Eur. Phys. J. A 30, 603-611 (2006)
DOI 10.1140/epja /i2006-10136-3

THE EUROPEAN
PHYSICAL JOURNAL A

An experiment for the measurement of the bound-3-decay of

the free neutron

W. Schott!, G. Dollinger?, T. Faestermann®, J. Friedrich!, F.J. Hartmann®-? R. Hertenberger?, N. Kaiser!,

A R. Miiller', S. Paul', and A. Ulrich!

! Physik Department, Technische Universitit Miinchen, D-85748 Garching, Germany
2 Institut fiir Angewandte Physik und Messtechnik, Universitit der Bundeswehr Miinchen, D-85577 Neubiberg, Germany
3 Sektion Physik der Ludwig-Maximilians-Universitit Miinchen, D-85748 Garching, Germany

Received: 14 February 2006 / Revised: 6 September 2006 /
Published online: 4 December 2006 — (© Societa Italiana di Fisica / Springer-Verlag 2006

Communicated by Th. Walcher

Abstract. The hyperfine-state population of hydrogen after the bound-(3-decay of the neutron directly
yields the neutrino left-handedness or a possible right-handed admixture and possible small scalar and
tensor contributions to the weak force. Using the through-going beam tube of a high-flux reactor, a back-

ground free hydrogen rate of ca. 35!

can be obtained. The detection of the neutral hydrogen atoms and

the analysis of the hyperfine states is accomplished by Lamb shift source type quenching and subsequent
ionization. The constraints on the neutrino helicity and the scalar and tensor coupling constants of the

weak interaction can be improved by a factor of ten.

PACS. 13.30.Ce Leptonic, semileptonic, and radiative decays — 14.20.Dh Protons and neutrons

1 Introduction

The neutron decay is for many years the subject of in-
tense studies, as it reveals detailed information about the
structure of the weak interaction. However, the studies
have so far only addressed the main decay channel (clas-
sical neutron three-body [-decay), where decay rates and
decay asymmetries have been determined with great preci-
sion [1]. Symmetries of the interaction are accessible by the
precise measurement of momentum spectra of the decay
products and/or their correlation with the neutron spin
alignment. In addition, experiments are planned, where
the polarization of the final-state particles (electron or
proton) is measured. However, there is a very elegant
method to measure very precisely the relative spin align-
ments of the daughter products and their correlation. Us-
ing the two-body neutron (-decay into a hydrogen atom
(H) and an electron antineutrino (o),

n—H+7D, (1)

one can investigate the hyperfine population of the emerg-
ing hydrogen atom. The challenge lies in the very small
branching ratio BR = 4-1075 of the total neutron 3-decay
rate [2], which is the result of the small phase space for the
efficient coalescence necessary for H formation. We expect
only states with zero angular momentum in the hydrogen

# e-mail: joachim.hartmann@ph.tum.de

atom to be populated; these are mainly the 1s and the
metastable 2s states with 83.2% and 10.4% probability,
respectively. This is because states of angular momentum
I > 0 have a negligible expectation value in the center of
the potential. The residual 6.4% ns states with n > 2 de-
cay within nanoseconds, mainly into the 1s state. At a first
stage of the experiment, only 10% of the bound-3-decay H
can be used for the proposed 2s state spin analysis. The
2s H rate may be increased by 1s — 2s excitation (cf.
below).

Using the standard V-A theory the possible spin con-
figurations emerging from this bound-(3-decay emitted hy-
drogen atom are given in table 1.

According to [3] for a purely left-handed V-A inter-
action, the population probabilities W; of the first three
configurations i can be deduced to be

 (x—1)?
Wl - m’ (2)
2
Wy = 213 (3)
 (x+1)?
W3_ m’ (4)

depending only on one variable x = (1 + gs)/(A — 2¢97),
with Z?:1 W; = 1. X is the ratio

A =ga/gy = —1.2695 £ .0029 [1].
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Table 1. Spin projections ¢ in the neutron bound-3-decay. As a convention, H moves to the right, 7 to the left. Fe and GT mean
Fermi and Gamov-Teller transition, respectively. W; are the populations according to the pure V-A interaction (cf. egs. (2)-(4) of
ref. [2]), F the total spin (with hyperfine interaction) and mr the F projection, |msmr) the Paschen-Back state, where mg and
m; denote the e~ and p spin quantum numbers (+means +1/2, i.e. spin points to the right in the magnetic quantization field
direction). The population probability W; is W; = N;/N with N; being the configuration ¢ state population and N = Zf’:l N;.

Configuration U n D e~ Transition Wi (%) F mp |lmsmr)
1 — — — - Fe/GT 44.14 £ 0.05 0,1 0 |+ )
2 — — — — GT 55.24 +0.04 0,1 0 | — +>
3 - | = | = - Fe/GT 0.622 + 0.011 1 |+ +)
4 — — — — Fe/GT 0.0 1 -1 | ——)
2 N - - — Fe/GT 0.0 0,1 0 | —+)
1 — — — — GT 0.0 0,1 0 |+ —)
Table 2. W;(%) for various gs and gr. symmetric V4+A model, is given by [4]
Configuration ¢ gs =0 gs =0.1 gs =0
2
gr =0 gr =20 gr = 0.02 Wy = (z + Ay) ’ (5)
1 44.14 46.44 43.40 2(1 4 322 + 22 4+ 3\%y?)
2 55.24 53.32 55.82
3 0.622 0.238 0.780 with z = n — ¢ and y = n + (, where 7 is the mass ratio
4 0.0 0.0 0.0 squared of the two intermediate charged vector bosons and

Ja,9v,gs,gr are the axial, vector, scalar and tensor cou-
pling constants, respectively. Thus, by means of W; only a
combination of gg and gy can be measured. gg is obtained
from W; only if g is known from somewhere else and vice
versa.

The V-A contribution to the emission of H in one of
its hyperfine spin states with ' = 1 and mp = 1 (con-
figuration 3 of table 1) is suppressed by about two orders
of magnitude (cf. eq. (4)). Therefore, by measuring the
population of this configuration in relation to the config-
urations 1 and 2 (both mp = 0), the existence of S, P, T
weak interaction variants can be verified. While the states
F =1, mp = %1 (configurations 3 and 4) are pure eigen-
states of the Hamiltonian describing the p-e™ interaction
in an external magnetic field Bi, linear combinations of
the configuration 1 and 2 states with coefficients depend-
ing on B; yield the other two eigenstates. Therefore, the
configurations 3 and 4 are separated in any case from con-
figurations 1 and 2, whereas a separation of configurations
1 and 2 is only possible, if the decays occur within a mag-
netic field By (cf. below).

The sensitivity of W, with respect to gs and gr is
shown in table 2 [3], where the W; are calculated assuming
small admixtures of gs and gr.

The last three configurations 4, 1’ and 2’ in table 1
cannot be populated by a left-handed V-A interaction, but
only by emission of right-handed neutrinos. Among these
configurations, only configuration 4, namely | — —), is a
pure hyperfine energy state, see eq. (5). Among the other
configurations, 1’ is mixed with 2, and 2’ is mixed with 1,
see egs. (8) and (10) and cannot be studied separately.

A possible small contribution of negative helicity to U
would manifest itself by a non-zero value of Wy in table 1.
The population of configuration 4, predicted by a left-right

¢ the boson mass eigenstate mixing angle, n and ¢ being
n < 0.036 [5] and |¢] < 0.03 (C.L. 90%) [6], respectively.
In this model the antineutrino helicity Hz becomes

14307 —2? —3A%?

Hy = .
L+ 322 + 22 + 3)2y2

(6)

The neutron decay is then mediated by right-handed cur-
rents, the details of which are absorbed in 1 and (. The
best data for neutrino helicities come from 7 and p de-
cay spectra and the extraction of the Michel parameters.
Typical accuracies are on the order of 15% [7]. Similar ac-
curacies can be achieved using the B-coefficient in neutron
decay [8].

A certain background to the configurations 1-4, 1/, 2
comes from s states with larger principal quantum number
n, also originally populated. These ns states with n > 2
subsequently decay into the 1s and 2s states by sponta-
neous emission of photons, where the spin quantum num-
ber mg of e~ is changed. If only the 2s state is used for
the spin analysis, the 4s and higher-state population yield
a 2s background slowly converging with n; as an example
W (4s — 2s) = 3.07-10~% and W (55 — 25) = 2.18 - 10~*
(cf. appendix). From the sum W(4s — 2s) + W(5s —
2s) = 5.25 - 10~* a fraction of 44.2% (that is 2.32 - 107%)
would contribute to configuration 4 as background, and
55.2% of the sum (2.90 - 10~%) would show up in configu-
ration 3. The latter background constitutes already 47%
of the resulting W3 rate, which, according to W (2s) - W3,
contributes 6.2 - 107* to the 2s population.

In order to improve the present gg, gr and H; accura-
cies (cf. below), the background due to optical mg chang-
ing transitions from ns states with n > 2 into the 2s state
analyzed must be eliminated, e.g. by ionizing these ns H
atoms using a laser prior to their decay.
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Fig. 1. Sketch of the experimental setup for measuring hydrogen atoms from bound-3-decay at FRMII. The through-going
beam tube with the magnetic quantization field B; and a transverse electric field E3 for deflecting and suppressing the neutron-
(B-decay protons are drawn. The analyzing station starts with a field B2 by means of which the spin is rotated by /2, followed
by a level splitting field Bs with a transverse electric field E; and a transverse rf magnetic field B,¢ inside, a longitudinal
accelerating and focussing electric field E» and a bending and focussing magnetic field B4, where Bs|| z or —z, Bs|| y, E41|| =z,
B,¢ in the z-x plane. By means of the A2 = 243 nm and the A\; = 364 nm laser the H atoms are excited from 1s to 2s and ionized,
respectively. The reflecting mirrors of the two laser resonators are indicated by bars. Alternatively, the ionization from the 2s
state can be achieved by a 2s to 3p and a consecutive 3p to continuum excitation using for the first step a A1 = 656 nm laser
superimposed, e.g., by an intense 816 nm light source beam (36471 om ™! =656 nm~! + 816! nmfl). The resulting protons

are detected using a small CsI(T1) crystal.

2 Experiment

Figure 1 depicts the suggested setup to perform a neutron
bound-f-decay experiment. Hydrogen atoms from this de-
cay have a kinetic energy of Ty = 326.5eV, which corre-
sponds to a velocity v with v/c = 0.83 - 1073, They are
produced in the high neutron flux from an intense neutron
source and extracted from a through-going beam pipe. In
the following we will assume a high-flux neutron beam
from the FRMII reactor. Different possibilities for such a
neutron source will be discussed below.

The proposed setup of observing the emerging hydro-
gen atom parallel to a magnetic field has the virtue that
we automatically define a helicity axis which coincides
with the quantization axis for the various HFS states. On
the opposite side, the neutrino helicity axis follows from
angular-momentum conservation. We thus do not need to
operate with polarized neutrons (see table 1). At the same
time we can reverse the direction of the quantization axis
by operating the system with reversed B fields. This will
become important when discussing the spin analysis of the
emerging hydrogen by means of Paschen-Back splitting in
a strong field.

The B field in the decay volume is also necessary for
a second reason, which at the same time defines its mini-
mum strength. In order to preserve the magnetic quantum
numbers of the electron and of the proton, mg and my,
(also in the case of total spin F' = 0), the Zeeman coupling
to the external fields must be larger than the HF'S coupling
within the hydrogen atom. The latter one corresponds to
an internal magnetic field of 507 gauss (63.4 gauss) for the
15(2s) levels, also called the critical field B, [9] (B. is the
magnetic field of the electron at the position of the pro-

Hyperfine structure

2S+), 0.173GHz
<I_ F=0
243 nm
243 nm

181/2 F=1

Maser
1.420 GHz
—— F=0

Fig. 2. Hyperfine splitting of the 1s and 2s state of hydrogen.

ton, which causes the hyperfine splitting (fig. 2)). Thus
the field in the decay volume should exceed the value of
63.4 gauss, since the 2s level splitting is used.

During their passage in the beam tube the hydrogen
atoms move to the right, the hyperfine spin states F' =1,
mp = 0, £1 or |mgmy) states are kept in a longitudi-
nal magnetic quantization field B;, which extends from
the neutron decay volume to the analyzing station start-
ing from the Bs field. B; is produced by a long solenoid
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with an iron yoke outside the reactor covering part of the
magnetic return flux path. There is an intermediate field
region between B; and By such that B; is non-zero be-
fore Bs rises. Neutron-(-decay protons are deflected and
suppressed by the transverse electric field Eg (ca. 4kV/m)
outside the through-going beam pipe.

2.1 Spin analysis and detection of 326.5eV H atoms

The hyperfine analyzing part starts with a transverse mag-
netic field

By = hmv/(2updzs) = 10 gauss,

where pp is the Bohr magneton and 6z = 4.4 mm the ex-
tension of the B field region within which the 2s, F' =1,
mp = 0, 1 states are rotated adiabatically by 7/2 into
the same states, however, with the quantization axis be-
ing perpendicular to the direction of flight and parallel
to the magnetic field B3 with B3 = 575 gauss, immedi-
ately following the B field region. Bs is produced by a
long solenoid. The solenoid with an iron yoke is large in
z-direction, thus, having a negligible stray field. The in-
termediate field region between By and Bj is such that
B;(2) is non-zero before the stray field B3(z) rises. There-
fore, the B solenoid is positioned close to the B3 magnet.
The distance in z-direction between both is about the gap
width of the B3 dipole magnet of 0.13m being the side
length a of a cube shaped v = 1.609 GHz TE101 mode
cavity (a = ¢/(v/2-v)). The B3 magnet can be C-shaped
with iron poles and an iron yoke.

Figure 3 depicts the Breit-Rabi diagram of the 2s; /5
hyperfine states in a magnetic field, also showing the cor-
responding 2p; /o states [9].

The « and 3 states are related to the |mgmy) states

a(l,1) =|++), (7)
a(1,0) = cosf| + —) +sinf| — +), (8)
s, -1 =1]--), (9)
06(0,0) =sinf| + —) — cosd| — +), (10)

where 0 is given by tan20 = B./B with the quantization
field B and the critical field B,. Indicated are the states
a(F,mp) etc.

If there exists a magnetic field B in the through-going
beam tube at the point of neutron decay, the «(1,0) and
£(0,0) population of the hydrogen atoms from bound-/3-
decay is given by

Naio = Ny cos? 0+ Nysin? 0 (11)
and
Ngoo = Ny sin? 6 + Ny cos? 0 (12)

with N; and Ns being the configuration 1(] + —)) and
2(|—+)) state population from table 1, respectively. Thus,
a(1,0) and £(0,0) are not equally populated if the bound-
(-decays occur in a magnetic field By # 0 (and, thus,
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Fig. 3. Breit-Rabi diagram of the hyperfine splitting of the
2512 and 2p;/» states in a magnetic field, where W =
—(grmr—gjms)pupBs is the energy, gr and g; the p and e~ gy-
romagnetic factors and up the Bohr magneton, respectively [9].

6 # m/4). This population is conserved up to the region
of spin analysis (with By field) if no level transitions are
induced. x can be obtained by measuring the ratios vog =
Na10/Npoo o Voo = Na11/Nato-

At the presence of only Bgs, the 8 and e states are
degenerate. With Bg, an electric field E; and an rf field
B,t this degeneracy is removed resulting in two Bg fields,
where the « [ e states couple. Owing to Stark mixing in an
electric field superimposed transversely to Bs, the states
B(1,—1) and (3(0,0), originally metastable, can mix with
the e(1,0) and e(1,1) states. Using Ey = 4.3V /cm, the
lifetime 75 of the 3 states is thus strongly reduced (v-753 =
1.1cm) as compared to the lifetime 7, of the « states
(v- 7o = 1.8 -10%cm) [2]. An electric field E; of about
100 V/cm would also reduce v - 7, to about 1cm.

Thus, in the E; x B3 field the 2515, F =1, mp = —1
and the 2s;/5, F' = 0 states are quenched immediately,
decaying back into the respective 1s,, ground state,
whereas the two 2s;/, states with F' = 1, mp = 1 and
F =1, mpr =0 survive.

One of the two remaining « states can be selected
by the spin filter method using the simultaneous inter-
action of the «, 8 and e levels at Bz [9,10]. Owing to
the static transverse electric field E; (fig. 1), 8 and e
are mixed. Then, we apply an rf field of 1.609 GHz, caus-
ing the « states to interact with the coupled (-e levels.
At B3 = 538gauss the a(1,0) will be quenched and the
a(1,1) state will be selected, whereas with the same fre-
quency at Bs =~ 605gauss the «(1,0) will remain, and
the «(1,1) will be removed. If the quantizing field By is
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reversed, a(1,1) will be replaced by §(1,—1) and «(1,0)
by 3(0,0), respectively. The transmission curve for a single
spin state is 0.4 gauss wide because of the width of the per-
turbed [ state [9,11]. Therefore, for a perfect separation
of the spin states, B3 must be homogeneous to £0.2 gauss.
The rf field can be produced within a box-shaped cavity
in the TE101 mode, yielding B¢ field lines perpendicular
to Bs (fig. 1) surrounding the cavity center y-axis corre-
sponding to an rf electric field in the B3 direction and,
thus, causing a-f transitions. Because of the (-e mixing
required at the position of B,¢, the static E; field must be
implemented within the cavity.

As discussed in the introduction, the detection of a
population of configuration 4 from table 1, which feeds the
state G(1,—1), is of eminent importance. The spin filter
must thus be operated such that only the | — —) configu-
ration survives, requiring a full quenching of the « states.
This can be achieved by operating the experiment with re-
versed fields. The magnetic level splitting will thus be re-
versed in sign, where 5(1, —1) becomes «(1,1) and 5(0, 0)
becomes «(1,0), respectively (however, we will keep the
nomenclature defined in the Rabi diagram of fig. 3). A
depopulation of the two 3 states requires a passage of the
H atoms through a varying magnetic field with crossed F
field. When passing the fields of 538 and 605 gauss, Stark
mixing will cause a depopulation of the corresponding 2s
states. We are left with the two « states. We then pass
through the same filter as before operated at a field of
538 gauss and a transition laser frequency of 1.609 GHz.
This will cause a transition between «(1,1) and £(0,0)
with subsequent quenching. We will be left with the de-
sired configuration | — —) (table 1) which can be identified
as before through ionization and proton detection. Proton
detection comes later on in the text.

As the accuracy required is extremely large (zero mea-
surement at a level of 1075-1077), we must take care of
false effects. Some of them are listed below.

— Inefficient depopulation of the unwanted HFS states.

— Atomic cascades from ns states (with n > 2) which
may feed 2s via an intermediate p state in an uncon-
trolled way. See the appendix for details.

— Radiative effects: additional soft photons may dis-
tort our arguments on angular-momentum conserva-
tion and lead to a population of np states (with n > 2).
This can be calculated in the framework of radiative
corrections.

Downstream of the cavity and the Bj field the remain-
ing state-selected H atoms (e.g., 2512, F' = 1, mp = 1)
are ionized by, e.g., a Ay = 364nm laser beam (fig. 1).
Alternatively, the ionization may be driven by an opti-
cal two-step process, using, e.g., a 2s — 3p transition
(A = 656.28nm) and subsequent ionization by a high-
power laser (A = 816.33 nm) or an incoherent light source
of that wavelength. The produced protons are accelerated
by an electrostatic field E5 to about 20 keV energy and fo-
cussed to a small spot on the beam axis, from where they
are deflected by 90° by an analyzing magnetic field B, and
transported by point-to-point imaging onto a CsI(T1) scin-
tillator. Using a photomultiplier to detect the light output
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Fig. 4. Pulse-height spectrum from 18.5 keV protons measured
with a 1em® cubic CsI(T1) crystal and a photomultiplier.

the protons can be detected with high efficiency as demon-
strated in a test experiment, where 18.5keV protons have
been measured (fig. 4). The magnetic field By provides ra-
dial and axial focussing of the proton beam owing to 22.5°
entrance and exit edge angles. The drift lengths [y and I
before and after the B, magnet with radius of curvature
p are related to first order by [12]

leo(1+\/1+i>, (13)
ll_loz<1+g,/1+i(g1)>. (14)

One interesting addition would be an intense Ao =
243nm laser beam crossing the beam line at an angle
6 = 100mrad for exciting the H atoms from 1s to 2s by
means of two-Ay photon absorption (fig. 2). Although not
considered in the present context, this pumping station
would allow to use about 50% of all hydrogen atoms pro-
duced in the subsequent hyperfine analysis, as compared
to the 10.4% H atoms from direct 2s population, the basis
for all following rate discussions. However, no high-power
Lyman-« laser is presently available.

In order to suppress the configuration 1-4 background
due to ns states with n > 2, the corresponding H atoms
can be ionized by a A = 816.33 nm laser with resonators
positioned at both ends of the experiments straight sec-
tion, i.e. at the left end of the through-going beam tube
(fig. 1) and behind the E, focus.

2.2 Possible event rates

In the following we will evaluate possible event rates. We
will assume the setup, as depicted in fig. 1, to be installed
at the new Munich high-flux reactor FRMII. Extrapola-
tions to other neutron sources will be derived at the end.

The neutron decay volume within the beam pipe SR6
of the FRMII has a length [ = 2 - zg, with zg = 4.7m and
a radius rg = 0.0715m. zg is the distance between the
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Fig. 5. Thermal neutron flux along the FRMII SR6 through-
going beam tube.

center and the far end of SR6. The expected H rate Ny at
one exit of this beam pipe, at a distance zg = 4.7m from
its center (fig. 1), is given by

N = BR- [(@(:)0s(2)0V) /47 1/7, 1w, (15)

where 7, = 886 s is the neutron lifetime, ¢(2) the thermal
neutron flux along the SR6 z-axis (fig. 5) [13,14], V the
SR6 volume, 25 = Ag/z% the solid angle of the hydrogen
spectrometer, with As = 0.01m? being the spin filter,
i.e., the TE101 cavity acceptance cross-section. v, = 2.2 -
103 m/s is the average thermal-neutron velocity. Thus, the
integral can be written as

(1/47r)/d5(z)95(z)dV - % <7"S>2/0 b(z)dz=. (16)

zs

Ny = 3s7! is obtained using the thermal neutron flux
distribution of refs. [13,14] (fig. 5). According to eqgs. (15)
and (16), the neutron density N, /V, i.e. the number of
neutrons N, in the observed SR6 volume V| is given by

N,V = /OZS (B(2)dz)/ (v, 25) = 2.4 - 108 cm ™3,

being about 3-10* times larger than the ultra-cold neutron
(UCN) density in the recently proposed UCN sources, e.g.
ref. [15].

2.3 Expected experimental constraints on gs, gt and
Hz

A small gg or gr contribution including the sign may be
measured via the population probability Ws5. In [16] a 1o
confidence level upper limit for the absolute value of gg is
quoted to be gg < 6-1072. In order to obtain for g7 = 0 an
assumed value for gg = 6-10~2 with the same accuracy us-
ing the bound-(-decay, the statistical error (§W3)stas must

The European Physical Journal A

be 1o, where o is the standard deviation. Using eq. (4) and
the value of A, the difference

AW;3 = |[Ws(gs =6-1072, g7 = 0)
~Ws(g9s = 0,gr = 0)| =2.54-103

can be written as

AW3 = (0W3)stat + 2 [(0W3) ], (17)
where (0W3)stat is the statistical error, and (6Ws), the
uncertainty due to the error on A. Using 6\ = 2.9-1073 [1],
we obtain

(6W3)x = (dW3/dA\)oA = —1.10 - 10~ % (18)

Hence, for measuring Ws(gs = 6 - 1072, g7 = 0) =
3.68 - 1073 with 68% confidence, (6W3)spar = 2.32 - 1073
corresponds to lo. W3 can be written as

N.
W3 = Wg ) (19)
with
3
N=> N (20)
=1

the total number of counts and N; the individual number
of counts for configuration 4, respectively. o is then

~ 21
N (21)
yielding
W3
The measuring time required is
N
< (23)

with N = Ny. If all hydrogen atoms from bound-S-decay
moving along the beam tube were considered, ¢ becomes
about 228s. As only the 25, /5 states can be used (see the

discussion above) with N ~0.1 NH, the necessary time to
confirm the present gg = 6 - 1072 upper limit is 2280s.
The statistical error for gg can be written as

dgs
(6gS)stat = ( >
OWs 9s=6-10"2, g7 =0

[Ws
N
with (8gs)star = 6-1072 (x & 1/\, W3 = 3.683-1073), N =
4.4-10% results, which corresponds to 40 h measuring time
(dNu/dt = 3s™ '), when only the 25y, state is used. This
reduces the present gg upper limit by a factor of ten.
Assuming a finite detection efficiency e, these times
scale with the factor 1/e. Since € > 0.1 seems to be realis-

tic, the gg upper limit could be lowered by a factor of ten
within a few weeks of measuring time.

: (6W3)stat

| A +3)?
X2+ 2x+3
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According to egs. (5) and (6) with ( =0, i.e., z =y =
n, Wy and H; are approximately given by [4]

2 2
n*(1+A)
Wy ——— 2 24
tT 21+ 302)° (24)
4(1+32%)
Hyml-2n2=1—- —""2.W,. 25
n FESNE 4 (25)
The statistical error of H; becomes
4(1 +3/\2) W,
SHy )stat = ———— 2y [ 22 26
0Howae = {0\ W (26)

Assuming n = 0.036, we obtain W, = 8.1- 1076 and H; =
0.997. This yields N = 8.3 - 103 for (6Hp)star = 1- 1072,
i.e. 8h measuring time using only the 2s; 5 state.

2.4 Observables for x

X is given by the ratios v,g Or v4q, defined in sect. 2.1,
according to egs. (2) to (4) and (11) to (12),

x — 1)%cos? 6 + 4sin? 0

Vag = , 27
7 (x — 1)2sin* 0 + 4 cos? 0 (27)
(x+1)?
Vaa = , 28
T (x —1)2cos? 0 + 4sin? 0 (28)
with x either
P
0 — vq 20
X:liQ\/Sln . 21} gcos2 ’ (29)
Vo sin” 0 — cos? 6
or
—(1 4 vaa cos? 0) £ 2\/110“1(1 — Vgq sin? 0 cos? 6)
X = .

1 — vqq cos? 0
(30)
sign holds in eq. (29) and

w_»

If g5 and g are small, the
the “4” sign holds in eq. (30).

2.5 Necessary power of the lasers

The ionization of 2s hydrogen atoms can be obtained in
a two-step process. The excitation from the 2s to the 3p
state by a Ay = 656.28 nm laser beam (fig. 1) is selec-
tive to the moving H atoms from bound-g-decay because
of the Doppler shift. The consecutive ionization can be
achieved by an intense incoherent 816.33 nm light source.
The necessary power (1 in the A; laser resonator is given
by

Q1 = j1 E1 06X Y. (31)

71 is the photon current density, 7y = 1.889eV the pho-
ton energy, 0X = 0.3mm and 6Y = 0.1m the \; laser-
beam waist width in X- and Y-direction, respectively,
completely covering the H beam with the dimensions
dr = 0y = 0.1m.
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The A1 and As laser beams, both having these 6 X and
Y dimensions, are produced within resonators, each con-
sisting of two reflectors which are small in X-direction
and large in Y-direction. The laser beams coupled into
the resonators are widened in Y-direction. The resulting
resonator modes can be considered to be formed by two
waves travelling in opposite Z-directions, where only one
wave can be used for the Doppler-shift selected laser spec-
troscopy, e.g., to excite H from 2s to 3p. Since the quality
of the resonators can be large, the power of the laser beams
coupled into the resonators is only a small fraction of the
laser power within the resonators.

The requested photon current j; can be written as

_111(1 — Pl)

2
g1 At ’ (3 )

1=
where P;(2s — 3p) is the desired 2s — 3p excitation prob-
ability, o1 the 2s — 3p photon-absorption cross-section
and At the exposure time, At = 6X/(vd) = 12ns, since
sind ~ ¢. v is the neutron decay hydrogen atom velocity
and 6 = 100mrad the \; laser resonator inclination with
respect to the beam axis z. o7 is given by

NAi (A
= 2 ) =5.08-10 16,2
o = (dA) 5.08 10710 m?2, (33)
with the Einstein transition coefficient [17]
6.67 - 103 - f;
Ay, = ik (34)

Aam)?

where the oscillator strength f;r is firx = 0.641 for the
2s — 3p transition [18]. The A; laser resonator qual-
ity A1/dA; is matched to the relative width dA;/A;
which is necessary because of the Doppler broadening d\;
caused by the thermal motion of the decaying neutron,
d\/X = v,/c = 0.73 - 1075. The Doppler shift AX ren-
ders a high selectivity against thermally moving H with
AN X =0.83-1073. A laser power )1 = 2.4 W is needed
for P, = 0.8.

In order to reduce the background from the popula-
tion of higher ns states in the neutron decay, a mini-
mum power for an ionization laser with A = 816.33 nm of
@1 = 216.7W covering the production volume is required,
as may be derived using egs. (31) to (34). Considering Wy,
the efficiency for the removal has to be P, = 1-8.1-1077,
thus closer to one by one order of magnitude than the
value of W, = 8.1-1076 to be measured (cf. subsect. 2.3).
We assume dA\/A = 0.73 - 1075, the oscillator strength
f =~ 1 for the transition n > 3 into the continuum [18], the
lifetime of the 3s state At =7(3s)=158.4ns, the photon
energy Fy=1.512¢eV and the waist widths dx=9dy=0.1 m.

At present, we have only considered H atoms in the
2s state. A much improved count rate could be obtained
when also the 1s hydrogen atoms could be used which
make up 83% of the resulting hydrogen final states. How-
ever, this requires a pumping of all 1s to 2s states of the
hydrogen atoms before entering the spin selector. This
can in principle be achieved by means of a UV laser
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beam crossing the hydrogen path under a small angle &
(cf. fig. 1). The 1s — 2s transition requires a two-photon
process. We estimated P(ls — 2s) from the ionization
probability P(ls — continuum), which has been calcu-
lated for the three-photon process by [19].

The photon density for the two-photon absorption
must be large, requiring a small Ay laser beam waist 60X
(fig. 1). 6X is limited by the uncertainty relation, con-
straining the Ay laser beam angular width within the res-
onator to be 6@ > A2/(2m0X), yielding 66 > 0.13 mrad
for a technically feasible beam waist 6X = 0.3mm and
the resonator length (26X/5O) to be less than 4.6 m. The
passage time At of the H atoms through the Ao laser res-
onator inclined by § = 100 mrad with respect to the beam
z-axis is 12 ns.

The necessary power density Io for the 1s-to-2s tran-
sition in the Ao laser resonator may be estimated from the
calculated ionization probability P(1ls — continuum) =
6.5 - 107* for a Ay laser pulse with At = 10fs dura-
tion and Io = 5 - 102 W /cm? [19]. Assuming P(ls —
continnum) = (Cy - Iy - At)3, C; = 1.73 - 1074s? /kg
results. P, = P(ls — 2s) should be given as P, =
(Cy - I - At)?, yielding I = 1.66 - 10" W/cm? for P, = 0.1
and At = 12ns. The high power density is at the present
technical limit for a continuous beam covering an area of

60X -8Y = 0.3mm - 100 mm = 30 mm?.

2.6 Background suppression

The fast hydrogen atoms from the bound-(3-decay of the
neutron, emitted to the right-hand side of fig. 1, are
observed through collimators outside the through-going
beam pipe. The collimators have to be placed such that
the wall of the inner tube is not visible by the detec-
tors, because backscattered neutralized protons from nor-
mal [-decays would produce a huge background. The
setup also minimizes the neutron flux at the end of the
beam tube. The protons emitted to the left are deflected
by electric or magnetic fields such that they do not hit
the back end of the beam tube, where they could be
backscattered and neutralized producing a background
flux of H atoms in the analyzing direction. High-vacuum
conditions (< 107%hPa) are also recommended to avoid
neutralization of protons from three-body neutron decay
and to avoid scattering of the H atoms from bound-j-
decay. The background, i.e. the probability P; for neu-
tron or proton scattering at the rest gas atoms in the
beam-tube vacuum should be less than 1%. Ps is given by
P; = o3n3 Az < 1072, where 03 = 1076 cm? is a typical
scattering cross-section, ng the atom density of the rest
gas and Az = 10m the vacuum chamber length, yielding
ns < 10 cm™3: the beam line vacuum should be better
than 4.1-107%Pa.

3 Conclusion

In this manuscript we outline an experiment to determine
the scalar and tensor contribution to the weak interac-
tion including their signs as well as the constraints on
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the left-handedness of the neutrino with ten times higher
precision than the present value. Currently, the upper
limit on gg is |gs| < 61072 (C.L.68%) [16], whereas
lgr/g94] < 0.09 (C.L.95%) [20]. From the measurements
of neutron (-decay asymmetry coefficients upper limits
for the left-handed and right-handed boson mass squared
and the absolute value of the boson mixing angle are de-
termined to be < 0.036 [5] and |¢] < 0.03 (C.L. 90%) [6],
respectively. In the proposed experiment the upper limits
of gs or gr and 7 or ¢ can be reduced by a factor of ten.

The issue is addressed by measuring the spin correla-
tion between the proton and the electron. They are de-
fined with respect to their direction of flight (measuring
direction) by selecting different hyperfine states from the
bound-f3-decay of the neutron. Although the experimen-
tal requirements are challenging, we show a pathway to
perform such an experiment at the through-going beam
tube of a high-flux reactor like the FRMII. Slightly bet-
ter conditions do exist at the corresponding beam tube of
the high-flux reactor in Grenoble, as the usable neutron
density is about four times higher [21]. Next generations
of spallation neutron sources like the SNS may be even
better suited, if a through-going beam tube is provided,
since higher neutron densities are expected and the pulsed
neutron beam makes the detection of hydrogen atoms and
the background suppression easier.

We are especially grateful to Prof. J. Byrne for carefully read-
ing the manuscript and many valuable comments. We also want
to thank Dr A. ROhrmoser for calculating the neutron and
gamma flux in the FRMII SR6 beam tube.

Appendix A.

The most important contribution from higher excited
states of hydrogen to the 2s hyperfine states are given
by the contribution to W(4s — 2s) changing mg. This
may be written as

W(4s — 2s) = 2-W(4s) - W(4s — 3p) - W(3p — 23)
SW(Aj = 0)- W(Aj = +1)
=3.07-1074,

where W (4s) = 1.3% is the original 4s population.

W(48 — 3p) = A433p/(A433p + A432p) =0.416 and

W(3p — 28) = Agpgs/(Agpgs + A3p15) =0.118

is the 4s — 3p and 3p — 2s transition probability, respec-
tively. A4s3p is the corresponding 4s — 3p Einstein transi-
tion coefficient [17]. The factor two arises from the inter-
changability of the time-ordered transitions with Aj =0
and Aj = £1. Assuming the two transition probabilities
for the e~ spin quantum number mg (mg changing with
Aj = 0 and mg non-changing with Aj = £1) to be equal,
where 5 = [ + s is the spin orbit coupling realized, the
probability for Aj = 0 and Aj = +1 photons of the p — s



W. Schott et al.: An experiment for the measurement of the bound-/3-decay of the free neutron

transition is given by the multiplicities of the Zeeman-
split p and s levels. They are W(Aj = 0) = 2/5 and
W(Aj = +1) = 3/5.

Correspondingly, the mg changing background contri-
bution from the 5s state is given by

W (5s — 25) = 2- W(Aj = 0) - W(Aj = £1) - W(5s)
(W (5s — 4p) - W (4dp — 2s)
+W(5s — 3p) - W(3p — 2s)]
=218-107*

with W (5s) = 0.7%,

W (55 — 4p) = Assap/(Assap + Asssp + Assp),

W(4p - 28) A4p25/(A4p2s + A4p3s + A4pls)

W (5s — 3p) = Assap/(Assap + Assap + Assop) and

W(3p - 28) Adp2s/(A3p25 + ASpls)'
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