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C. First measurement

While both Snell et al. and Robson convincingly demon-
strated that free neutrons do in fact beta decay, neither
claimed to have carried out a measurement of the neutron’s
mean lifetime. Rather, recognizing the uncertainties in their
apparatus, they preferred to set rough limits on its value. The
first experiment to be properly called a measurement of the
neutron lifetime was performed by Robson (1951) at the NRX
reactor at Chalk River, Canada. Like Snell et al., Robson
detected decay electrons and protons in coincidence. Also
like Snell et al., decay protons were accelerated (in this case
to 14 keV) and focused onto an electron multiplier. Electrons
in the Robson apparatus were directed into a beta spectrome-
ter. This allowed the first determination of the end point of the
neutron beta decay energy spectrum.

An essential feature of the Robson experiment was the care
with which the density of the neutron beam in the active
decay volume was determined. In principle, it is possible to
determine the density of neutrons in a beam by a measure-
ment of both the spectrum of the beam and the integrated flux.
In practice, this is difficult to do accurately. However, under
conditions that are satisfied by many neutron absorbers, the
probability of neutron capture is proportional to 1=v, where v
is the neutron velocity. Robson cleverly recognized that a
detector based on such a 1=v efficiency would effectively
provide (within a multiplicative constant) the density in
the neutron beam. The experiment is discussed further in
Sec. III.A.

Robson concluded that the half-life of the neutron was
12.8 min with a probable error of!2:5min. This corresponds
to a mean lifetime of 1110! 220 s. The determination of the
neutron flux contributed 8% to the total uncertainty. Robson
was also able to provide the first direct determination of
the end point of the beta spectrum, which he found to be
782! 13 keV. These pioneering measurements agree with
current measurements.

II. THEORETICAL ASPECTS OF THE NEUTRON
LIFETIME

A. Neutron decay and the weak coupling constants

The decay of the free neutron is the prototype for nuclear
beta decay, the process by which a neutron or proton in the
nucleus can change identity, via the charged-current weak
interaction, to produce the nucleus of another element. Beta
decay can occur whenever it is energetically possible, i.e.,
when the mass of the parent system is larger than the mass of
the daughter system. This is why, for example, 14C will beta
decay to 14N by conversion of a neutron to a proton. In
contrast, 14N is stable because its mass is smaller than that
of both 14C and 14O.

A neutron (n) can decay to a proton (p), electron (e"), and
antineutrino ( !!)

n ! p# e" # !!: (1)

The electron and antineutrino are needed because the weak
interaction conserves both charge and lepton number. The
free neutron mass (939.57 MeV) exceeds the mass sum of the
proton (938.27 MeV), electron (0.511 MeV), and antineutrino

(negligible) by 0.782 MeV so it will decay and the excess
mass is converted to kinetic energy of the final state particles.
It is interesting to note that the neutron-proton mass differ-
ence originates from isospin breaking caused by the different
masses and charges of their constituent light quarks. If the
light quark masses, which make a very minor contribution to
the total nucleon mass, were equal, isospin symmetry would
tend to equalize the strong interaction contribution to the
neutron and proton masses. The proton would presumably
have a slightly larger mass due the difference in electrostatic
binding energy, in which case the free neutron would be
stable while the hydrogen atom would be unstable: it would
decay by electron capture to a neutron and neutrino.

The Hamiltonian for beta decay was first written by Fermi
(1934), in analogy to the quantum electrodynamic theory, as a
four-fermion vector interaction involving the neutron, proton,
electron, and antineutrino. Gamow and Teller (1936) later
proposed that all Lorentz-invariant interaction forms should
be considered. They generalized the Fermi Hamiltonian to
include scalar (S), pseudoscalar (P), tensor (T), axial
vector (A), and vector (V) terms based on how each trans-
forms under spatial rotations and reflections. The P interac-
tion is strongly suppressed in beta decay because the neutron
and proton are nonrelativistic, so we do not consider it here
(the pseudoscalar interaction is important in other systems
such as muon decay). The S, V interactions create the beta
electron and antineutrino as a spin zero state (Fermi decay)
while the A, T interactions create them as a spin one (Gamow-
Teller decay). This leads to different selection rules for the
nuclear states in allowed beta decay: "J $ 0 for the Fermi
case and "J $ 0, !1 for Gamow-Teller. Because both cases
were observed, it was clear that both Fermi (S, V) and
Gamow-Teller (A, T) terms must be present in the
Hamiltonian. Experiments and theory later showed that the
V and A interactions were responsible and, in particular, that
the weak current is V–A (Feynman and Gell-Mann, 1958;
Sudarshan and Marshak, 1958). To date, there has been no
evidence for S or T. This is the basis of the V–A standard
electroweak model (SM) of Weinberg, Salam, and Glashow
(Weinberg, 1967; Salam, 1968; Glashow and Iliopoulos,
1971). In the SM, the charged weak interaction transforms
quark states within the nucleon and is mediated by the W
boson, but because the energy released in beta decay is much
smaller than theW mass, these details are not important here.
The Fermi-Gamow-Teller formulation is quite adequate for
describing beta decay. Using modern notation, the matrix
element of the Hamiltonian for allowed beta decay can be
written5

M $ %GV !p"#n" GA !p"5"#n&% !e"#'1# "5(!&: (2)

Here !p, n, !e, and ! are the spinors for the initial and final state
neutron, proton, electron, and antineutrino. The term 1# "5

provides the maximal parity violation of the weak interaction.
The coupling constants GV and GA give the strengths of the
vector and axial vector forces. At the quark level, they are
equal in magnitude but the strong interaction within the

5We choose the sign convention 1# "5 for historical consistency,
but note that it is opposite to the more modern 1" "5 convention of
Bjorken and Drell.
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The matrix element for the neutron lifetime also governs 
the important reactions:

n + e+ ↔ p +υ  (Big Bang nucleosynthesis)
p + e− ↔ n +υ  (Big Bang nucleosynthesis)
p + p → 2H + e+ +ν  (solar fusion)
p + p + e− → 2H +ν  (solar fusion)
ν + n→ e− + p (neutrino detection)
ν + p→ e+ + n (antineutrino detection)
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Phenomenological (J = 1/2 → J = 1/2) beta decay formula [ Jackson, Treiman,
Wyld, 1957 ] :
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Why do we measure neutron decay parameters? 
 
Within Standard Model:  Get GA , GV 
 
Beyond Standard Model:  
 
Mostovoy Parameters, model-independent consistency test of SM: 
        predicted                  actual 
F1 = 1+ A − B − a = 0       F1 = 0.0025 ± 0.0064    uncertainties dominated 
F2 = aB − A − A2 = 0         F2 = 0.0034 ± 0.0050                  by "a" 
 
Precise comparisons of a, b, A, B, D are sensitive to: 

• scalar and tensor weak currents 
• right handed weak currents 
• new CP violation 
• CVC violation and second-class currents (Gardner and Zhang, 2000) 
• SUSY (Profumo, Ramsey-Musolf, and Tulin, 2007) 

based on PDG 2014
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C. First measurement

While both Snell et al. and Robson convincingly demon-
strated that free neutrons do in fact beta decay, neither
claimed to have carried out a measurement of the neutron’s
mean lifetime. Rather, recognizing the uncertainties in their
apparatus, they preferred to set rough limits on its value. The
first experiment to be properly called a measurement of the
neutron lifetime was performed by Robson (1951) at the NRX
reactor at Chalk River, Canada. Like Snell et al., Robson
detected decay electrons and protons in coincidence. Also
like Snell et al., decay protons were accelerated (in this case
to 14 keV) and focused onto an electron multiplier. Electrons
in the Robson apparatus were directed into a beta spectrome-
ter. This allowed the first determination of the end point of the
neutron beta decay energy spectrum.

An essential feature of the Robson experiment was the care
with which the density of the neutron beam in the active
decay volume was determined. In principle, it is possible to
determine the density of neutrons in a beam by a measure-
ment of both the spectrum of the beam and the integrated flux.
In practice, this is difficult to do accurately. However, under
conditions that are satisfied by many neutron absorbers, the
probability of neutron capture is proportional to 1=v, where v
is the neutron velocity. Robson cleverly recognized that a
detector based on such a 1=v efficiency would effectively
provide (within a multiplicative constant) the density in
the neutron beam. The experiment is discussed further in
Sec. III.A.

Robson concluded that the half-life of the neutron was
12.8 min with a probable error of!2:5min. This corresponds
to a mean lifetime of 1110! 220 s. The determination of the
neutron flux contributed 8% to the total uncertainty. Robson
was also able to provide the first direct determination of
the end point of the beta spectrum, which he found to be
782! 13 keV. These pioneering measurements agree with
current measurements.

II. THEORETICAL ASPECTS OF THE NEUTRON
LIFETIME

A. Neutron decay and the weak coupling constants

The decay of the free neutron is the prototype for nuclear
beta decay, the process by which a neutron or proton in the
nucleus can change identity, via the charged-current weak
interaction, to produce the nucleus of another element. Beta
decay can occur whenever it is energetically possible, i.e.,
when the mass of the parent system is larger than the mass of
the daughter system. This is why, for example, 14C will beta
decay to 14N by conversion of a neutron to a proton. In
contrast, 14N is stable because its mass is smaller than that
of both 14C and 14O.

A neutron (n) can decay to a proton (p), electron (e"), and
antineutrino ( !!)

n ! p# e" # !!: (1)

The electron and antineutrino are needed because the weak
interaction conserves both charge and lepton number. The
free neutron mass (939.57 MeV) exceeds the mass sum of the
proton (938.27 MeV), electron (0.511 MeV), and antineutrino

(negligible) by 0.782 MeV so it will decay and the excess
mass is converted to kinetic energy of the final state particles.
It is interesting to note that the neutron-proton mass differ-
ence originates from isospin breaking caused by the different
masses and charges of their constituent light quarks. If the
light quark masses, which make a very minor contribution to
the total nucleon mass, were equal, isospin symmetry would
tend to equalize the strong interaction contribution to the
neutron and proton masses. The proton would presumably
have a slightly larger mass due the difference in electrostatic
binding energy, in which case the free neutron would be
stable while the hydrogen atom would be unstable: it would
decay by electron capture to a neutron and neutrino.

The Hamiltonian for beta decay was first written by Fermi
(1934), in analogy to the quantum electrodynamic theory, as a
four-fermion vector interaction involving the neutron, proton,
electron, and antineutrino. Gamow and Teller (1936) later
proposed that all Lorentz-invariant interaction forms should
be considered. They generalized the Fermi Hamiltonian to
include scalar (S), pseudoscalar (P), tensor (T), axial
vector (A), and vector (V) terms based on how each trans-
forms under spatial rotations and reflections. The P interac-
tion is strongly suppressed in beta decay because the neutron
and proton are nonrelativistic, so we do not consider it here
(the pseudoscalar interaction is important in other systems
such as muon decay). The S, V interactions create the beta
electron and antineutrino as a spin zero state (Fermi decay)
while the A, T interactions create them as a spin one (Gamow-
Teller decay). This leads to different selection rules for the
nuclear states in allowed beta decay: "J $ 0 for the Fermi
case and "J $ 0, !1 for Gamow-Teller. Because both cases
were observed, it was clear that both Fermi (S, V) and
Gamow-Teller (A, T) terms must be present in the
Hamiltonian. Experiments and theory later showed that the
V and A interactions were responsible and, in particular, that
the weak current is V–A (Feynman and Gell-Mann, 1958;
Sudarshan and Marshak, 1958). To date, there has been no
evidence for S or T. This is the basis of the V–A standard
electroweak model (SM) of Weinberg, Salam, and Glashow
(Weinberg, 1967; Salam, 1968; Glashow and Iliopoulos,
1971). In the SM, the charged weak interaction transforms
quark states within the nucleon and is mediated by the W
boson, but because the energy released in beta decay is much
smaller than theW mass, these details are not important here.
The Fermi-Gamow-Teller formulation is quite adequate for
describing beta decay. Using modern notation, the matrix
element of the Hamiltonian for allowed beta decay can be
written5

M $ %GV !p"#n" GA !p"5"#n&% !e"#'1# "5(!&: (2)

Here !p, n, !e, and ! are the spinors for the initial and final state
neutron, proton, electron, and antineutrino. The term 1# "5

provides the maximal parity violation of the weak interaction.
The coupling constants GV and GA give the strengths of the
vector and axial vector forces. At the quark level, they are
equal in magnitude but the strong interaction within the

5We choose the sign convention 1# "5 for historical consistency,
but note that it is opposite to the more modern 1" "5 convention of
Bjorken and Drell.
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matrix element:

GV = GFVudCV GA = GFVudCA (1)

CV = 1 CA = � (2)

GF = 1.1663787(6)⇥ 10�5 GeV�2 (3)

⌧n =
2⇡3h̄7

(G2
V + 3G2

A)m5
e c4fR

=
4908.7(1.9)s

|Vud|2(1 + 3�2)
(4)

GV = GFVudCV GA = GFVudCA (1)
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(4)

(CVC) (affected by npQCD)

(Marciano and Sirlin, 2006)
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(muon lifetime)
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apparatus, they preferred to set rough limits on its value. The
first experiment to be properly called a measurement of the
neutron lifetime was performed by Robson (1951) at the NRX
reactor at Chalk River, Canada. Like Snell et al., Robson
detected decay electrons and protons in coincidence. Also
like Snell et al., decay protons were accelerated (in this case
to 14 keV) and focused onto an electron multiplier. Electrons
in the Robson apparatus were directed into a beta spectrome-
ter. This allowed the first determination of the end point of the
neutron beta decay energy spectrum.

An essential feature of the Robson experiment was the care
with which the density of the neutron beam in the active
decay volume was determined. In principle, it is possible to
determine the density of neutrons in a beam by a measure-
ment of both the spectrum of the beam and the integrated flux.
In practice, this is difficult to do accurately. However, under
conditions that are satisfied by many neutron absorbers, the
probability of neutron capture is proportional to 1=v, where v
is the neutron velocity. Robson cleverly recognized that a
detector based on such a 1=v efficiency would effectively
provide (within a multiplicative constant) the density in
the neutron beam. The experiment is discussed further in
Sec. III.A.

Robson concluded that the half-life of the neutron was
12.8 min with a probable error of!2:5min. This corresponds
to a mean lifetime of 1110! 220 s. The determination of the
neutron flux contributed 8% to the total uncertainty. Robson
was also able to provide the first direct determination of
the end point of the beta spectrum, which he found to be
782! 13 keV. These pioneering measurements agree with
current measurements.

II. THEORETICAL ASPECTS OF THE NEUTRON
LIFETIME

A. Neutron decay and the weak coupling constants

The decay of the free neutron is the prototype for nuclear
beta decay, the process by which a neutron or proton in the
nucleus can change identity, via the charged-current weak
interaction, to produce the nucleus of another element. Beta
decay can occur whenever it is energetically possible, i.e.,
when the mass of the parent system is larger than the mass of
the daughter system. This is why, for example, 14C will beta
decay to 14N by conversion of a neutron to a proton. In
contrast, 14N is stable because its mass is smaller than that
of both 14C and 14O.

A neutron (n) can decay to a proton (p), electron (e"), and
antineutrino ( !!)

n ! p# e" # !!: (1)

The electron and antineutrino are needed because the weak
interaction conserves both charge and lepton number. The
free neutron mass (939.57 MeV) exceeds the mass sum of the
proton (938.27 MeV), electron (0.511 MeV), and antineutrino

(negligible) by 0.782 MeV so it will decay and the excess
mass is converted to kinetic energy of the final state particles.
It is interesting to note that the neutron-proton mass differ-
ence originates from isospin breaking caused by the different
masses and charges of their constituent light quarks. If the
light quark masses, which make a very minor contribution to
the total nucleon mass, were equal, isospin symmetry would
tend to equalize the strong interaction contribution to the
neutron and proton masses. The proton would presumably
have a slightly larger mass due the difference in electrostatic
binding energy, in which case the free neutron would be
stable while the hydrogen atom would be unstable: it would
decay by electron capture to a neutron and neutrino.

The Hamiltonian for beta decay was first written by Fermi
(1934), in analogy to the quantum electrodynamic theory, as a
four-fermion vector interaction involving the neutron, proton,
electron, and antineutrino. Gamow and Teller (1936) later
proposed that all Lorentz-invariant interaction forms should
be considered. They generalized the Fermi Hamiltonian to
include scalar (S), pseudoscalar (P), tensor (T), axial
vector (A), and vector (V) terms based on how each trans-
forms under spatial rotations and reflections. The P interac-
tion is strongly suppressed in beta decay because the neutron
and proton are nonrelativistic, so we do not consider it here
(the pseudoscalar interaction is important in other systems
such as muon decay). The S, V interactions create the beta
electron and antineutrino as a spin zero state (Fermi decay)
while the A, T interactions create them as a spin one (Gamow-
Teller decay). This leads to different selection rules for the
nuclear states in allowed beta decay: "J $ 0 for the Fermi
case and "J $ 0, !1 for Gamow-Teller. Because both cases
were observed, it was clear that both Fermi (S, V) and
Gamow-Teller (A, T) terms must be present in the
Hamiltonian. Experiments and theory later showed that the
V and A interactions were responsible and, in particular, that
the weak current is V–A (Feynman and Gell-Mann, 1958;
Sudarshan and Marshak, 1958). To date, there has been no
evidence for S or T. This is the basis of the V–A standard
electroweak model (SM) of Weinberg, Salam, and Glashow
(Weinberg, 1967; Salam, 1968; Glashow and Iliopoulos,
1971). In the SM, the charged weak interaction transforms
quark states within the nucleon and is mediated by the W
boson, but because the energy released in beta decay is much
smaller than theW mass, these details are not important here.
The Fermi-Gamow-Teller formulation is quite adequate for
describing beta decay. Using modern notation, the matrix
element of the Hamiltonian for allowed beta decay can be
written5

M $ %GV !p"#n" GA !p"5"#n&% !e"#'1# "5(!&: (2)

Here !p, n, !e, and ! are the spinors for the initial and final state
neutron, proton, electron, and antineutrino. The term 1# "5

provides the maximal parity violation of the weak interaction.
The coupling constants GV and GA give the strengths of the
vector and axial vector forces. At the quark level, they are
equal in magnitude but the strong interaction within the

5We choose the sign convention 1# "5 for historical consistency,
but note that it is opposite to the more modern 1" "5 convention of
Bjorken and Drell.
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While both Snell et al. and Robson convincingly demon-
strated that free neutrons do in fact beta decay, neither
claimed to have carried out a measurement of the neutron’s
mean lifetime. Rather, recognizing the uncertainties in their
apparatus, they preferred to set rough limits on its value. The
first experiment to be properly called a measurement of the
neutron lifetime was performed by Robson (1951) at the NRX
reactor at Chalk River, Canada. Like Snell et al., Robson
detected decay electrons and protons in coincidence. Also
like Snell et al., decay protons were accelerated (in this case
to 14 keV) and focused onto an electron multiplier. Electrons
in the Robson apparatus were directed into a beta spectrome-
ter. This allowed the first determination of the end point of the
neutron beta decay energy spectrum.

An essential feature of the Robson experiment was the care
with which the density of the neutron beam in the active
decay volume was determined. In principle, it is possible to
determine the density of neutrons in a beam by a measure-
ment of both the spectrum of the beam and the integrated flux.
In practice, this is difficult to do accurately. However, under
conditions that are satisfied by many neutron absorbers, the
probability of neutron capture is proportional to 1=v, where v
is the neutron velocity. Robson cleverly recognized that a
detector based on such a 1=v efficiency would effectively
provide (within a multiplicative constant) the density in
the neutron beam. The experiment is discussed further in
Sec. III.A.

Robson concluded that the half-life of the neutron was
12.8 min with a probable error of!2:5min. This corresponds
to a mean lifetime of 1110! 220 s. The determination of the
neutron flux contributed 8% to the total uncertainty. Robson
was also able to provide the first direct determination of
the end point of the beta spectrum, which he found to be
782! 13 keV. These pioneering measurements agree with
current measurements.

II. THEORETICAL ASPECTS OF THE NEUTRON
LIFETIME

A. Neutron decay and the weak coupling constants

The decay of the free neutron is the prototype for nuclear
beta decay, the process by which a neutron or proton in the
nucleus can change identity, via the charged-current weak
interaction, to produce the nucleus of another element. Beta
decay can occur whenever it is energetically possible, i.e.,
when the mass of the parent system is larger than the mass of
the daughter system. This is why, for example, 14C will beta
decay to 14N by conversion of a neutron to a proton. In
contrast, 14N is stable because its mass is smaller than that
of both 14C and 14O.

A neutron (n) can decay to a proton (p), electron (e"), and
antineutrino ( !!)

n ! p# e" # !!: (1)

The electron and antineutrino are needed because the weak
interaction conserves both charge and lepton number. The
free neutron mass (939.57 MeV) exceeds the mass sum of the
proton (938.27 MeV), electron (0.511 MeV), and antineutrino

(negligible) by 0.782 MeV so it will decay and the excess
mass is converted to kinetic energy of the final state particles.
It is interesting to note that the neutron-proton mass differ-
ence originates from isospin breaking caused by the different
masses and charges of their constituent light quarks. If the
light quark masses, which make a very minor contribution to
the total nucleon mass, were equal, isospin symmetry would
tend to equalize the strong interaction contribution to the
neutron and proton masses. The proton would presumably
have a slightly larger mass due the difference in electrostatic
binding energy, in which case the free neutron would be
stable while the hydrogen atom would be unstable: it would
decay by electron capture to a neutron and neutrino.

The Hamiltonian for beta decay was first written by Fermi
(1934), in analogy to the quantum electrodynamic theory, as a
four-fermion vector interaction involving the neutron, proton,
electron, and antineutrino. Gamow and Teller (1936) later
proposed that all Lorentz-invariant interaction forms should
be considered. They generalized the Fermi Hamiltonian to
include scalar (S), pseudoscalar (P), tensor (T), axial
vector (A), and vector (V) terms based on how each trans-
forms under spatial rotations and reflections. The P interac-
tion is strongly suppressed in beta decay because the neutron
and proton are nonrelativistic, so we do not consider it here
(the pseudoscalar interaction is important in other systems
such as muon decay). The S, V interactions create the beta
electron and antineutrino as a spin zero state (Fermi decay)
while the A, T interactions create them as a spin one (Gamow-
Teller decay). This leads to different selection rules for the
nuclear states in allowed beta decay: "J $ 0 for the Fermi
case and "J $ 0, !1 for Gamow-Teller. Because both cases
were observed, it was clear that both Fermi (S, V) and
Gamow-Teller (A, T) terms must be present in the
Hamiltonian. Experiments and theory later showed that the
V and A interactions were responsible and, in particular, that
the weak current is V–A (Feynman and Gell-Mann, 1958;
Sudarshan and Marshak, 1958). To date, there has been no
evidence for S or T. This is the basis of the V–A standard
electroweak model (SM) of Weinberg, Salam, and Glashow
(Weinberg, 1967; Salam, 1968; Glashow and Iliopoulos,
1971). In the SM, the charged weak interaction transforms
quark states within the nucleon and is mediated by the W
boson, but because the energy released in beta decay is much
smaller than theW mass, these details are not important here.
The Fermi-Gamow-Teller formulation is quite adequate for
describing beta decay. Using modern notation, the matrix
element of the Hamiltonian for allowed beta decay can be
written5

M $ %GV !p"#n" GA !p"5"#n&% !e"#'1# "5(!&: (2)

Here !p, n, !e, and ! are the spinors for the initial and final state
neutron, proton, electron, and antineutrino. The term 1# "5

provides the maximal parity violation of the weak interaction.
The coupling constants GV and GA give the strengths of the
vector and axial vector forces. At the quark level, they are
equal in magnitude but the strong interaction within the

5We choose the sign convention 1# "5 for historical consistency,
but note that it is opposite to the more modern 1" "5 convention of
Bjorken and Drell.
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Three Methods

1) Beam method

2) UCN bottle method

3) Magnetic storage

The beam neutron lifetime method

neutron decay rate: Γ = − dN
dt

= N
τ

neutrons in detection volume        :Vdet N = ρnVdet =
φ
v

⎛
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⎞
⎠⎟ Abeam Ldet

neutron lifetime: τ = Abeam Ldet
Γ

φ
v

⎛
⎝⎜

⎞
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Neutron Lifetime

1) Beam:

     τ = N

Γ =
1

Γ

φ

v( )Vdet
2) Bottle:

τ =
T

log
N0
N1( )

3) Exponential decay:

N(t) = N0 e
− t
τ
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Error Budget

2005: τ = 886.3 ± 3.4 s n

J. S. NICO et al. PHYSICAL REVIEW C 71, 055502 (2005)

TABLE V. Summary of the systematic corrections and uncertainties for the measured
neutron lifetime. Several of these terms also appear in Table VII where it is seen that their
magnitude depends weakly on the running configuration. In those cases, the values given
in this table are the configuration average. The origin of each quantity is discussed in the
section noted in the table.

Source of correction Correction (s) Uncertainty (s) Section

6LiF deposit areal density 2.2 IV A
6Li cross section 1.2 II D
Neutron detector solid angle 1.0 II D 1
Absorption of neutrons by 6Li +5.2 0.8 IV A 2
Neutron beam profile and detector solid angle +1.3 0.1 IV A 2
Neutron beam profile and 6Li deposit shape !1.7 0.1 IV A 2
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Scattering of neutrons by Si substrate !0.2 0.5 IV A 3
Trap nonlinearity !5.3 0.8 IV C
Proton backscatter calculation 0.4 IV D 3
Neutron counting dead time +0.1 0.1 II D

Proton counting statistics 1.2 IV D 2
Neutron counting statistics 0.1 II D
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where %(x, y) is the detector solid angle and "(x, y) is the
areal density of the 6Li deposit. By design, %(x, y) is nearly
constant over the beam distribution and "(x, y) is both small
and nearly constant, making the ratio of Eqs. (15) and (14)
nearly 1. Nevertheless, the precise ratio is a correction that
must be included in each of our 13 series-based lifetime
values (Table IV). The solid angle %(x, y) is easily calculated
given the positions of the deposit and the apertures; "(x, y)
was measured during the manufacture of the deposits; and
$(x, y) was measured using the dysprosium image method
(Sec. IV B1).

Rather than calculate the ratio of Eqs. (15) and (14)
directly, we decompose the calculation into three terms
with corresponding numerical corrections c1, c2, and c3 (see
Table VII), each of which leads to an additive correction
to the lifetime. The first takes into account the exponential
attenuation of neutrons in the 6Li deposit (c1). The second
accounts for the neutron beam profile and position-dependent
detector solid angle (c2), and finally, the third accounts for
the neutron beam profile and the position-dependent 6Li areal
density (c3). Because each of these effects is small, nothing of
consequence is lost by separately calculating them. In addition
to these effects, two additional neutron loss mechanisms are
included in this section (c4 and c5). Before the neutrons pass
through the 6Li deposit, they pass through two perfect crystal

Si wafers: one serves as the backing that holds the 6Li deposit
and the other is situated between the neutron detector and
the proton trap to prevent charged particles from streaming
into the trapping region. There will be neutron absorption (c4)
and scattering (c5) from these wafers. A final correction (c6)
accounting for a neutron beam halo is discussed in Sec. IV B.

Table VI lists the four configurations of beam collimation
and thickness of Bi filter material, and Table VII provides
values and uncertainties (in seconds) for the six corrections dis-
cussed in this section for each of these configurations. Multiple
configurations were employed to check for unknown system-
atic effects. At our level of accuracy, none were seen. The sum
of the configuration-appropriate column in Table VII has been
added to each of the 13 values of 'n that appear in Table VII.
The uncertainties are provided in the last column of Table VII.
These uncertainties are added in quadrature to those associated
with other systematic effects in order to obtain a final sys-
tematic uncertainty. The remainder of this section discusses
corrections 1 through 5 and their uncertainties in detail.

1. A model of I(v)

Corrections c1 and c4 in Table VII depend on I (v)
which in turn depends upon the chosen running configuration
(Table VI). To address these corrections, a detailed model for
the detected neutron fluence was developed. Conceptually, the
model consists of three factors:

1. A function for the cold source brightness (neutrons per
second per square centimeter per steradian per angstrom).
This function was constructed by starting from an accurate
wavelength distribution measurement made at the end of
one of the cold-neutron guide tubes and dividing it by the
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given the positions of the deposit and the apertures; "(x, y)
was measured during the manufacture of the deposits; and
$(x, y) was measured using the dysprosium image method
(Sec. IV B1).

Rather than calculate the ratio of Eqs. (15) and (14)
directly, we decompose the calculation into three terms
with corresponding numerical corrections c1, c2, and c3 (see
Table VII), each of which leads to an additive correction
to the lifetime. The first takes into account the exponential
attenuation of neutrons in the 6Li deposit (c1). The second
accounts for the neutron beam profile and position-dependent
detector solid angle (c2), and finally, the third accounts for
the neutron beam profile and the position-dependent 6Li areal
density (c3). Because each of these effects is small, nothing of
consequence is lost by separately calculating them. In addition
to these effects, two additional neutron loss mechanisms are
included in this section (c4 and c5). Before the neutrons pass
through the 6Li deposit, they pass through two perfect crystal
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and the other is situated between the neutron detector and
the proton trap to prevent charged particles from streaming
into the trapping region. There will be neutron absorption (c4)
and scattering (c5) from these wafers. A final correction (c6)
accounting for a neutron beam halo is discussed in Sec. IV B.

Table VI lists the four configurations of beam collimation
and thickness of Bi filter material, and Table VII provides
values and uncertainties (in seconds) for the six corrections dis-
cussed in this section for each of these configurations. Multiple
configurations were employed to check for unknown system-
atic effects. At our level of accuracy, none were seen. The sum
of the configuration-appropriate column in Table VII has been
added to each of the 13 values of 'n that appear in Table VII.
The uncertainties are provided in the last column of Table VII.
These uncertainties are added in quadrature to those associated
with other systematic effects in order to obtain a final sys-
tematic uncertainty. The remainder of this section discusses
corrections 1 through 5 and their uncertainties in detail.

1. A model of I(v)

Corrections c1 and c4 in Table VII depend on I (v)
which in turn depends upon the chosen running configuration
(Table VI). To address these corrections, a detailed model for
the detected neutron fluence was developed. Conceptually, the
model consists of three factors:

1. A function for the cold source brightness (neutrons per
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This function was constructed by starting from an accurate
wavelength distribution measurement made at the end of
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areal density of the 6Li deposit. By design, %(x, y) is nearly
constant over the beam distribution and "(x, y) is both small
and nearly constant, making the ratio of Eqs. (15) and (14)
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values (Table IV). The solid angle %(x, y) is easily calculated
given the positions of the deposit and the apertures; "(x, y)
was measured during the manufacture of the deposits; and
$(x, y) was measured using the dysprosium image method
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directly, we decompose the calculation into three terms
with corresponding numerical corrections c1, c2, and c3 (see
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consequence is lost by separately calculating them. In addition
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values and uncertainties (in seconds) for the six corrections dis-
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atic effects. At our level of accuracy, none were seen. The sum
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added to each of the 13 values of 'n that appear in Table VII.
The uncertainties are provided in the last column of Table VII.
These uncertainties are added in quadrature to those associated
with other systematic effects in order to obtain a final sys-
tematic uncertainty. The remainder of this section discusses
corrections 1 through 5 and their uncertainties in detail.
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Corrections c1 and c4 in Table VII depend on I (v)
which in turn depends upon the chosen running configuration
(Table VI). To address these corrections, a detailed model for
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model consists of three factors:
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Our experiment using gravitationally trapped ultracold neutrons (UCN) to measure the neutron lifetime is
reviewed. Ultracold neutrons were trapped in a material bottle covered with perfluoropolyether. The neutron
lifetime was deduced from comparison of UCN losses in the traps with different surface-to-volume ratios. The
precise value of the neutron lifetime is of fundamental importance to particle physics and cosmology. In this
experiment, the UCN storage time is brought closer to the neutron lifetime than in any experiments before: the
probability of UCN losses from the trap was only 1% of that for neutron β decay. The neutron lifetime obtained,
878.5 ± 0.7stat ± 0.3sys s, is the most accurate experimental measurement to date.

DOI: 10.1103/PhysRevC.78.035505 PACS number(s): 14.20.Dh, 13.30.Ce, 21.10.Tg, 23.40.−s

I. INTRODUCTION

Precision measurements of the neutron lifetime are im-
portant for elementary particle physics and cosmology. The
decay of a free neutron into a proton, an electron, and an
antineutrino is determined by the weak interaction comprising
the transition of a d quark into a u quark. In the Standard Model
of elementary particles, the quark mixing is described by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix, which must be
unitary. For instance, for the first row we have

|Vud |2 + |Vus |2 + |Vub|2 = 1, (1)

where Vud, Vus , and Vub are the matrix elements related to
the mixing of a u quark with a d, s, or b quark, respectively.
The values of the individual matrix elements are determined
by the weak decays of the respective quarks. In particular, the
matrix element Vud can be determined from a nuclear β decay
and neutron β decay. The extraction of Vud from neutron β
decay data is attractive because of the theoretical simplicity in
describing neutron decay. The experimental procedure itself
requires precise measurements of the neutron lifetime τn and
the β decay asymmetry A0. The neutron half-life t is given by
the following equation [1]:

f t(1 + δ′
R) = K

|Vud |2G2
F (1 + 3λ2)(1 + %R)

, (2)

where f = 1.6886 is the phase space factor, δ′
R = 1.466 ×

10−2 is a model-independent external radiative correction
[2,3], %R = 2.40 × 10−2 is a model-dependent internal ra-
diative correction [4,5], λ = GA/GV is the ratio of the
axial-vector weak coupling constant to the vector weak
coupling constant, GF is the Fermi weak coupling constant
determined from the µ decay, and K is a combination of the
known fundamental constants. The relative uncertainties in

*serebrov@pnpi.spb.ru

the electroweak radiative corrections are of the order of a few
percent. The general formula for |Vud |2 as a function of τn and
λ takes the form [3]

|Vud |2 = 4908.7 ± 1.9 s
τn(1 + 3λ2)

, (3)

where the accuracy in calculation of the radiative corrections
has been incorporated. Thus, the required relative accuracy of
the neutron lifetime τn measurement must be higher than 10−3,
whereas the relative accuracy of the λ measurement must be
higher than 0.5 × 10−3. The parameter λ can be obtained from
the measurements of the asymmetry A0 of the neutron β decay:

A0 = −2
λ(λ + 1)
1 + 3λ2

. (4)

Since %λ/λ = 0.25%A0/A0, the relative accuracy of the
asymmetry measurement must be higher than 2 × 10−3.

Precise measurements of the neutron lifetime are also
important input parameters in the models of the early stages
of the formation of the Universe.

The observed quantities in the Big Bang model are the initial
abundances of deuterium and 4He. These quantities depend on
the ratio of the number of baryons to the number of photons
in the initial nucleosynthesis stage and on the neutron lifetime
τn. For instance, at a fixed value of baryon asymmetry η10, a
variation in the neutron lifetime by 1% changes the value of the
initial abundance of 4He by 0.75%. The relative accuracy of
the measurement of 4He abundance is 0.61% [6]. Similarly, a
variation in the neutron lifetime by 1% changes η10 by 17%; the
value of η10 is currently estimated to the precision of 3.3% [6].
Thus, to verify the nucleosynthesis model in the Big Bang, the
accuracy of the neutron lifetime measurement must be higher
than 1%.

The results presented in this paper have already published
briefly in Ref. [7]. Here we present a more detailed account of
the experiment.

0556-2813/2008/78(3)/035505(15) 035505-1 ©2008 The American Physical Society
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I. INTRODUCTION

Precision measurements of the neutron lifetime are im-
portant for elementary particle physics and cosmology. The
decay of a free neutron into a proton, an electron, and an
antineutrino is determined by the weak interaction comprising
the transition of a d quark into a u quark. In the Standard Model
of elementary particles, the quark mixing is described by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix, which must be
unitary. For instance, for the first row we have

|Vud |2 + |Vus |2 + |Vub|2 = 1, (1)

where Vud, Vus , and Vub are the matrix elements related to
the mixing of a u quark with a d, s, or b quark, respectively.
The values of the individual matrix elements are determined
by the weak decays of the respective quarks. In particular, the
matrix element Vud can be determined from a nuclear β decay
and neutron β decay. The extraction of Vud from neutron β
decay data is attractive because of the theoretical simplicity in
describing neutron decay. The experimental procedure itself
requires precise measurements of the neutron lifetime τn and
the β decay asymmetry A0. The neutron half-life t is given by
the following equation [1]:

f t(1 + δ′
R) = K

|Vud |2G2
F (1 + 3λ2)(1 + %R)

, (2)

where f = 1.6886 is the phase space factor, δ′
R = 1.466 ×

10−2 is a model-independent external radiative correction
[2,3], %R = 2.40 × 10−2 is a model-dependent internal ra-
diative correction [4,5], λ = GA/GV is the ratio of the
axial-vector weak coupling constant to the vector weak
coupling constant, GF is the Fermi weak coupling constant
determined from the µ decay, and K is a combination of the
known fundamental constants. The relative uncertainties in

*serebrov@pnpi.spb.ru

the electroweak radiative corrections are of the order of a few
percent. The general formula for |Vud |2 as a function of τn and
λ takes the form [3]

|Vud |2 = 4908.7 ± 1.9 s
τn(1 + 3λ2)

, (3)

where the accuracy in calculation of the radiative corrections
has been incorporated. Thus, the required relative accuracy of
the neutron lifetime τn measurement must be higher than 10−3,
whereas the relative accuracy of the λ measurement must be
higher than 0.5 × 10−3. The parameter λ can be obtained from
the measurements of the asymmetry A0 of the neutron β decay:

A0 = −2
λ(λ + 1)
1 + 3λ2

. (4)

Since %λ/λ = 0.25%A0/A0, the relative accuracy of the
asymmetry measurement must be higher than 2 × 10−3.

Precise measurements of the neutron lifetime are also
important input parameters in the models of the early stages
of the formation of the Universe.

The observed quantities in the Big Bang model are the initial
abundances of deuterium and 4He. These quantities depend on
the ratio of the number of baryons to the number of photons
in the initial nucleosynthesis stage and on the neutron lifetime
τn. For instance, at a fixed value of baryon asymmetry η10, a
variation in the neutron lifetime by 1% changes the value of the
initial abundance of 4He by 0.75%. The relative accuracy of
the measurement of 4He abundance is 0.61% [6]. Similarly, a
variation in the neutron lifetime by 1% changes η10 by 17%; the
value of η10 is currently estimated to the precision of 3.3% [6].
Thus, to verify the nucleosynthesis model in the Big Bang, the
accuracy of the neutron lifetime measurement must be higher
than 1%.

The results presented in this paper have already published
briefly in Ref. [7]. Here we present a more detailed account of
the experiment.
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matrix element Vud can be determined from a nuclear β decay
and neutron β decay. The extraction of Vud from neutron β
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the β decay asymmetry A0. The neutron half-life t is given by
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The results presented in this paper have already published
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the mixing of a u quark with a d, s, or b quark, respectively.
The values of the individual matrix elements are determined
by the weak decays of the respective quarks. In particular, the
matrix element Vud can be determined from a nuclear β decay
and neutron β decay. The extraction of Vud from neutron β
decay data is attractive because of the theoretical simplicity in
describing neutron decay. The experimental procedure itself
requires precise measurements of the neutron lifetime τn and
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the following equation [1]:

f t(1 + δ′
R) = K

|Vud |2G2
F (1 + 3λ2)(1 + %R)

, (2)

where f = 1.6886 is the phase space factor, δ′
R = 1.466 ×

10−2 is a model-independent external radiative correction
[2,3], %R = 2.40 × 10−2 is a model-dependent internal ra-
diative correction [4,5], λ = GA/GV is the ratio of the
axial-vector weak coupling constant to the vector weak
coupling constant, GF is the Fermi weak coupling constant
determined from the µ decay, and K is a combination of the
known fundamental constants. The relative uncertainties in

*serebrov@pnpi.spb.ru

the electroweak radiative corrections are of the order of a few
percent. The general formula for |Vud |2 as a function of τn and
λ takes the form [3]
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, (3)

where the accuracy in calculation of the radiative corrections
has been incorporated. Thus, the required relative accuracy of
the neutron lifetime τn measurement must be higher than 10−3,
whereas the relative accuracy of the λ measurement must be
higher than 0.5 × 10−3. The parameter λ can be obtained from
the measurements of the asymmetry A0 of the neutron β decay:

A0 = −2
λ(λ + 1)
1 + 3λ2

. (4)

Since %λ/λ = 0.25%A0/A0, the relative accuracy of the
asymmetry measurement must be higher than 2 × 10−3.

Precise measurements of the neutron lifetime are also
important input parameters in the models of the early stages
of the formation of the Universe.

The observed quantities in the Big Bang model are the initial
abundances of deuterium and 4He. These quantities depend on
the ratio of the number of baryons to the number of photons
in the initial nucleosynthesis stage and on the neutron lifetime
τn. For instance, at a fixed value of baryon asymmetry η10, a
variation in the neutron lifetime by 1% changes the value of the
initial abundance of 4He by 0.75%. The relative accuracy of
the measurement of 4He abundance is 0.61% [6]. Similarly, a
variation in the neutron lifetime by 1% changes η10 by 17%; the
value of η10 is currently estimated to the precision of 3.3% [6].
Thus, to verify the nucleosynthesis model in the Big Bang, the
accuracy of the neutron lifetime measurement must be higher
than 1%.

The results presented in this paper have already published
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TABLE I. Systematic effects and their uncertainties.

Systematic effect Magnitude (s) Uncertainty (s)

Method of calculating γ 0 0.236
Influence of shape of
function µ(E)

0 0.144

UCN spectrum uncertainty 0 0.104
Uncertainty of trap
dimensions (1 mm)

0 0.058

Residual gas effect 0.4 0.024
Uncertainty in PFPE critical
energy (20 neV)

0 0.004

Total systematic correction 0.4 0.3

and can be used as an estimation of the uncertainty of the
neutron lifetime value owing to the uncertainty of the µ(v)
function shape (see Table I). In spite of the fact that the model
dependencies µi(v) are very different, their influence on the
result of the extrapolation to the neutron lifetime is rather weak.
Therefore, the size extrapolation method based on the idea
of using two traps makes it possible to reduce substantially
systematic errors that are caused by the uncertainty of our
knowledge about the function µ(E).

The effect from uncertainty of the dependence µ(E) on the
neutron lifetime was also studied for the case of the energy
extrapolation method. The differences between the neutron
lifetime values for µ(v) from Eq. (10) and for the model
dependencies µi(v) are as follows:

(i) −0.83 s,
(ii) 0.76 s,

(iii) −1.93 s, and
(iv) −2.73 s.

As expected, the dependence of the result of the energy
extrapolation method on the µ(v) function shape is rather
strong, going mainly to systematically low value of neutron
lifetime. Therefore, we used the result of the size extrapolation
as the final value of the neutron lifetime.

If we have more than two measurements, the neutron
lifetime can be obtained by a linear regression of Eq. (12)
with τ−1

n and η as free parameters. The UCN loss factor η
proves to be equal to the tangent of the slope angle of the
extrapolation line. The UCN normalized loss rate γ (E) with
the trap walls can be computed according to Eq. (17). The
results of calculation of the normalized loss rate are presented
in Fig. 4. The UCN storage time τ−1

st can be calculated if we
know the measured number of neutrons that remain in the trap
after two different storage times:

τst = t2 − t1

ln(N1/N2)
, (18)

where N1 and N2 are the numbers of neutrons left in the trap
after storage times t1 and t2, respectively. There is no need to
know the efficiency of the UCN detector, the probability of
UCN losses as the neutrons travel along the neutron guide,
and so forth, since Eq. (18) uses only the ratio of the numbers
of neutrons.

FIG. 4. The UCN normalized loss rate as a function of UCN
energy for narrow cylindrical and wide quasispherical traps.

B. Calculation of normalized loss rate for the broad UCN
spectrum in the trap

Previously it was demonstrated how one can calculate the
normalized loss rate γ (E) and fulfill the size extrapolation to
the neutron lifetime for a monoenergetic UCN spectrum. But
in practice we have dealt with a rather broad spectrum.

To calculate the normalized loss rate for a broad UCN
spectrum one has to integrate Eq. (17) over the real spectral
distribution of UCN in the trap. Hence the task of calculating
the normalized loss rate for a broad spectrum leads to the task
of spectrum measurement.

There are two ways to determine the UCN spectrum in
the trap: 1. by direct measurement of the differential UCN
spectrum by means of the step-by-step rotation of the UCN trap
as was previously described and 2. by measuring the integral
UCN spectrum and then calculating its differential form. In
the first case, each portion of the spectrum will be measured
in a different time. Therefore, it is necessary to introduce a
correction for the UCN decay and losses. In the second case,
introduction of this correction is not required. We used the
second way, measuring the number of neutrons in the trap
by means of the trap rotation to the down position from the
different monitoring positions.

The differential spectrum of UCN captured into the trap,
N (E), can be calculated by the so-called integral spectrum
Nint(Eup). The integral spectra for each trap were measured
during a special experiment and the results are presented in
Fig. 5. The differential spectrum was taken as

N (E) = ρ0 · ρ(E) · V (E) · exp(−αE), (19)

where ρ0 is the UCN density in phase space, V (E) is the
effective volume for UCN with energy E in a gravitational
field, E is the UCN energy at the trap bottom, α is the
deformation parameter of the Maxwell spectrum, and ρ(E)
is Maxwell spectrum of UCN (v2dv ∼

√
EdE).
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in practice we have dealt with a rather broad spectrum.
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introduction of this correction is not required. We used the
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FIG. 12. Result of extrapolation to the neutron lifetime when
combined energy and size extrapolations are used. The open circles
represent the results of measurements for a quasispherical trap, and
the full circles the results of measurements for a cylindrical trap.

To use the size extrapolation method, we have to combine
the values obtained from different traps within the same UCN
energy range and then calculate the average value of all the
resultant values of the neutron lifetime.

Figure 13 demonstrates the results of size extrapolation to
the neutron lifetime for different energy ranges. The average
value of the neutron lifetime obtained by the size extrapolation
method was 878.07 ± 0.73 s.

The results corresponding to these two methods differ
by 1.5σ . The loss factor obtained in this experiment, η =
2 × 10−6, agrees with the value found in the transmission
experiment [10]. For the final value of the neutron lifetime we
prefer using the result of size extrapolation, which depends
rather weakly on µ(E) and which we consider more reliable.

FIG. 13. Extrapolated values of the neutron lifetime for different
mean UCN energies, when size extrapolation is used. The solid,
straight line corresponds to the average value of neutron lifetime for
given measurements.

F. Monte Carlo simulation of the experiment and
systematic errors

To estimate the accuracy and test the reliability of the size
extrapolation method in which the value of the function γ must
be calculated, we performed a simulation of the experiment
using the Monte Carlo method.

The adopted Monte Carlo model describes the behavior of
neutrons with allowance for a gravitational field, the shape of
the storage traps, trap losses η = 2 × 10−6, and the geometries
of the secondary volume and of the ultracold neutron guide.
The start spectrum for modeling is the spectrum measured
in the experiment. The angular distribution was prepared by
simulation of UCN storage in the trap for 50 s with 100%
diffuse reflections without any losses before the start of the
main simulation process. As a result, we were able to simulate
directly the measurement procedure and build a time diagram
for the counting rate at the detector, similar to the one shown in
Fig. 2. The UCN storage time in the traps and the extrapolation
to the neutron lifetime that rely on the computed function γ
were calculated in the same way as in the experiment. The
single adjustable parameter in the Monte Carlo model was
the coefficient of UCN diffuse scattering in the interaction
with the trap surface. All the information about the probability
of mirror reflection is extremely important. For instance, if
it equals 99.9%, the behavior of UCN in the trap becomes
strongly correlated and the resulting prediction becomes
extremely difficult to make.

A comparison of the results of Monte Carlo calculations
for different values of the diffuse scattering probability and the
experimental results (Fig. 14) makes it possible to conclude

FIG. 14. Simulation of an experiment by the Monte Carlo
method, consisting in simulating the neutron discharge from a
narrow cylindrical trap. The dotted curve corresponds to the results
of calculations with a 0.1% diffuse reflection probability; the dashed
curve corresponds to a 1% diffuse reflection probability, and the solid
curve to 10% and 100%.
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At the few 10-4 precision level 
n decay will be competitive 

with 0+ - 0+



The Future

The U.S. program going forward will consist of one neutron beam and 
one UCN bottle experiment, both designed to scrutinize systematic 

effects and to reach the 0.1 s level in precision. 

Beam Lifetime 3

Enlarged version of existing 
apparatus, trap volume 50x larger,


new features to study proton 
counting systematics

UCNτ

(Tulane, U. Tenn., NIST)
(Indiana U., Los Alamos)

Proof-of-principle demonstration run 
Feb 2013

35

Magnetic (Halbach array) wall 
bottle to eliminate wall losses
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Other Current and Planned Efforts

Magneto-gravitational UCN traps:

1. ILL Permanent magnet bottle (Ezhov, et al.)

2. HOPE: Halbach-octupole magnet

3. PENeLOPE: Superconducting magnet bottle

Beam Method: 

J-PARC pulsed beam 3He TPC

All with goal of   0.1 s n lifetime precision~



Danke Schön



Extra Slides



Trap nonlinearity effects: 
!
• Inhomogeneity of the axial magnetic    
field - important 

!
• Neutron beam divergence within the trap    
- minor 

!
• Nonuniform electrode and spacer widths    
- negligible 
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Dy foil neutron flux measurements




