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I Fast neutrons produced in
fission and spallation sources

I Moderate to thermal / cold
I Maxwell-Boltzmann temp.

E ∼ kBT

I “Convert” to UCN
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Ultracold neutrons (UCN)

I Total internal reflection, e.g. 58Ni = 340 neV

Eucn ≤ Vm = n
2π~2

mn

√
σtot

4π

I Magnetic moment
VB = ~µn · [~B = 1 T] ∼ 60 neV

I Earth’s gravity, ballistic trajectories
Vg = mng[h = 1 m] ∼ 100 neV

I Can prepare mixtures of
discrete gravitational states

I Store neutrons for ∼100 s-880 s
I Most UCN experiments statistics limited

T. Jenke, H. Abele (2014)
10.1016/j.phpro.2013.12.016
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Figure 1 – The vertical wave function of the first five eigen states in the gravity potential with their eigen energies.
The black lines indicate the potential composed from the neutron mirror and gravity.

glass and is about 100 neV high, which is large compared to the neutron energy E perpendicular
to the surface of the mirror. Therefore it is justified to assume that the mirror is a hard boundary
for neutrons at z = 0. Our tasks offer a new way of looking at gravitation based on quantum
interference: an ultracold neutron, a quantum particle, as an object and as a tool. This unique
system – systematic effects are extremely small – allows to map aspects of gravitation including
the dark energy and dark matter searches.

2 Experiments with Quantum States of Ultracold Neutrons in the gravity field

Ultracold neutrons (UCN) bridge the gap between gravity experiments at short distances and
the precise measurement techniques of quantum mechanics: These neutrons are so slow, that
their corresponding wave length is much larger than interatomic distances of matter. Hence,
they are totally reflected under any angle of incidence (why they are referred to as ultracold),
and may bounce on a flat, polished glass mirror. The measurements take place at the Institut
Laue-Langevin which houses the worlds most intense steady-mode neutron source. For UCN with
a tiny vertical velocity component, quantum mechanics comes into play: Schrödinger’s equation
with the linear gravity potential tells us, that bound states ψk of these UCN with macroscopic
size should exist: (

− h̄2

2mi

∂2

∂z2
+mggz

)
ψk = ih̄

∂

∂t
ψk. (1)

Here, mi and mg are the inertial and gravitational mass of the neutron, g corresponds to
the local acceleration of the earth, and z denotes the height over the glass mirror. The equation
can be transformed in order to be dimensionless using a substitution z → z/z0, E → E/E0, and
t→ t/t0. The corresponding scaling factors read

z0 = 3

√
h̄2

2mimg
≈ 5.9 µm, E0 = mggz0 ≈ 0.6 peV, t0 =

h̄

E0
≈ 1.1 ms. (2)

The scaling factors define the typical distance and energy scale of any experiment with gravita-
tionally bound UCN.
The solutions of Schrödingers equation are the well-known Airy-functions. In Fig. 1, the first five
states are shown. The eigen energies depend solely on the neutron’s inertial and gravitational
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Neutron electric dipole moment (nEDM)

C. Baker, et al. (2014)
10.1016/j.nima.2013.10.005

for new physics beyond the standard model [20]. The small size of
the neutron EDM, as indicated by the measured values displayed
in Fig. 1 [1,21–37], has already eliminated many theories, and is
pressing heavily upon the expectations from extensions to the
Standard Model through to supersymmetric interactions.

1.2. Implications of non-zero EDM measurements

EDMs are being sought in various systems: the free neutron,
the mercury atom [38], and the electron (via the thallium atom
[39] and, more recently, the YbF [40], ThO [41] and PbO molecules
[42,43]), in addition to a proposal to study deuterium [44]. The
fundamental mechanisms underlying sources of EDMs are differ-
ent in each system, and the measurement of a finite value within
one of these systems would therefore have distinctive implications
[45]: for example, if the EDMs are driven by the QCD θ angle, one
would expect similar contributions to all strongly coupled systems,
in which case the neutron, 199Hg nucleus and the deuteron would
all have EDMs of similar scale, whereas the electron EDMwould be
much smaller. Thus, the different systems have different implica-
tions for physics models beyond the standard model. Measure-
ments on multiple systems are also needed in order to rule out
cancellations.

EDM limits provide fairly tight constraints upon supersym-
metric models; the same is true of most other models beyond the
standard model that attempt to incorporate CP violation to a
degree adequate to explain the observed baryon asymmetry of
the Universe. The “accidental” cancellation of first-order contribu-
tions in the Standard Model is not a general feature, and EDM
limits (and EDM values, once measured) provide a powerful way
to distinguish between models and, indeed, to eliminate many of
them. Ramsey [46] and Barr [17] have provided useful reviews of

the situation, and the book by Khriplovich and Lamoreaux [47]
contains further general information on EDMs.

2. Principle of the method

Almost all of the experimental searches for the EDM of the
neutron have been magnetic resonance experiments in which
polarized neutrons are subjected to parallel magnetic and electric
fields in vacuum [48,49]. The only internal degrees of freedom of
the neutron are those associated with the spin s, so that the
Hamiltonian ðHÞ in an electric ðE0Þ and a magnetic ðB0Þ field is

H¼ �2s � ðμnB0þdnE0Þ: ð1Þ
If the magnetic and electric fields are parallel or antiparallel, the
precession frequency ν0 of the spin is given by

hν0 ¼ �2μnjB0j82dnjE0j; ð2Þ

where h is Planck's constant, μn is the magnetic dipole moment
(�1.913…nuclear magnetons), dn is the EDM and the upper
(lower) sign is for B0 and E parallel (antiparallel). When an electric
field of magnitude E0 is changed from being parallel to B0 to being
antiparallel, the precession frequency changes by

δν0 ¼ � 4dnE0
h

: ð3Þ

An EDM of 10�25 e cm would give a frequency shift of 1 μHz with
the reversal of a 1 MV/m electric field. Because μn is negative, the
sign definition for dn is such that a positive dipole moment would
increase the precession frequency when E and B0 are antiparallel.
Application of a magnetic field produces a magnetic Zeeman
splitting; subsequent application of an electric field then merely
changes the separation of the Zeeman levels, without inducing
any further splitting. It should be noted that the electric polariz-
ability of the neutron cannot affect the precession frequency to
first order.

The early experiments used beams of neutrons with velocities
greater than 100 m/s. Such experiments became limited by the
v � E effect, according to which motion through the electric field
results in a magnetic field in the neutron rest frame and hence a
possible change in the precession frequency with the same
dependence on the electric field as a real EDM. More recent
experiments use ultra-cold neutrons (UCNs), with velocities of
less than 7 m/s, stored in evacuated chambers with walls that
totally reflect the neutrons; the average velocity is so close to zero
that the v � E effect can be adequately controlled at the present
level of sensitivity. The first published result from a series
of experiments being carried out under these conditions at

the Institut Laue-Langevin (ILL) in Grenoble was dn ¼ �ð375Þ �
10�26 e cm [34]. A broadly similar experiment at the PNPI in

Russia [36] yielded an EDM of ðþ2:674:071:6Þ � 10�26 e cm.
Both experiments were limited at the time by systematic uncer-
tainties associated with instabilities and non-uniformities in the
magnetic field. The ILL experiment initially used three rubidium
magnetometers adjacent to the storage cell to try to compensate
for magnetic field drifts; the PNPI experiment used instead a
back-to-back twin-cell arrangement to make simultaneous mea-
surements with the E field in opposite directions. In each case,
the presence of gradients in the magnetic field could adversely
affect the results, since there was a significant displacement
between each measurement cell and the control volume used for
compensation. This problem was addressed in this experiment
at the ILL by the installation of a magnetometer based upon
measurement of the precession frequency of spin-polarized I¼1/2
atoms of 199Hg (3�1010 atoms/cm3; μn=μHg ¼ γn=γHg ¼ �3:842)
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Fig. 1. The evolution of the experimental limit of the electric dipole moment of the
neutron. Those experiments before 1980 used neutron beams, and those after use
stored ultracold neutrons. See [19] for the theoretical predictions.

C.A. Baker et al. / Nuclear Instruments and Methods in Physics Research A 736 (2014) 184–203 185

I Frequency shift δν0 from (anti)parallel fields

hν0 = −2µn

∣∣∣~B0

∣∣∣∓ 2dn

∣∣∣~E0

∣∣∣→ dn = hδν0/4E0

σd ≈
~

2αET
√

N

I ILL-Sussex-RAL: 545 runs of 1-2 days
2.5× 109 neutrons
dn = (−0.21± 1.82)× 10−26 e · cm
σstat = ±1.53× 10−26 e · cm
J. M. Pendlebury, et al (2015) PhysRevD.92.092003
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Correlation A with UCN (UCNA)

J. D. Jackson, et al. (1957) 10.1103/PhysRev.106.517
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I β-decay is asymmetric, P violating
I Weak interaction coupling constants
I Polarized free neutrons

W(E) ∝ 1 +
v
c
〈P〉A(E) cos θ

A0 =
−2(λ

2 − |λ|)
1 + 3λ2 and λ ≡ gA

gV

I LANL UCNA
A0 = −0.11945(55)stat(98)syst

RAPID COMMUNICATIONS

M. P. MENDENHALL et al. PHYSICAL REVIEW C 87, 032501(R) (2013)
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FIG. 1. Top: background subtracted electron energy spectrum,
combining both detector sides and spin states, overlaid with the
Monte Carlo prediction. The measured background spectrum is also
shown. Middle: A0 vs Erecon, shown with statistical error bars, and
fit to a constant from 220 to 670 keV. Bottom: corrections and their
uncertainties (band) excluding polarization and theory contributions;
positive sign indicating a larger |A0|.

For each run, events are binned based on reconstructed
energy (10 keV bins) and initial direction. The rates in the
two detectors are then computed based on the experiment live
time. We applied separate spin-dependent blinding factors to
the two detector rates, effectively adding an unknown scaling
factor to the measured asymmetry that was constrained to be
within 1.00(5). After determination of all cuts, corrections,
and uncertainties, this factor was removed. For each β-
decay/background run pair, the background rate is subtracted
from the β-decay-run rate bin by bin. The reconstructed energy
spectrum (background subtracted, averaged over the two spin
states) is shown in the top panel of Fig. 1, overlaid with the
measured background (signal:background ∼ 124 between 220
and 670 keV). Also overlaid is the Monte Carlo predicted
reconstructed energy spectrum, with detector response effects
(energy resolution, trigger efficiency, etc.) taken into account.

In each measurement unit (octet), a ratio of count rates
is constructed, leading to a “super-ratio” (as defined in [8]),
from which the asymmetry is determined. The final measured
asymmetry is the statistical combination of all asymmetry
subunits therein.

To extract A0, we first divide the raw measured asym-
metry by 1

2β in each energy bin to remove the strongest
energy dependence. As described in [7,8], two scattering
related effects dominate subsequent systematic corrections:
the residual backscattering correction 	backscattering and the
angle effect 	angle. In addition to a small correction due to
incorrect identification of the initial electron direction for the
measured electron backscatters (where both detectors observe
the electron), there are corrections for backscattering from the
decay trap windows and the front windows of the MWPC that

TABLE II. Summary of corrections and uncertainties as % of
A0. “+” corrections increase |A0| from the observed uncorrected
value.

Systematic Corr. (%) Unc. (%)

Polarization +0.67 ± 0.56
	backscattering +1.36 ± 0.34
	angle −1.21 ± 0.30
Energy reconstruction ± 0.31
Gain fluctuation ± 0.18
Field non-uniformity +0.06 ± 0.10
εMWPC +0.12 ± 0.08
Muon veto efficiency ± 0.03
UCN-induced background +0.01 ± 0.02
σstatistics ± 0.46

Theory contributions
Recoil order [21–24] −1.71 ± 0.03
Radiative [25,26] −0.10 ± 0.05

cannot be identified experimentally. Angle effects arise from
the fact that the energy loss of an electron in the thin windows
is strongly angle dependent. Low-energy, large pitch angle
electrons are more likely to fall below the scintillator threshold,
leading to a suppression of the acceptance at large angles.
Both of these effects were evaluated with two independent
Monte Carlo simulation packages: PENELOPE [18] and GEANT4

[19] (version 4.9.5, using the Livermore low-energy elec-
tromagnetic physics model [20]). The two simulations were
benchmarked against the measured backscattering distribu-
tions for the different types of backscattering events using both
neutron β-decay electrons and conversion-electron sources.
The resulting corrections are shown in Table II. For all analysis
choices (inclusion or exclusion of backscattering event types),
the correction calculated from the two Monte Carlo models
agreed to within 15%. Based on observed differences between
the simulations and the detectable backscattering data (e.g.,
two scintillator triggers and two MWPC hits for single
scintillator triggers), we assign a fractional uncertainty of 25%
to the backscattering and angle effect corrections.

Additional theoretical contributions (beyond the simple v/c
term) must be incorporated in order to convert the observable
neutron β decay asymmetry A(E) to the underlying parameter
A0. Recoil-order contributions to A(E) were calculated within
the context of the standard model according to the formalism
of [21–24], and the radiative correction contribution was
calculated according to [25–27].1

1The estimated radiative correction in [25], Eq. (15), is based on
an energy-independent analysis that integrates total counts across the
whole spectrum. The “Fermi function” weighting of the spectrum
toward lower energies (and lower asymmetry), represented by the
Coulomb terms 2π 2β−1 in [25], Eq. (14), dominates the correction.
For an analysis that extracts A0 as a function of energy, the bin-by-bin
energy-dependent correction has the opposite sign. Our previous A0

measurement [9] did not account for this. Updating the result with the
value from Table II modifies the result from [9] to A0 = −0.11942 ±
0.00089+0.00123

−0.00140.

032501-4

M. Mendenhall (2013) 10.1103/PhysRevC.87.032501
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Gravity resonance spectroscopy (GRS)

I Oscillating mirror driving transitions between states matches resonance
I Energy sensitivity of 10−14 eV
I Place limits on dark energy/matter, new interactions
I Limited by statistical uncertainty, tiny phase-space
I “qBounce” at ILL: 1 count per minute

NATURE PHYSICS DOI: 10.1038/NPHYS1970 LETTERS

?
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on top
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and scatterer
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Region 1
Region 2

Region 3Quantum state |q〉

Quantum state |p〉

Energy

Quantum state |q〉

Quantum state |p〉

Polarizer

π-flip Analyser

Figure 1 | Principle of gravity resonance spectroscopy and its experimental realization in our current set-up. a, Generally, one has to realize a state
selector as polarizer, a so called π-flip, creating the superposition of the two states |p〉 and |q〉, of which the energy difference1E is to be measured, and a
second state detector as an analyser. A polished mirror on the bottom and a rough absorbing mirror on top at a height of about 20 µm is a realization of a
state selector for the gravitational ground state of an ultra-cold neutron |p〉 (ref. 13). Higher, unwanted states are scattered out of the system and absorbed.
The oscillator is installed in region 2. Here, transitions between quantum states |p〉 and |q〉 are induced within a time t according to equation (2). In region 3,
a second state selector, serving only as an analyser, transmits neutrons in state |p〉. A detector behind this system counts the transmitted neutrons. b, In our
current set-up, regions 1–3 are combined by using one neutron mirror on the bottom, one state-selector mirror on top, and a neutron detector behind the
set-up. While neutrons are prepared in the ground state |p〉, the entire system is vibrating with frequency ν and strength a. If E= hν matches the resonance
condition given in equation (1), transitions between state |p〉 and |q〉 are induced. The state selector on top introduces an asymmetry, because state |p〉
passes the system with higher probability than state |q〉. A significant, vibration strength-dependent, drop in transmission therefore occurs at resonance.

Themirror is made of polished optical glass and is mounted on a
piezo-driven vibration system. The experiment itself is mounted on
a polished plane granite slab with active and passive anti-vibration
tables underneath. The slab is levelled with a precision better than
1 µrad. A mu-metal shield suppresses the coupling of residual
fluctuations of the magnetic field to the magnetic moment of
the neutron adequately. As in previous measurements14–16, the
neutrons are taken from the ultra-cold neutron installation PF2 at
Institut Laue-Langevin (ILL). We restrict the horizontal velocity to
5.7m s−1< v< 7m s−1.

To test our state selector, we analysed the spatial neutron
density distribution with a spatial resolution detector directly
after the mirror and for a scatterer system without vibrations.
The measurement agrees well with the quantum mechanical
prediction16 for our geometric parameters. 57% of the neutrons
were found in the ground state, 37% in the second state, and 6%
in higher states. To optimize the contrast in later measurements, we
chose levels |1〉 and |3〉 as states |p〉 and |q〉 respectively.

Within the qBounce12,13 experiment, we performed two
resonance-spectroscopy measurements with different geometric
parameters (mirror length L and gap height h), resulting in different
resonance frequencies and widths, as outlined in Fig. 2. In general,
the oscillator frequency at resonance for a transition between states
with energies Ep and Eq is:

ωpq=
Eq−Ep

h̄
=ωq−ωp (1)

Here, one has to take into account that because of the additional
potential of the state selector, the energy eigenvalues depend on
the gap height h, see Fig. 2. Although the first energy level stays
practically unchanged, higher states aremore strongly affected.

The transition probability |p〉 to |q〉 is given in the Methods
section. The transfer is referred to as Rabi transition. In our
experiments we chose states |1〉 and |3〉 as a two-level system. In
resonance, if the modulation frequency ω equals the transition
frequency ω13 = ω3 − ω1, the system is driven into a coherent
superposition of state |1〉 and |3〉 and we can choose amplitude a in
such away thatwe have complete reversal of the state occupation.

The observable is the measured transmission left after the
transition |1〉 to |3〉 as a function of the modulation frequency
ω and amplitude a, see Fig. 3. During the time the neutron
spends on the mirror, the acceleration on the mirror is practically
constant and does not change significantly. We measure a with
a noise and vibration analyser attached to the neutron mirror
system. In addition, the position-dependent mirror vibrations
were measured using a laser-based vibration analysis system. The
piezo-system by itself does not show significant self-resonant
behaviour, which might influence the neutron transmission in the
frequency range considered.

For the first experiment, Fig. 3a shows the measured count
rate as a function of ω. Blue (brown) data points correspond to
measurements with moderate (high) vibration strength 1.5≤ a≤
4.0m s−2(4.9≤ a≤ 7.7m s−2). The corresponding Rabi resonance
curve was calculated using their mean vibration strength of

NATURE PHYSICS | VOL 7 | JUNE 2011 | www.nature.com/naturephysics 469
© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

T. Jenke, et al. (2011) 10.1038/NPHYS1970, (2012) arXiv:1208.3875, (2014) 10.1016/j.phpro.2013.12.016
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“Traditional” production

I Present in tail of moderated Maxwell-Boltzmann
distribution

Φ(E) dE = Φo
E

(kBT)
2 e

(
−E/kBT

)
dE

I Cold moderator, vertical extraction, turbine

I. Altarev (1986) JETPL

Steyerl, et al. (1986) 10.1016/0375-9601(86)90587-6

I ILL PF2 4× 106
UCN/s

and >36 UCN/cm3

I Flux limited by
Liouville’s theorem
d
dtρ(~r,~p; t) = 0

G. Medlin PULSTAR Ultracold Neutron Source NCSU
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“Superthermal” superfluid helium source

Y. Abe, et al. (2001)
10.1016/S0168-9002(00)01009-3

Fig. 1. The e}i region where neutron scattering is possible for
E
0
"1.0 meV (dotted curve), 0.3 meV (dashed curve) and

0.1 leV (dotted-chain curve). Also shown is the dispersion curve
of liquid 4He [12] as a solid curve. Note that energy transfers
e'0 and e(0 represent, respectively, down- and up-scattering.

second sum rule in the present model can be ex-
pressed by

+2P
=

~=

duuS(i,u)"
+2i2

2M
#S(i)+(u

R
!uM

R
)

]tanhA
+u

R
2k

B
¹B (8)

where Eq. (8) is obtained with the aid of

+2P
=

~=

duuSB(i,u)"

!i+
d

dt
exp[!q2aMJt2!i+bt#c2!cN$iu

R
t]D

t/0

(9)

In Eq. (8), a slight deviation from a recoil energy
+2i2/2M arises from the use of u

R
and uM

R
at

i40.4 As ~1, though at larger i no deviation exists
because u

R
"uM

R
. The magnitude of the deviation

is evaluated numerically, so that a maximum devi-
ation of 18% at i&0.2 As ~1 is found. Owing to
this reevaluation of the cross-section model, its
usefulness at low ¹ and i is properly improved,
which will be shown in the following.

3. Result and discussion

3.1. Double-diwerential cross-section

In the previous study we compared S(i,u) with
several experimental results [7,16,17] and found
a satisfactory agreement at many di!erent temper-
atures between 1.0 and 4.2 K [5,6]. Hence the
present analysis of the double-di!erential cross-
section is carried out mainly for lower temperatures
below 1.0 K and lower incident neutron energy
E
0
41.0 meV. This means that attention is mainly

directed to the UCN production and scattering.
At temperatures below 1.0 K long-lived excita-

tions appear as a single sharp peak along the dis-
persion curve of liquid 4He and the main features of
double-di!erential cross-section are characterized
by the energy and lifetime of excitations. On the
other hand, because of the conservation laws of the
momentum and kinetic energy, neutron scattering
is restricted to the region where the momentum

transfer +i and energy transfer e ("+u) of neutron
satisfy

!

+2i2

2M
/

!2SE
0

+2i2

2M
/

4e4!

+2i2

2M
/

#2SE
0

+2i2

2M
/

(10)

where M
/

is the mass of a neutron and e'0 and
e(0 represent down- and up-scattering, respec-
tively. Fig. 1 shows the e}i regions for E

0
"

1.0 meV, 0.3 meV and 0.1 leV, together with the
dispersion curve of liquid 4He [12]. For E

0
"1.0

meV, a crossing point of dispersion curves for
liquid 4He and neutron takes place at
e"1.03 meV and i"0.704 As ~1, thus giving the
condition of UCN production. As E

0
decreases,

down-scattering to smaller "nal energy E, not to
UCN, is restricted. Hence, for E

0
40.3 meV, there

is no signi"cant down-scattering while up-scatte-
ring becomes dominant. As for E

0
40.1 leV,

UCN scatters within very small angles and upward
to 1 meV at i&0.7 As ~1.

Y. Abe, N. Morishima / Nuclear Instruments and Methods in Physics Research A 459 (2001) 256}264 259

I R. Golub & J. Pendlebury (1977)
production by downscatter off Landau roton

I Steady-state UCN density in converter

ρ = P · τ where τ
−1

=
∑

τ
−1
i

I τβ-decay = 880 s
I Upscatter τ+ ∼ exp (11 K/THe)→ THe < 0.7 K

I
3He/4He <1012

I τwall also

G. Medlin PULSTAR Ultracold Neutron Source NCSU
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Solid candidates

I Solid phonons can increase production, utilize broader energy range

S+1ph.
inc (~Q, ω) ∝ 1

M
e−2W(~Q) Z(ω)

ω
〈n + 1〉 and

Z(ω)

ω
∝ ω

(ΘD)
3

Isotope σtot σabs ΘD Contaminate σabs

4He 1.34 - 20 3He 5300
H2 82.03 0.33 120 - -
D2 7.64 5.2× 10−3 110 H 0.33

15N2 5.21 2.4× 10−5 80 14N 1.91
16O2 4.23 1.6× 10−3 104 17O(0.038%) 0.236

208Pb 11.34 4.8× 10−3 105 207Pb 0.699
C.-Y. Liu (2002) Thesis

I Potential molecules? e.g. CD4

G. Medlin PULSTAR Ultracold Neutron Source NCSU
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Solid deuterium source

I Order of magnitude faster production than helium
I Nuclear absorption limited

τ
−1
i = nivσi(v)

I τo-D2
= 150 ms→ UCN extraction→ crystal growth study

I Diminishing returns <5 K→ Maintain 5 K under reactor heat
I τp-D2

= 1.5 ms→ Pre-convert para-D2 → spin converter
I τH2

= 250 µs→ Limit on H2 → Raman spectroscopy

G. Medlin PULSTAR Ultracold Neutron Source NCSU
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PULSTAR UCN source

I Thermal column of 1 MW PULSTAR reactor
I Graphite port to transport core neutrons
I 680 L heavy water thermal moderator tank
I 1.4 L ∼40 K, cup-shaped, methane cold moderator
I 1 L of 5 K solid deuterium UCN converter

sD2 volume

sCH4 volume

UCN guide

UCN window

G. Medlin PULSTAR Ultracold Neutron Source NCSU
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1 Introduction

2 Neutron transport model

3 Source commissioning

4 Crystal growth study
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Neutron transport

Goal: Calculate UCN production

I Model fission, transport, and moderation in MCNP
I Benchmark model against activation measurement
I Generate temperature-dependent methane kernel

with NJOY
I Model cold spectrum available for UCN production
I Fold with UCN production cross section

 

 

 

 

 

 

 

Fission in core

Graphite port

D2O
300 K

CH4

∼50 K

D2

5 K

Fast &
Thermal

Thermal

Cold

UCN
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Monte Carlo N-Particle (MCNP)

Monte Carlo method

I Random sampling approx. analytical solution
I Fire 108 neutrons at a disk inscribed square

4(tally) = 3.141 46± 0.0004

vs. π = 3.141 59 . . .

MCNP

I Generate particle, calculate next
surface intersection

I Material sets collision, interaction
probability, e.g. free gas or S(α, β)

I Particles tallied at virtual detector

28 neutrons <25 meV to sD2 per 20 000 generated

G. Medlin PULSTAR Ultracold Neutron Source NCSU
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MCNP model

I Existing PULSTAR model
I Criticality calculation (KCODE)
I Benchmarked against thermal column

Φ

(tally)
= P

ν̄

Q
= (1 MW)

(
2.46 n/fission

200 MeV/fission

)

I Add transport system, test tank
geometry

I Standard ENDF material libraries

G. Medlin PULSTAR Ultracold Neutron Source NCSU



Introduction Neutron transport model Source commissioning Crystal growth study

Activation measurement

I Gold foil neutron activation

197
79Au + n→ 198

79Au→ 198
80Hg + e− + γ

R = No

∫
dEσa(E)Φ(E)

I Cadmium strongly absorbs <0.5eV
I Gold cross-section 1/v below cutoff
I Assume moderated flux

σa(E) = σ
o
a

√
kTo/E

Φ(E) ∝ E exp (−E/kTo)

I Test tank simulates source tank
I Foils alternately cadmium-shielded

G. Medlin PULSTAR Ultracold Neutron Source NCSU
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Thermal neutron results

B D

C E

I 80% reduction without shielding box
I 15% disagreement with shielding box
I Shape agrees
I 30% reduction due to void 0.0
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Epithermal correction

I Significant epithermal flux
I Maxwellian assumption

under-represents epithermals
I Using MCNP spectrum, ∼1%
I MCNP acceptably benchmarked

0.625 eV
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Source model & phase I methane

I Source modeled in MCNP
I Treated D2 as vacuum
I Tallied avg. flux over converter

I Methane S(α, β) at 22 K library from LEAPR
I Harker & Brugger 1967 measurements
I No expected behavioral change >65-22 K
I Created libraries 22-60 K
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Y. Harker, R. Brugger (1967)
10.1063/1.18410242208 Y. D. HARKER AND R. M. BRUGGER 
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this means forcing the 22°K spectrum to zero even 
though the data indicates otherwise. 

Through the use of the frequency spectrum some of 
the peaks present are more easily observed than di­
rectly from the scattered neutron spectra, but for this 
particular experiment the biggest differences observed 
above and below the upper transition temperature are 
basically involved with the elastic peak which is in a 
region outside the frequency-spectrum approach. 

Another approach has been developed for molecular 
solids20; this predicts that the scattering cross section 
is the result of the weighted sum of two frequency 
distributions, one for the center-of-mass motion and 
one for the small molecular rotations or librations. For 
CH4 this weighting favors the librational distribution 
over the center of mass distribution by a factor of 6. 
This means that the inelastic data can be assumed to 
be largely the result of the rotational type of motion 
and that the good fit of the calculated curves to the 
data over most of the inelastic scattering can be inter­
preted as meaning that collective torsional oscillations 
are present in all three phases. 

v. DISCUSSION 

This set of experimental data contributes more evi­
dence in favor of the proposal that the molecules of 
CH4 in solid methane at 22°K are not freely rotating 
and that the 20.4 OK transition is not caused by a 
freezing of this free rotational motion. The broadening 
of the elastic peaks, which are narrow as in a vibrating 
solid below the transition and change into quasielastic 
peaks above, might be explained in two ways. First, a 
change in the center of mass motion of the molecule 
from a highly bound solidlike motion to a less tightly 

20 H. Hahn, Inelastic Scattering Neutrons, Solids, Liquids, 
froe. Symp. 3rd Bombay 1964 2, 279 (1965). 

-16 18 20 22 24 

bound motion, of which the extreme would be self­
diffusion. If this were the situation, the broadening 
observed would predict a self-diffusion coefficient of 
the order of those observed in liquid C~.21 Diffusive 
motion has been observed in a solid CH, above 65°K,1l 
but it is not expected even at that temperature that 
this motion would be of the same magnitude as found 
in the liquid. Thus it appears that the broadening ob­
served is too large to be explained by a reasonable form 
of self-diffusion in the solid state. 

The second possible cause for 20.4 OK transition is a 
change from an orientationally ordered system below 
the transition temperature to a completely orienta­
tionally disordered system above. It has been ob­
served in infrared studies22 that such a transition re­
sulted in broadened spectra for the disordered system. 
Such an effect would also be expected in neutron data, 
but without specific models its magnitude cannot be 
determined. This type of a change is however, con­
sistent with other observations from other meth­
OdS.7.9.11.23 
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Cold flux

I 50% from core epithermals
I Cold flux not fully thermalized
I Increasing moderator thickness

reduces total flux
I Production not very

temperature dependent
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...
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25 K
22 K I Run moderator warmer, less

cryogenic demand
I Avoid stored energy problem

G. Medlin PULSTAR Ultracold Neutron Source NCSU



Introduction Neutron transport model Source commissioning Crystal growth study

UCN production

I Production rate 6× 103
UCN/cm3 · s

I Density rough estimate...
I 2% para
I 0.13% H2
I 40 ms survival time

I 250 UCN/cm3

A. Frei, et al. (2011)
10.1209/0295-5075/92/62001

Understanding of ultra-cold–neutron production in solid deuterium

Fig. 4: Comparison of the one-quasi-particle density of states
of solid D2 for co = 66.7% (◦) and co = 98% (�) at T = 7K
with a Debye model (line). Data from TOFTOF measurements
(energy resolution: ∆E ∼ 1.24meV). The sD2 polycrystal is
prepared by fast freezing (several minutes) of liquid D2 down
to a temperature of T < 10K.

∫∞
0
G1(E) ·dE = 1

and rotational excitations of the D2 molecules) density of
statesG1(E). The other way is the direct integration of the
dynamical neutron cross-section in the kinematical region
along the free-neutron dispersion parabola.

UCN production cross-section —incoherent
approximation. – With the knowledge of the quasi-
particle density of states G1(E) it is possible to calculate
the dynamical neutron cross-section dσ

dEf
(averaged over

the scattering angle, thus Q). Vice versa it is also possi-
ble to extract G1(E) from a measured [

dσ
dEf
]data using

Turchin’s theory [14] for this cross-section applying the
incoherent approximation. The absolute normalization of
[ dσdEf ]data is not needed, because the extracted G1(E) has

to be normalized to unity anyway. This approach is only
valid within the Born-approximation.
The method for the determination of G1(E) from our

data is described in detail in [12]. Contributions of higher-
order multiphonons to dσ

dEf
are incorporated.

The result of our analysis [12] concerning G1(E) and
a comparison with a Debye model is shown in fig. 4.
The characteristics of G1(E) was already discussed in
detail in [12] but it is worth to summarize these results
also here, because they have an important impact on
the UCN production cross-section. One major feature is
the occurrence of these excitations above E ∼ 10meV in
the one-quasi-particle density of states G1(E). These exci-
tations above E ∼ 10meV depend on the concentration
of ortho-D2. The optical phonons in the region (8meV<
E < 10meV) are not clearly visible in G1(E).
In the case of UCN production the energy transfer

of the down-scattered neutron E =E0−Ef is approxi-
mately equal to the initial neutron energy E0 (Ef =EU �
E0, EU : UCN energy). The total cross-section for UCN

Fig. 5: UCN production cross-section of co = 98% solid D2.
UCN energy range 0–150 neV inside the solid D2. Solid line:
cross-section calculated in incoherent approximation, using
G1(E) from [12]. Dashed line: one-quasi-particle contribution.
Dotted line: two-quasi-particle contribution. �: data from
measurements at the PSI [15].

production can be calculated by

σUCN (E0) =

∫ EmaxU

0

dσ(E0)

dE
dEU . (2)

It is shown in fig. 5 and can be compared with recent
published data of the UCN group at the PSI [15] which
has studied UCN production at a cold-neutron beam
(E0 ∼ 1.4meV to 20meV). The agreement between data
and our calculation, using our data for G1(E) and
Turchin’s incoherent approximation is very good. The
calculated cross-section comprises the contribution of
one-quasi-particle and two-quasi-particle excitations.
Three-quasi-particle excitations do not appear below
E ∼ 14meV (see fig. 9 in [12]) and are rather small
in their contribution. The authors of [15] compared
their results to a calculated cross-section based on a
multi-phonon Debye model. They also reported, that
using a “more realistic model” for the density of states
(Yu et al. [13,16]) leads to a considerably worse fit
of their data. Using a Debye model with a cut-off at
kB ·ΘD = 9.5meV (Debye temperature ΘD = 110K) only
the contribution of two-phonon excitation have to be
included in order to fit the measured cross-section of
σUCN = 1.55 · 10−7 barns at E = 14.7meV [15]. This also
applies for the DOS model of Yu et al. Our own calculated
cross-section shows a combination of one-quasi-particle
and two-quasi-particle excitations contributing at these
energies. In detail our data indicate (see fig. 5) that
the UCN production cross-section is mainly determined
by one-quasi-particle excitation for energies below
E = 15meV (see fig. 4). However, the two-quasi-particle
contribution cannot be neglected in the region of E
5–25meV.

62001-p3

Understanding of ultra-cold–neutron production in solid deuterium

Fig. 6: UCN production cross-section solid D2 of co = 95.2%.
A UCN energy range of 0–150 neV inside the solid D2
is assumed. Cross-section determined by an integration of
S(Q,E) along the free dispersion of the neutron (sample:
fast frozen solid deuterium (T = 4K)); data from IN4
measurements. Blue �: E0 = 17.2meV. Red filled ◦: E0 =
67meV, �: direct UCN production data from measurements
at the PSI [15].

approximation and parabola method, shows (see fig. 5
and fig. 6) a discrepancy in the region of E ∼ 6meV. The
cross-section, determined by the parabola method exhibits
a pronounced maximum in the region of E ∼ 6meV as
compared to the incoherent approximation result. The
direct measurements of the UCN production cross-section
were performed with a broad energy distribution of the
incoming cold neutrons (see fig. 4 of [15]). It is obvious that
the double-peak structure in our cross-section determined
by incoherent approximation, using G1(E), cannot be
reproduced by the data presented in [15] (cold-neutron
energy resolution). A new experiment at a more intense
cold-neutron beam with a better energy resolution would
be desirable. Furthermore it should be emphasized that
the coherent phonon contribution to the UCN production
cross-section at E � 5meV, which is clearly seen in fig. 6,
is a major down-scattering channel for UCN production.
In fig. 7 the dynamical scattering function S(Q,E)
(neutron energy loss side) of fast frozen solid ortho-
deuterium is shown. The black line corresponds to the
dispersion of the free neutron.
The parabola of the free neutron crosses the acoustical

phonon dispersion curve at E ∼ 6meV (see fig. 7). At this
point, the UCN production cross-section is predominantly
determined by coherent scattering. This can explain a
deviation from the production cross-section in incoherent
approximation. Nevertheless the general agreement of the
incoherent approximation with the PSI data is remarkable
(see fig. 5).
The effective UCN production rate P (UCNcm−3 s−1)

from a neutron beam is determined by integrating the
product of the UCN production cross-section dσ/dE and

Fig. 7: S(Q,E) (arib. units) of sD2 for co = 95.2% at T = 4K.
Data from IN4 measurements. Black parabola: dispersion of
the free neutron.

Fig. 8: Calculated UCN production rate of co = 98% solid
D2 for different Maxwellian neutron spectra with effective
neutron temperature Tn. UCN energy range: 0–150 neV inside
the solid D2. Neutron capture flux ΦC = 1 · 1014 cm−2 s−1.
Solid line: total production rate (one- and two-particle exci-
tation). Dashed line: one-particle production rate. Dotted line:
two-particle production rate.

the spectral flux dΦ/dE (Maxwell spectrum with effective
neutron temperature Tn) of the incoming neutrons over
the finite UCN energy range (EmaxU maximum allowable
UCN energy) and over the energy spectrum of the incom-
ing neutron, still assuming E =E0.

P (Tn) =ND2 ·
∫ EmaxU

0

∫ Emax
0

dΦ(Tn)

dE0
· dσ
dE0
dEUdE0.

(4)
In fig. 8 the result for the UCN production rate in solid

ortho-deuterium, exposed to Maxwellian shaped neutron
flux for different effective neutron temperatures is shown,
using eq. (4).
The main conclusion from these results is the new

understanding of possible higher energetic loss channels
(one-quasi-particle and two-quasi-particle excitations) in
solid deuterium for the down-scattering of thermal or cold
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Molecular deuterium spin states

I Quantum rotor, J = 1 state at 7.4 meV

EJ ≈
~2

2I
J(J + 1)→ ∆(∆E)

I Independent para (J odd) ortho (J even) species{
ψrotational · ψspin

}
symmetric → ∆J ± 2

I Total spin S = 0, 1, 2: 1,3,5-fold degenerate
I At low T, J = 1 still present

NJ ∝ (2J + 1)gSe
− EJ/kBT

I Can upscatter UCN by spin flip, J = 1→ 0
I Must convert para-deuterium prior
I Low temperature magnetic catalyst

G. Medlin PULSTAR Ultracold Neutron Source NCSU
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Spin converter

I U-shaped copper cell
I Coaxial heat exchanger
I Installed without breaking seal
I Oxisorb and iron hydroxide catalysts
I Adsorbs >60 liters gas
I Vapor pressure not thermometer
I Expected para-content on gas panel
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Raman spectroscopy

I Sensitive to rotation in diatomics
I Direct measurement
I Reference eliminates system

dependencies
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(
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Raman spectra

I More sensitive to H2, in these samples, stricter limit than HD
I Could put limit on O2, N2
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Gas handling

I High-purity, flexible design
I Remains at saturation

during liquefaction
I Passive gas return

Check Valve

10 m length  
1/2” tube

Deuterium
Cryogenic
Container

P2P1

T1

Cryostat
Gas 

Handling

Deuterium
Ballast Tank

Manifold

Helium jacket
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Helium system

I Hybrid liquefier and refrigerator, modified for continuous operation
I Demonstrated independent control of cooling loops
I Maintains cryostat temperature with electric heaters simulating reactor load

...

Compressor
(Linde Model RS)
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Crystal growth study
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I Elastic scattering shortens mean free
path, impedes UCN extraction

I Other groups have observed method of
crystal growth impacts production

I How do crystal properties affect UCN
production in our source?

I Limited access when installed

Before neutrons, goals:

I Translate measured P/T into crystal T
I Temperature-gradient in crystal
I Optical transparency
I Effect of IR load
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Design

I Re-usable, install without disassembly
I Replace UCN foil window
I Pressure- SS bellows feedthrough
I Optical-“Dentist’s mirror”
I IR- heated plate
I T-gradient- stand lowered from mirror
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Design
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Solid movement

I Above 10 K, high gradient in vapor pressure causes migration to cold spots
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Video
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Beginning sublimation

(A1) <5.4 K, 8.2 K, 10 mbar (C1) 9.5 K, 18.3 K, 40 mbar

(D1) 8.4 K, 16.2 K, 15 mbar (E1) 9.7 K, 17.8 K, 16 mbar
G. Medlin PULSTAR Ultracold Neutron Source NCSU
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Full inventories

(B2) Cold sublimation (B4) “Annealed”

(B5) Melt & re-freeze (C2) Warm sublimation
G. Medlin PULSTAR Ultracold Neutron Source NCSU
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Surface defects

(C2) Warm sublimation (C2) Cooled

(C4) Pulsed heater

(C5) Warming (C5) Warming
G. Medlin PULSTAR Ultracold Neutron Source NCSU
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Crystal study conclusions

Optical

I Optically transparent from liquid or high temperature sublimation
I D2 migration 10-18.7 K can create dome shape
I “Annealing” can alter crystal appearance
I Rapid temperature changes create surface irregularities

Temperature

I Center of container at He inlet is significantly colder
I Pressure accurately reflects surface temperature
I External sensors relationship is circumstance dependent
I Surface temperature increases with sublimated thickness
I Effect of larger IR load still unknown
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Conclusion

Recap

I Current neutronics model
I Built and tested gas handling system, spin converter
I Completed and tested cryostat, helium system, Raman system
I Designed, built, ran crystal study

Current status
I Source

I Chilled water improvement
I Shielding and neutron safety review

I Neutronics model publication
I Crystal study publication?
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EXTRA SLIDES
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