, in
luding its own ele
troni
s, 
an be read out dire
tly via USB 
onne
tion.Cas
ade-U stands for Cas
ade dete
tor for ultra
old neutrons [86℄. It is a neutron de-te
tor using a 10B solid state 
onverter. Customizing the thi
kness of the 
onverterlayer (see also �g.A.2), the Cas
ade dete
tor rea
hes dete
tion e�
ien
ies in the rangeof 90%. The boron layers are vapor deposited on the 100 µm dete
tor entran
e foilmade of aluminium. After several transmission measurements, whi
h have been done inMainz, the standard aluminium foil was ex
hanged by an aluminium magnesium 
om-pound (AlMg3) whi
h resulted in a 20% in
rease of the ultra
old neutron transmissionand therefore a relative in
rease of 20% in dete
tor e�
ien
y. α and 7Li parti
les leavingthe boron layer produ
e ionization tra
ks while moving through 
ounting gas. By in-trodu
ing a 
harge transparent Gas Ele
tron Multiplier (GEM) foil, invented at CERNin 1997, ele
tron 
louds from the ionization pro
ess 
an be ampli�ed and a

eleratedwithout losses to the dete
tion ele
trode.As 
an be seen in Fig.A.1, the basi
 substrate of GEM foils is Kapton (50-100 µm thi
k),that is 
oated on both sides by a thin layer of 
opper (5-15 µm thi
k). The 
hargedparti
le transparen
y is garanteed by a regular pattern of through going holes, 50 µm indiameter and at a latti
e spa
ing of about 150 µm. The a

eleration of ele
trons throughthe GEM onto the dete
tion ele
trode 
an be a
hieved by applying an adequate ele
-tri
al potential between both 
opper layers. The ele
tri
al �elds are formed in su
h away, that 
harges from above the GEM will be 
hanneled and imaged undistorted tobelow the GEM.

Figure A.1: Left: Hole distribution and geometry of the used GEM foil. Right:Ele
tri
 �eld lines 
lose to a hole.As in the 3He 
ounter, there is CO2 in the dete
tor, a
ting as quen
hing gas.Together with a standard preampli�er (VV50) developed by the ele
troni
 departmentof the institute of physi
s in Heidelberg a 
ountrate of 300kHz 
an be a

epted with-out any dead time problems. A partitioning of the drift ele
trode in 
ombination with138



A UCN dete
tors and their 
hara
teristi
shighly integrated readout ele
troni
s 
an even in
rease the 
ountrate to the range ofa few MHz and allows also a 2D spatial resolution of 1.5
m2. Additional informationabout the te
hni
al realization 
an be found elsewhere [86℄. The dete
tor is 
onstantly�ushed with a gas mixture of argon and CO2 (with a ratio of 82/18) whi
h is 
ommonlyavailable as welding gas with its brand name Sagox18 .Working in 
lose 
ollaboration with the neutron dete
tor group of the Institute forPhysi
s in Heidelberg, we investigated the 
onversion and dete
tion e�
ien
y of ultra-
old and very 
old neutrons for di�erent boron layers and helped therefore to �nd theoptimal 
oating thi
knesses whi
h have been so far only 
al
ulated.The measurements were done at the existing UCN sour
e in Mainz. For velo
ity de-pendent determination, the already dis
ussed TOF setup with a �ight path of 1500± 5mm was used. The measurements were performed in two 
onse
utive days. For normal-ization of the obtained Cas
ade TOF spe
tra, a TOF spe
trum with a standard 3Hedete
tor was taken in addition to ea
h Cas
ade run. Five standard Cas
ade entran
ewindows 
oated with di�erent boron thi
knesses (50 nm, 100 nm, 200 nm, 300 nm and1 µm) had been available and were installed for measurement one after another. Afterde
onvolution of the spe
tra we obtain the following results.
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Figure A.2: Time-of-�ight spe
tra measured with di�erent boron layer thi
knesses.As expe
ted from the 
al
ulations, the dete
tion e�
ien
y for ultra
old neutrons dropsdown for boron 
oatings thi
ker than 300 nm. This result 
an be explained by the shortmean free path of the α and Li de
ay produ
ts in the 
onverter layer. Ultra
old neu-139



trons up to 6.5 m/s are 
ompletely absorbed in the �rst 100 nm of the boron 
oating.Indeed, in
reasing the thi
kness higher than 200 nm, in
reases the dete
tion e�
ien
yfor faster neutrons (VCN) but also de
reases the probability of ultra
old neutrons to be
ounted. It's even possible to 
ustomize the boron 
oating in a way (50 nm) that onlyultra
old neutrons are dete
ted.As optimal 
onverter thi
kness for our purpose we have 
hoosen the preinstalled en-tran
e window with a 10B layer of 200 nm.

Figure A.3: Cal
ulated absorption of UCN inside 10B layers with di�erent thi
knesses .As already dis
ussed in the previous se
tion about 3He dete
tors, 3He rea
hes a theo-reti
al e�
ien
y of 
lose to 100%. Therefore one 
ould think that the Cas
ade apparentin Fig.A.2 for the optimal boron 
onverter has an e�
ien
y of 120%.As already explained, the ultra
old neutron transmission and hen
e dete
tor e�
ien
ydepends strongly on the used material of the entran
e windows. It is 
on
eivable thatthe entran
e window of the 3He 
ounter redu
es its e�
ien
y on the order of 20%.
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Appendix BDetermination of the 
hopper
hara
teristi
sA time-of-�ight 
hopper 
an be 
hara
terized by two properties whi
h are importantfor the exa
t de
onvolution of the measured TOF data:1. The opening fun
tion represents the shape of the neutron pulse whi
h exits the
hopper dis
.2. The time o�set is the delay of the real neutron pulse after the trigger pulse for thedata aquisition systemFor the time of �ight investigations, presented in this thesis, two di�erent dis
 
hoppersystems were used:
• A three dis
 
hopper (Fig.B.1) whi
h was developed and built by the UCN groupat the Paul S
herrer Institute (PSI) [50℄.
• A single dis
 
hopper (Fig.B.1) whi
h was built by J.Zenner during his diplomathesis in Mainz [53℄.The 
hara
terization of both 
hopper systems was performed at the UCN sour
e C atthe TRIGA Mainz.In all measurements, the same amount of solid deuterium (4 mol) was used as UCN
onverter.B.1 Determination of the o�setTime 
alibration of the two systems was obtained by 
omparing(i) at a given distan
e the spe
tra taken at two di�erent 
hopper frequen
ies;(ii) at a given 
hopper frequen
y the TOF spe
tra taken at the two di�erent distan
es.141



B.1 Determination of the o�set

Figure B.1: Choppersystems used for the investigation of a solid deuterium and solidhydrogen UCN sour
e. Left: Three dis
 
hopper of PSI. Right: single dis
 
hopper ofMainzWe obtained eight partially dependent 
alibration measurements by 
omparing the TOFspe
tra at di�erent 
hopper frequen
ies, three pairs at ea
h distan
e: (a)1.00 Hz, 0.75Hz, (b)1.0 Hz, 0.50 Hz, and (
) 0.75 Hz, 0.50 Hz, and in addition three 
alibrationmeasurements (one per frequen
y) by 
omparing the TOF spe
tra at the two di�erentdistan
es. In all eight TOF spe
tra, two Gaussians and a �at ba
kground were �tted tothe data, see, e.g., Fig.B.2. This pro
edure results in a suitable parametrisation of theexperimental data. The χ2 per degree of freedom of the �ts were in all 
ases between1.1 and 1.9. These values re�e
t the rather simpli�ed parameterization of the spe
traby two Gaussians.With the time 
alibration using di�erent 
hopper frequen
ies, e.g., 1.00 Hz and 0.75Hz at 1.6 m �ight path, we �nd for the time of the �rst Gaussian peak in the 0.75 Hzdata t+1.33 ·δt = (0.390±0.003) s and t+δt = (0.330±0.007) s at 1.00 Hz, 
f. Fig.B.2.Here, δt is the time di�eren
e between the ele
troni
 trigger signal from the 
hopperand its real opening time [50℄ for a 
hopper frequen
y of 1 Hz. Sin
e the ele
troni
signal is produ
ed by a photoele
tri
 barrier triggered by an interrupter on one of therotating 
hopper dis
s, the value of δt depends on the 
hopper frequen
y. The fa
tor1.33 [=(1 Hz)/(0.75 Hz)℄ in front of the parameter δt originates from the normalizationof δt to 1 Hz. Thus, from the above numbers, we get 0.33 · δt = (0.060 ± 0.0076) s andtherefore δt = (0.180 ± 0.022) s.Similar and partially more pre
ise values for δt are obtained from new data whi
hwas taken for a solid deuterium 
onverter of 6.1 mole. Averaging all available and142



B Determination of the 
hopper 
hara
teristi
s
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0 0.2 0.4 0.6 0.8 1Figure B.2: Time-of-�ight spe
tra obtained with the PSI 
hopper for a �ight path of1.616 m. Top: 
onverter volume 4 mole, 
hopper frequen
ies of 1.00 Hz (open squares)and 0.75 Hz (open 
ir
les). Bottom: 
onverter volume 6.1 mole, 
hopper frequen
ies of1 Hz (open squares), 0.75 Hz (open 
ir
les) and 0.50 Hz (open triangles). TwoGaussians and a �at ba
kground were �tted to ea
h of the data sets (solid lines). Thetime spe
tra at di�erent 
hopping frequen
ies have to be 
orre
ted by a frequen
ydependent time o�set, see text.independent information we �nd δt(1Hz) = (0.191 ± 0.003) s (four independent mea-surements) from evaluating δt from the di�erent frequen
ies at the two distan
es, and
δt(1Hz) = (0.192 ± 0.007) from evaluating at one distan
e the di�erent frequen
ies.These values were obtained from a �t with (i) a χ2 per degree of freedom of 0.7 forthe former method, 
orresponding to a 
on�den
e level of 0.45, and (ii) a χ2 per de-gree of freedom of 0.3 for the latter method, 
orresponding to a 
on�den
e level of ∼0.8.Using the same methods, J.Zenner obtained for the single dis
 
hopper an o�set of
δt(1Hz) = (0.11 ± 0.03) s [53℄. 143



B.2 Measurement of the opening fun
tionB.2 Measurement of the opening fun
tionThe opening fun
tion 
an be measured by driving the 
hopper dis
 with a very lowfrequen
y (few mHz) and using a short �ight path (20
m) to the dete
tor. By keepingthe neutron travelling time shorter than the 
hopper dis
 speed, it is possible to take aneutron "image" of the rotating 
hopper dis
. For example, Fig.B.3 shows the measuredopening fun
tion of the single dis
 
hopper (Mainz) as a fun
tion of time. The similarmeasurement of the PSI 
hopper opening fun
tion 
an be found elsewhere [50, 87℄.The parameters of the analyti
al opening fun
tions, des
ribed in [53℄, were �tted witha χ2 = 1.29.
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Figure B.3: Measured opening fun
tion of the Mainz single dis
 
hopper.
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Appendix CDe
onvolution of the time of �ightdataThe de
onvolution of the TOF spe
tra and the 
onversion into velo
ity distributionswas performed in two steps.In the �rst step, we de
onvoluted the measured data by a re
ursive de
onvolutionmethod based on a mathemati
a routine [85℄. Before starting the de
onvolution pro-
ess, an analyti
al des
ription of the measured data is of importan
e. Besides the use ofstandard two Gauss �ts, whi
h worked for several 
ases in the framework of this thesis,there should also a more general des
ription be mentioned. This general des
ription ofthe measured TOF spe
tra makes use of a 
ubi
 spline fu
tion based on nine supportingpoints (ax) and a 
onstant ba
kground (b), see for example Fig.C.1.
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Figure C.1: Analyti
al des
ription of the measured data by a 
ubi
 spline fun
tionusing 9 supporting points (arrows). Ba
kground 
onstant b = 51 is not visualized.This analyti
al expression F (x) is then 
onvoluted with the 
hopper opening fun
tionvia
G(x) =

∫

F (x − x0) · Openf(x0) dx0 (C.1)145



Using the standard least square �tting te
hnique G(x) in
luding the nine supportingpoints is varied until we obtain a minimal 
hi-square. After substra
tion of the measuredo�set δt we obtain a de
onvoluted TOF spe
trum F (x), whi
h 
onvoluted with theopening fun
tion of the used 
hopper represents the measured data.The data represent the neutron event distribution dN/dt.In order to obtain a velo
ity distribution dN/dvp parallel to the guide axis, we performa se
ond step:(i) we multiply the data with the derivative |dt/dvp| = t2/d, where d is the �ight path(ii) we 
onvert the TOF axis to vp = d/t.
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Appendix DMonte Carlo simulations withMCNP, predi
tion of the UCNprodu
tion in solid deuteriumTo understand the measured results at the prototype UCN sour
e, 
hap.4.3.2, two stepshad to be done.1. Des
ription of the neutron �ux and its spe
tral distribution inside the 
onverter 
up2. Des
ription of of loss 
hannels of the produ
ed ultra
old and very 
old neutrons ontheir way from the produ
tion point to the dete
tor.In 
hap.2.3.1 the downs
attering 
ross se
tion for neutrons inside the 
onverter ma-terial, in
luding some �rst predi
tions of produ
tion are given. As 
an be dedu
edfrom Fig.2.4, a 
al
ulation based on eqn.2.21 depends strongly on the initial neutronspe
trum dΦ
dE0

. Hen
e, to understand the behaviour of the neutron spe
trum inside the
onverter (premoderation e�e
t), Monte Carlo simulations in steps of 1mol solid deu-terium were performed with the standard parti
le tra
king 
ode of MCNP 4.2. Thisway it was possible to estimate the neutron �uxes and the spe
tral distribution insidebeamport C and D of the rea
tor TRIGA Mainz.Starting with the �rst simulations, whi
h have been performed by Yury Pokotilovsky,who implemented the a
tual realisti
 three dimensional rea
tor model (Fig.D.1) of theTRIGA Mainz in MCNP, the model was extended with a more realisti
 geometry of thefrozen 
onverter. As 
an be seen in Fig.D.1, this geometry �le in
ludes all ne
essaryrea
tor installations in a rather simpli�ed geometry. The neutron and gamma 
rossse
tions for the implemented materials espe
ially the deuterium and also hydrogen weretaken from the standard library �les. Unfortunately, due to the not usual appli
ation ofsolid hydrogen and its isotopes, only 
ross se
tions for the liquid states have been avail-able. Refering to [?℄, where extensive studies of 
old, very 
old and ultra
old neutronspe
tra for both solid and liquid deuterium are presented, we estimate an error of 20%for the MCNP simulation results a
hieved with the 
ross se
tion of liquid hydrogen anddeuterium. 147



Figure D.1: Cut through the 3D realisti
 rea
tor model of the rea
tor TRIGA Mainzunder MCNP. The numbers in the pi
ture represent the partnumbers of ea
hgeometri
 element implemented in the 
ode.Therefore, all �nal 
al
ulation 
an be understood as a �rst estimation of the premod-eration of the thermal neutrons inside the solids UCN 
onverters.Reliable 
riti
ality simulations are of 
ourse time 
onsuming. To obtain reasonable re-sults in a tolerable 
omputing time (o�
e 
omputer), 4000 single tra
king runs wereperformed for ea
h sour
e 
on�guration.Results of the MCNP 
al
ulationsStarting with the empty beamports, the thermal neutron �uxes have been 
al
ulated.To a
hieve some reliability of the implemented model, these results have been 
omparedwith experimentally determined thermal neutron data measured via neutron a
tivationof gold. Within an error of 10% the measured and the simulated �uen
es are in goodagrement with ea
h other.Based on this 
al
ulation, it is possible to analyze the thermal neutron spe
trum for theempty beamport C. Fitting a standard Maxwell distribution using eqn.2.18, we obtaina neutron temperature of 350K whi
h is sligthly higher than the moderator temperature.148



D Monte Carlo simulations with MCNP, predi
tion of the UCN produ
tion in soliddeuterium
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Figure D.2: Measured and simulated thermal (bla
k points) neutron �uen
enormalized for 1 W rea
tor power as a fun
tion of the distan
e d from the front end(nose) of the beamtube C. The errors of the measurement are about 5%.MCNP 
al
ulation of neutron premoderation in solid deuteriumTo investigate the spe
tral 
hange of the initial neutron spe
trum inside the solid deu-terium, the 
onverter 
up of beamport C was divided in 7 dis
s with a thi
kness of7mm, ea
h 
orresponding to 1mol of solid deuterium with a density of 0.2g/cm3. Start-ing from 1mol, seven independent simulation runs (1mol steps) have been performedup to the maximal rea
hable quantity of 7mol. Due to the �nite geometry of our soliddeuterium 
rystal and the large s
attering length of thermal neutrons inside deuterium(≈ 5
m), the premoderation of the neutron spe
trum is not 
ompleted and has to bedes
ribed by the sum of two Maxwellian distributions.
dΦ

dE
= A1 · E

(kBT1)2
· e−

E
kBT1 + A2 · E

(kBT2)2
· e−

E
kBT2 (D.1)Analysing the neutron spe
tra inside ea
h mol of solid deuterium (up to a 
rystal sizeof 7 mol), we obtain for beamport C 28 spe
tram, presented in the following table:With the help of these �t parameters (tab.D.5), it was possible to 
al
ulate a

ordingto eqn.2.22 the �nal produ
tion of ultra
old (Ekin<190neV) and very 
old neutrons forthe 
rystals between 1 and 7mol (in 1mol steps). In 
ontrast to the mentioned debyeapproximation, used for the des
ription of the phonon density of states in 
hap.2.3.1, amore realisti
 density of states model, based on the measured neutron dispersion 
urvefrom Nielsen [27℄ was implemented. 149
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Figure D.3: Cal
ulated neutron spe
trum (green points) of beamport C at thedeuterium position. For the �t, a Maxwell Boltzmann distribution was used
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D Monte Carlo simulations with MCNP, predi
tion of the UCN produ
tion in soliddeuterium
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Table D.1: Fit parameters of the neutron spe
tra inside solid deuteriumA1 T1 A2 T21mol: 142.8 293.5 4.27 61.82mol:1.mol: 166 282 172 362.mol 130.5 302 4.27 803mol:1.mol: 147.9 296.8 25.6 55.62.mol 153.1 282.3 310 403.mol 151.8 270.5 158.2 40.74mol:1.mol: 164 283 345.5 382.mol 157 275 367.5 31.53.mol 143 277 354 48.54.mol 151 258 685 355mol:1.mol: 159 285 492 442.mol 175 264 699 373.mol 161 265.6 665 33.34.mol 141 271 676 34.75.mol 117 284 524 33.26mol:1.mol: 178 279 474 452.mol 179 263 776 373.mol 163 266.6 592 424.mol 145 273 761 395.mol 127 279 616 416.mol 119 275 545 35.77mol:1.mol: 161 287 376 602.mol 151 283 465 583.mol 158 268.6 580 46.14.mol 151 263.7 544 44.35.mol 148 256 518 43.76.mol 113 280 340.5 587.mol 100 286 255.7 62.8
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Appendix EMonte Carlo simulations of arealisti
 sour
e model, predi
tion ofUCN transmissionFor the analysis of the measured TOF data, a Monte Carlo model of the UCN sour
eC was developed. This C 
ode allowed us to simulate the energy dependent transportmea
hnism of slow neutrons from the produ
tion position inside the 
onverter to thedete
tor. The geometri
al model of the UCN sour
e for Monte Carlo simulation in
ludesthe following parts:
• the 
onverter 
up with internal length 60 mm atta
hed to
• the sour
e neutron guide with length 3.5 m (everywhere the internal diameter ofneutron guides and 
ross-se
tions for neutrons passage is equal to 66 mm);
• The sour
e neutron guide ends with an aluminium foil of 100µm thi
kness followedby a straight se
tion with a length of 46 
m ;
• This neutron guide se
tion ends with a 45 degrees bent to whi
h a time-of-�ightspe
trometer is 
onne
ted.Ultra- and very 
old neutrons 
an be 
reated inside the solid deuterium 
onverter in thevelo
ity range from 0.01 to 20 m/s. The neutron intensity in
reases quadrati
ally withvelo
ity. The angular distribution inside the solid is set isotropi
. The initial 
reationpositions are homogeniously distributed inside the 
onverter volume.Elsewhere, inside the sour
e, in
luding the 
onverter the neutron traje
tories are builtwith paraboli
 in
rement 
orresponding to the movement in the gravitational �eld ofthe earth. The a

ura
y of this method was proven by 
omparing the results with thetraje
tories obtained from the solutions of the di�erential equations of motion for giveninitial parameters using the Runge-Kutta 4th integration method [88℄ (additionally theenergy 
onservation law is 
ontrolled). 153



Simulation parameters of the 
onverterInside the 
onverter, e.g., solid deuterium the program takes all losses into a

ountwhi
h have been already mentioned in 
hap.2.3.2
• neutron absorption on a deuterium atom
• 
apture and ups
attering on hydrogen 
ontamination
• ups
attering on ortho- and para- deuterium
• in
oherent and elasti
 s
attering.The 
orresponding 
ross-se
tions are used to 
al
ulate the mean free paths of ultra
oldand very 
old neutrons inside solid deuterium. The a
tual neutron path length is sim-ulated in a

ordan
e to the distribution ∼ exp(−l/Lmfp), where Lmfp is a 
umulativemean free path. In the 
ase of neutron loss, the pro
ess of neutron 
reation is repeatedwith new initial parameters and position.In the 
ase of elasti
 s
attering on the latti
e, an isotropi
 s
attering law simulatesprolonged traje
tories with new dire
tion angles. Finally, when the neutron rea
hes the
onverter-va
uum boundary, the quantum re�e
tion probability, refra
tion and Fermipotential a

eleration, see also se
t.4.2, are 
al
ulated and applied to the 
ontinuingtraje
tory.Simulation parameters outside the 
onverterThe intera
tion of neutrons es
aping from the 
onverter with the walls of the neutronguide is simulated by standard spe
ular and di�usive re�e
tion laws. Di�use re�e
tion isintrodu
ed a

ording to the Knudsen law as next order re�e
tion 
hara
ter for ultra
oldneutrons, whi
h was 
onsidered by [45, ?℄. The di�use re�e
tion parameter of ∼ 6%and also the losses per wall 
ollision, ∼ 2÷ 4×10−4 were taken from [62℄.For the neutron transmission through the aluminium separation foil at the end of theneutron guide, several physi
al aspe
ts like
• multiple quantum re�e
tions
• refra
tion
• de
eleration on the Fermi potential of aluminium
• absorption due to 
apture rea
tion
• elasti
 s
atteringwere taken into a

ount.
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E Monte Carlo simulations of a realisti
 sour
e model, predi
tion of UCN transmission

Figure E.1: Pi
ture of the 3 dimensional visualization of the neutron tra
king duringsimulation. For example only the 
onverter part (red) and a short guide pie
e (green)are shown.The TOF setupJust before the TOF spe
trometer, neutrons are de�e
ted with a 45 degree bent se
tionout of the thermal neutron beam. In order to simulate the neutron transmission througha bent se
tion, the bent se
tion was simpli�ed as a part of a torus. Unfortunately, itturned out that the 
ode 
ould not reprodu
e the very 
old neutron transmission of our
onventionally used stainless steel bents.This dis
repan
y was �nally attributed to the not adequate model of neutron transmis-sion through a stainless steel bent se
tion, whi
h is mainly dominated by the unknowninner surfa
e roughness. Attempts to des
ribe the s
attering of neutrons using somerealisti
 ma
ros
opi
 waviness and introdu
ing a Debye-Waller fa
tor for wall quantumre�e
tion were not su

essful.Therefore, an arti�
ial "bla
kness" fa
tor for very 
old neutron transmission was imple-mented in the 
ode.Further experimental work 
on�rmed the assumption of large losses for very 
old neu-trons. By 
omparing TOF spe
tra (Fig.E.2), obtained with our 
onventionally usedstainless steel bents and spe
ially prepared bent se
tions made from glass, see se
t 7.29,the working prin
iple of the Monte Carlo transport 
ode 
ould be su

esfully proven.
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