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Ultracold neutrons (UCNs) are a useful tool for fundamental physics experiments. They can be used to probe the
lifetime of free neutrons, search for new CP violating processes and exotic interactions beyond the Standard
Model, perform Ramsey spectroscopy, and carry out neutron-optical interference experiments. All of these
experiments require high neutron count rates for good statistics. For optimal exploitation of experimental
beam time, these experiments need to be prepared and, at times, even simulated in advance. To this end, it

is crucial to know the velocity-dependent UCN flux at each beam position. Knowing the absolute neutron flux
also allows for an absolute calibration of previously gathered data. Using the same time-of-fight experimental
setup, we have measured the differential neutron flux of three out of the four UCN beam ports at the PF2
instrument at Institut Laue-Langevin, Grenoble. These beam ports are commonly used for UCN flux experiments

and proof-of-principle tests.

1. Introduction

Many fundamental physics experiments use ultracold neutrons
(UCNs). These are neutrons with a kinetic energy low enough to be
confined in material bottles or magnetic traps, typically < 300 neV
(v < 7.6 m/s) [1,2]. This property allows for long observation times
and makes UCNSs particularly interesting for three types of experiments:
storage experiments determining the lifetime of the free neutron,
the search for a non-zero electric dipole moment of the neutron
(nEDM), and constraining dark matter candidates [3]. UCNs are also
frequently used in transmission experiments [4] as well as low-energy
experiments that probe gravitation on the micrometer scale [5,6] and
neutron-optical phenomena [7].

Various UCN converters are operational throughout the world. The
oldest such converter, and by far the most often used for fundamental
physics research until the present, is the UCN “Turbine” (instrument
PF2) at the Institut Laue-Langevin [8,9] with its four UCN beam ports.
It slows very cold neutrons (VCN) down to UCN energies by reflecting
them off receding polished metal blades exploiting the Doppler effect.
The design of the Turbine favors experiments requiring a high UCN flux
over those requiring a high UCN density.

2. Previous measurements

Steyerl et al. carried out UCN flux (also called current density) and
density measurements after the Turbine had been installed [9,10]. In

these experiments, both flux and density inside the Turbine vessel were
determined. However, no systematic measurement has yet been taken
of the UCN flux available outside the vessel at the four PF2 beam ports
(MAM, UCN, EDM, TEST), nor have these beam ports been compared
with one another.

In 1999, the group led by A. V. Strelkov from JINR Dubna (Russia)
measured the neutron density of the EDM, UCN, and MAM beams using
a spherical copper storage vessel with a volume of 27 liters (ugr‘;t =
5.7 m/s) and a pinhole exit [11]. Unfortunately, these data were never
published.

Recently, a standardized steel storage vessel with a neutron-optical
potential of 188 neV (vz‘reifl = 6.0 m/s) on the inside walls was used
to measure the UCN density at one neutron beam port of the Turbine
(PF2-EDM). The neutron densities at the exits of other UCN converters,
based on solid deuterium and liquid helium as conversion media, were
measured using the same storage vessel and then compared with one
another [12].

Many experiments, especially long-term experiments, will benefit
from the data of the velocity-dependent UCN fluxes at the Turbine’s
beam ports [13]. This data will facilitate the simulation and prepa-
ration of experiments before the setup is installed at the Turbine for
its allocated beam time. The data will also serve as a retroactive
calibration standard for past experiments and as a reference for future
instrument upgrades.

* Corresponding author at: Physik-Department, Technische Universitit Miinchen, James-Franck-Strasse 1, D-85748 Garching, Germany.

E-mail address: stefan.doege@tum.de (S. Doge).

https://doi.org/10.1016/j.nima.2019.163112
Received 13 October 2019; Accepted 6 November 2019
Available online 11 November 2019

0168-9002/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.nima.2019.163112
http://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2019.163112&domain=pdf
mailto:stefan.doege@tum.de
https://doi.org/10.1016/j.nima.2019.163112
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Doge, J. Hingerl and C. Morkel

|

Cascade detector

|

Cascade detector

2 8

Z!(u?a 1= :8 o

+ < [e)} + < (o)} ’6

a2 1S g IS 5

£ £~ Q

an 5 an 5 <
©

Q %

E=9: E=3F :
() -8 (9] -8 g% o -g
53 ou 58] o7 w Y S
3$ ~ 3@ 00 QL s J
E}u A% E)II A w0 .
- = - = [
7] gJD 7] g)o Q

a
| & ¢ EBE=
q,[ ]E ° © ° 2
‘08 =y 2o = 2o s}
3 o S N — >3O o
=9 = o © = o &
Al S o (S @ o S\
=R} - = £ o g
17} g;o 17} g;o ) 2w
| | L =0
=] ¢ =] ¢ =] ¢
Q — Q = Q o
o o & 2 8 &= o o o©
23 Q 28 = 2o o
g} ~ a3 (%] hago} [oe]
Tl 9] (STl
o A8 3!, S o5 A
(%] — (%] —_— wv f—
=% =t _f=Z
] = ] = o =
Q2 o < Q2 o < 2 o <
S N o ERe] o S O —
o ~ R © R %
o Il S o Il < [Tl <
L o L o g =
@ [} @ 9] i [}
— + | — + | — +—
) p 2
S S >
w w w
*Z|_ t ‘g
5] 5]
20 c.g 0_5
U - v ()
£ 3 £ & £3
2w 2w 2w
S a S o S &
(= = ~

Fig. 1. Beam tube configurations used for comparing the flux of the three Turbine
beam ports PF2-TEST, PF2-EDM, and PF2-UCN with one another. The Turbine’s safety
foil is indicated as “Al foil”. For each beam tube, the length L and outer diameter @&
are given in millimeters.

3. The experimental setup

For the comparative measurement of neutron spectra, the UCN ports
of the Turbine were equipped with beam tube configurations that are
often used by experimenters, see Fig. 1. The beam port PF2-MAM was
permanently occupied by the long-term experiment “Gravitrap” [14]
and thus its spectrum could not be measured.

For safety reasons, the vacuum in the Turbine’s beam guides is
separated from the Turbine vacuum by a 100 pm thick AIMg3 foil. The
neutron guides between the safety foil of the Turbine and the chopper
were standard NiMo-coated electropolished stainless steel tubes of var-
ious lengths and with outer diameters as indicated in Fig. 1. The tubes
all had a wall thickness of 2 mm. Their transmissivity was measured to
be 95% per meter for the UCN spectrum of the Turbine.

Connected to the last steel guide tube was an UCN chopper similar
to the one developed by Lauer [15] but with 1 mm thick titanium grids,
a NiMo-coated glass tube of 80 mm inner and 90 mm outer diameter,
and a Cascade neutron detector [16], which together constituted the
time-of-flight (TOF) geometry of this experiment. The transmissivity of
the glass tubes for neutrons in the UCN range was 87% per meter,
and the neutron flight path had a length of drgr = 458 mm. As
the neutron beam was uncollimated, the TOF method measured the
neutrons’ velocity component along the beam axis, v,. All spectra were
measured at the height of the Turbine exits and without any bends in
the neutron guides.

The absolute efficiency of the Cascade detector was determined
to be 34 + 5% [17,18] across the Turbine’s neutron spectrum. This
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Fig. 2. Comparison of the Turbine’s differential neutron fluxes ¢(v) at the beam ports
PF2-UCN, PF2-EDM, and PF2-TEST at the position of the respective safety foil. Of the
error bars, a systematic error of 15% is due to the uncertainty of the absolute Cascade
detector efficiency for UCNs. The peak velocities can be calculated using Eq. (5) and
the respective spectral temperature from Table 1. Some error bars have been removed
for better legibility.

value, together with the beam tubes’ transport efficiencies, and the
chopper’s duty cycle of 3.94% and geometric opening of 36% allowed
the measured UCN transmission to be extrapolated back to the position
of the aluminum safety foil and the absolute differential neutron flux
¢(v) at the Turbine’s beam ports to be obtained. All in all, the beamline
and TOF setup reduce the usable number of UCNs to about 0.5% of the
original flux at the position of the safety foil.

All measurements were carried out at a thermal reactor power
of 55.8 + 0.2 MW and with the Turbine operating in time-sharing
mode. This means that after each measurement run of 120 s, the
neutron switch could be requested by users on another beamline. To
ensure equal background conditions at each measurement run, the
measurement was only started after the beam guide had been filled
with neutrons for 12 s.

4. Experimental results and calculations

The Turbine ports’ neutron spectra, which extend beyond the UCN
range into the VCN energy range, are shown in Fig. 2. They were cor-
rected for detector efficiency and chopper duty cycle, and extrapolated
back to the position of the Turbine’s safety foil.

The measured differential neutron flux ¢(v) (in units of cm™3)
from Fig. 2 can be well approximated by a Maxwell-Boltzmann (MB)
distribution fMB(v) for the neutron density N(v) = Ny x fMB(v), where
¢(v) = N(v) X v, and thus

2

32
$(v) = Nodn (2:; ) 03 X exp <"2"li; ) . )

In Eq. (1), N, represents the total neutron density (in units of
cm~3) over the entire spectrum, m, the neutron’s mass, k the Boltzmann
constant, T' the temperature of the Maxwell-Boltzmann shaped neutron
spectrum, and v the neutron velocity. fMB(v) is normalized to unity, in
other words,

/°° N(v)dv = N, 2)
0

By integrating Eq. (2) not over the entire spectrum but rather over
an arbitrary velocity range, e.g. from 0 m/s to v, the neutron density
N(verp) over that range can be calculated. Here,

2U ot
Ucrit = P B (3)
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Table 1
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Neutron densities N, fluxes @, and temperatures T extracted from the Maxwell-Boltzmann (MB) fits and the real experimental spectra of the beam ports PF2-UCN, PF2-EDM, and
PF2-TEST. The uncertainty indicated for the data in column 1 is the fit error. The fit error for the temperature in column 2 is of the order of 107> mK. All experimental data
have a relative systematic uncertainty of +15%, which stems from the uncertainty of the neutron detector’s detection efficiency. Statistical errors are negligible compared to the

systematic errors. The critical velocities are ¢! = 6.0 m/s and vNi% =8.1 m/s.

Name of Tot. UCN density Spectral Integral neutron Integral neutron Tot. UCN density N (vteeh) N (058)

beam port N, [em™3] temp. 7' [mK] flux @ [em2s7'] flux @ [em~2s7] N, [em=3] [em~3] [em~2]
Maxwell-Boltzmann fit Experimental

PF2-UCN 61.0+0.1 2.6 44,800 41,135 49.3 10.4 26.1

PF2-EDM 50.1 +0.1 2.8 38,400 36,307 43.3 9.87 22.4

PF2-TEST 3.86 +0.01 3.0 3060 2928 3.37 0.69 1.62

where Uy, is the neutron-optical potential of a given material [1,2].
When calculating the neutron density inside an UCN storage bottle, U
is determined by the storage bottle’s inner wall coating, to which the
neutrons are exposed. Materials of choice are often steel, copper, nickel,
diamond-like-carbon (DLC), or fomblin grease.

The data from Fig. 2 have been fitted with the function ¢(v) = N (v)x
v, see Eq. (1), over the velocity interval (6 m/s, o). From this fit, the
total neutron densities N, temperatures T, and integral neutron fluxes
@ shown in Table 1 could be extracted. It must be noted, however,
that the experimental data for v < 6 m/s lie lower than the MB-
based fit and the fit, therefore, overestimates to some extent both the
integral neutron flux and the total neutron density of the spectrum.
This is due to the critical velocity of both the aluminum safety foil
and the aluminum entrance window of the Cascade detector (vﬁ‘r'it =
3.2 m/s), which prevent the slowest neutrons from exiting the Turbine
into the beam guide and entering the detector. However, the rest of the
spectrum agrees remarkably well with the MB fit, as demonstrated by
the minuscule fit error of the total neutron density shown in Table 1.

The peak of the differential neutron flux is found at ¢(v*) in Fig. 2,
while the most probable velocity of the Maxwell-Boltzmann spectrum
is found at fMB(p). Both are related to each other by

b = \/g 5, @

which can easily be demonstrated by calculating the first derivatives
d/dv of both distributions.

Using the relation
b= 2kT’ )

my

one can convert the temperature of the neutron spectra, see Table 1,
into each spectrum’s peak velocity 9, and also rewrite Eq. (1) as

4 1% 3 U 2
¢(U)—Noﬁx(5) Xexp(— [5] ) (6)

Calculated for the neutron flux peak ¢(v*) using the relation from
Eq. (4), Eq. (6) simplifies to

G(v*) = Noi(a /2)*/2 x exp(=3/2) = Ny x 0.9251. )
N

The total neutron density N, of a MB distributed neutron spectrum
is thus related to the peak of the differential flux by a simple scaling
factor.

The integral neutron flux @ (in units of ecm~2xs~1) of the spectrum
up to a critical velocity v can be calculated by integrating Eq. (6)

Uerit et fMB() x odo

b = N(@)xvdv = N, 0 —
0 Jo & MB(v)do
—— e

(v)

with the analytical solution of the integral in the numerator equal to

N2
A D

0

(8

and the solution of the integral in the denominator being

erf(%) - % X (%) X exp (~[Verit/01%) - (10)

Eq. (8) is tantamount to calculating the mean velocity (v) of the
velocity distribution and multiplying it by the total neutron density.
This is exactly the definition of the integral neutron flux ®.

For a perfect MB distribution, the weighted mean velocities (v)
from the aluminum cut-off (3.2 m/s) to the steel cutoff (6.0 m/s) are
4.74 m/s for the PF2-UCN beam, 4.75 m/s (PF2-EDM), and 4.76 m/s
(PF2-TEST). The weighted mean velocities extracted from the exper-
imental spectrum are 5.13 m/s for the PF2-UCN beam, 5.01 m/s
(PF2-EDM), and 5.04 m/s (PF2-TEST). They lie slightly higher than the
velocities from the MB fit due to the aluminum cut-off of the slowest
UCNs. At the aluminum safety foil, even UCNs slightly faster than the
critical velocity of aluminum are reflected if they impinge on the foil at
an angle other than 90°. The roughness of the aluminum foil also has
an effect on the transmission of UCNs [18,19].

Table 1 shows the values for neutron densities (total and up to the
critical velocities of steel and Ni-58), fluxes, and temperatures of the
measured spectra of the beam ports PF2-UCN, PF2-EDM, and PF2-TEST
as extracted by

1. Maxwell-Boltzmann (MB) fits using the mathematical relations
explained above

2. numerical integration and direct extraction from the experimen-
tal data.

It is easy to see that both the beam ports PF2-UCN and PF2-EDM
provide comparable UCN densities. Both are thus equally suitable for
UCN storage experiments.

The UCN density up to the critical velocity of steel uztrffl at the EDM
beam port (outside the Turbine), 9.87 + 1.48 cm~3, is about a factor of
two larger than the density of 4.61+0.02 cm~3 measured in a storage ex-
periment for a similar beamline configuration, including the aluminum
safety foil, as reported by Ries et al. [12]. The difference might be due
to differences in the UCN transport and detection efficiencies between
these two types of experiments.

Steyerl et al. [9] reported the UCN density up to 6.2 m/s inside the
Turbine to be 87 cm™3 as derived from TOF data and to be 36 cm~3 as
measured with an iron storage bottle. Here, again, the neutron density
measured by the TOF method lies about a factor of two higher than the
density measured with a storage bottle.

5. Conclusions

Using the same experimental equipment, we have measured and
compared the differential neutron fluxes at three out of the four beam
ports of the UCN Turbine at the Institut Laue-Langevin. From these
data, we were able to calculate the integral neutron fluxes and extract
the total neutron densities up to any arbitrary critical neutron veloc-
ity v Our measured values for the PF2-UCN and PF2-EDM beams
indicate that both have a similar UCN density below the steel cut-off
(6.0 m/s) of 10.4 cm~3 and 9.87 cm™3, respectively. These are in line
with earlier measurements of the UCN density inside the Turbine vessel.
The density of UCNs below the steel cut-off at the PF2-TEST beam is
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0.69 cm~3. These are the first published comparative neutron density
measurements outside the Turbine.

The experimental results for this paper were produced as part of the
Ph.D. theses of Stefan Doge [18] and Tobias Rechberger [20].
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