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HISTORICAL BACKGROUND:

Sensitive to the 4 forces
Cornerstone of the

Neutron decay

Standard model - structure of the universe

Particle physicists believe that matter — everything created in the universe
by the Big Bang about 14 billion years ago - is made up of 12 types of
fundamental particle and six force carriers. These building blocks, which
cannot be broken down any further, make up the Standard Model theory

1
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These eight particles came
into existence in moments after Gluon 7979
Big Bang. Found in cosmic rays Higgs boson To be discovered

Source: Particle Physics and Astronomy Research Council @ GRAPHIC NEWS
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HISTORICAL BACKGROUND:

Cornerstone for the
71,=885.7 +/- 0.8 s

Physicists close in orb

neutron puzzle

Researchers are narrowing down their measurements
how long the subatomic particle survives onits own.

BY ALEXAMDRA WITZE IN DEMYER, COLORADD

P hysicists are drawing nearer to answering
a long-standing mystery of the Universe:
how long a newtron lives.

Meutrons are electrically meutral particles
that usually combine with protons to make up
atomic nudel. Some neutrons are not bound
up in atoms; these free-floating neatrons decay
radioactively into other particles in minutes.

But physicists can't agree on precisely how
long it takes a neatron to die. Using one labora-
tory approach, they measure the average new-
tron lifetime as 14 minutes 39 seconds. Using
a different approach, they get B seconds longer:
4472 NATURE Wi |
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"We don't know why they're different.”
says Shannon Hoogerheide, a physicist at the
Mational Institute of Standards and Techmol-
ogy {NIST) in Gaithersburg, Maryland. "We
really need to understand and eliminate this
discrepancy!” She and other scientists debated
new ways to solve the problem this month at
a mecting of the American Physical Society in
Denver, Colorado.

Pinpointing the lifetime of a neutron is
important for understanding how muoch hydno-
gen, helinm and other light elements formed
in the first few minutes after the Universe
was born 13.8 billion years ago. Scientists also
think that pinning down the neutron’s lifetime

5 010 Sprirger Mabure Limibed. Al righs reses resesd

would help to constrain measurements of
other subatomic partides.

One way of clocking the neutron’s lifespan
is to put some of the particles in a bottle and
count how many are left after a period of time.
This ‘bottle’ method has been tried at several
laboratories, including the Los Alamos
Mational Laboratory in Mew Mex co' and the
Institut Lane-Langevin in Grenoble, France.
On average, they come up with a neutron
lifetime of 14 minutes 39 seconds.

The other way is to feed neutrons into a
detector that counts the protons created as
the neutrons decay. This "beam” method has
been used at NIST and at the Japan Proton
Accelerator Research Complex in Tokai. The

team reported im 2003 that its neutrons live
cight seconds longer, on average, than those
in the bottle method”.

That’s a big problem. because the beam and
bottle measurements don't owerlap, even when
their margins of error are taken into accoant.
S50 physicists have been looking for ways to
explain why neutrons might be disappearing
from bottles faster than from beams.

[ne possibility is that one of the two methods
is doing something wrong. In that case,
researchers might want to combine beam
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NEUTRON OPTICS:

0.0-0.025 eV
0.025 eV
0.025-0.4 eV
0.4-0.5 eV
0.5-1 eV

1-10 eV
10-300 eV

300 eV-1 MeV
1-20 MeV

> 20 MeV

Epithermal neutrons
Cadmium neutrons
Epl-Cadmium neutrons
Slow neutrons
Resonance neutrons
Intermediate neutrons
Fast neutrons

Ultrafast neutrons
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NEUTRON OPTICS :
& Schrodinger Equation

The de Broglie wave-particle duality [15] associates a wavevector, k = mv/h, with a
neutron propagating through a medium, where v is the neutron velocity, m its mass, and
h = 1.05457x10~*Js is the reduced Planck constant. The wavefunction can be represented

as a 3D wavepacket (in Dirac notation),

|T(t)) = j dk pye ™% k), (1.1)

with we = E/h, where E is the energy, py is the probability amplitude. The state |k) is
a plane wave component with position representation ¢y = (r|k) = ¢™T, with wavevector
k = K _]-'.::: > + .L:'y ' i) 1T Iil.l_-f:.-_- i.:l].ld. r =2 |:::I > + ully - =& '.:::_--

TAUSEND
SCHILLIN




NEUTRON OPTICS

The propagation of a neutron through a medium is governed by the matter-wave Schridinger

equation. In a time independent potential, under steady state conditions, the Schridinger

equation in the position representation is,

_ ok
52 Vir)=Y Z—hd(r—r,),

— V2 V()| U(r) = BO(r), ~ m

where V' (r) is the potential energy of the particle, and F is the total energy of the j
The equation can be written in a form that is similar to the Helmholtz equation in 4
optics as,

V30(r) + K(r)*¥(r) = 0,

with K(r) = +/2m[E — V(r)]/k is the medium dependent wavevector. V(r) ¢
VArious fc|1'1115~.. including electromagnetic, gravitational, and nuclear. Of interest to us 1s
the nuclear and mapgnetic interaction which will be explored in the next section in detail.

Omne common way to characterize them is via the refractive index, defined as [2. 3]

'[r [2m[E — V (r)] v Vie)=Y" Eﬂh?bﬁ[r —r;)
||' n= —1||'|.'_'f ~ ] — — m 7

N mE 2F i

where k = +/2mFER-? is the wavevector in free space. The approximation in Eq. (1.7) is
valid for thermal neutrons as the potential V(r) can be expressed in a form equal to the

optical potential, V, which for most materials is of the order 107V




NEUTRON OPTICS

Irh?
Vi N Er here Nb = bid(r — 1.9
0=— where Z}: (r —r;). (1.9)

Nb is the local mean scattering length density, which represents the response of the overall
system as multiple copies of a single atom of the same kind. Generally, b is complex with
typical values in the femtometre scale. Moreover, this value leads to a scattering cross-
section defined as #, = 4w |b|* and an absorption cross-section defined as @, = 4wIm[b]*k~",

where Im(b] is the imaginary component.

When a neutron beam is shined on an absorbing target of effective thickness D), the

intensity of transmitted neutron is related to the incident intensity, Iy, by [19],

[ = Ipe™ %P, (1.10)

Materials with high 7, including lead, cadmium, gadolinium, are commonly used as neutron

absorbers. For most materials, EE‘[E] = 0, with the few exceptions of *H, ¥T1i, and ®*Ni

The general form of the complex refractive index from a spin-independent scattering

material is [3, 2|,

D LT




NEUTRON OPTICS

Irh?
Vi N Er here Nb = bid(r — 1.9
0=— where Z}: (r —r;). (1.9)

Nb is the local mean scattering length density, which represents the response of the overall
system as multiple copies of a single atom of the same kind. Generally, b is complex with
typical values in the femtometre scale. Moreover, this value leads to a scattering cross-
section defined as #, = 4w |b|* and an absorption cross-section defined as @, = 4wIm[b]*k~",

where Im(b] is the imaginary component.
When a neutron beam is shined on an absorbing target of effective thickness D), the
intensity of transmitted neutron is related to the incident intensity, Iy, by [19],
[ = Ipe™ %P, (1.10)
Materials with high 7, including lead, cadmium, gadolinium, are commonly used as neutron
absorbers. For most materials, EE‘[E] = 0, with the few exceptions of *H, ¥T1i, and ®*Ni

The general form of the complex refractive index from a spin-independent scattering

material is [3, 2|,

NN ( ) +1_Err,;"'-"}n= (1.11)
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NEUTRON OPTICS :
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NEUTRON OPTICS

Table 1. Nentron scattering lengths and cross sections of the elements and their isotopes.

Column  Symbol  Unit Quantity

elemant

atomic number

mass number

spin (panity) of the nuclear ground state

natural abundance (For radisisotopes the half-ife is given instead.)
bound coherent scattering length

bound incoherent scattering length

bound coherent scattering cross section

baound incoherent scattering cross section

total bound scattering cross section

absorption cross section for 2200 m/s neutrons?®

ZeN

Ey

W oo 0 ==

L

w

el == B B - 2 - R L

]

VarrLey F. SEArs
AECL Research, Chalk River Laboratories
Chalk River, Ontario, Canada KOJ 1J0

{1} 1 bam = 100 fm?
{(2) E=2530meV, k=3484 A~ /=1798 i+

¢ b a

-3.7390(11) 1.7568(10)  80.26(6)

99.985 -37408(11)  25.274(8) 1.7583(10)  80.27(6)
0.015 B.671(4) 4.04(3) 5.592(T) 2.05(3)
(12.32 a) 4.792(27) ~1.04[17) 2.89(3) 0.14(4)

3.26(3) 1.34(2) 0
0.00014  5.74(7) ~2.5(6) 4.42(10) 1.6(4)
-1.483(2)i +2.568(3)1
99.99985  3.28(3) 0 1.34(2) 0

-1.90(2) 0.454(10)  0.82(3)
2.00{11) -1.89(10) 0.51(5) 0.48(5)

~0.281(1)i +0.26(1)i

-2.22(2) -2.49(5) DE19(11)  0.78(3)

7.79(1) 0.12(3) 7.63(2) 0.0018(9)

5.30(4) 3.54(5) 1.70(12)
-0.213(2)i
-0.1(3) -4.7(3) 0.144(8) 3.0(4)
-1.066(3)i +1.231(3)i

6.65(4) -1.3(2) 5.56(7) 0.21(7)

6.6460(12) 5.550(2) 0.001(4)
6.6511(18) 5.559(3) 0
6.19(9) 4.81(14) 0.034(11)

UC

UI‘I
82.02(8) 0.3326(7)
82.03(6} 0.3326(7)
7.64(3) 0.000519(7)

3.03(5) 0

1.34(2) 0.00747(1)
6.0(4) 5333.(7.)

1.34(2) 0

1.37(3) 70.5(3)
0.97(7) 940.(4.)

1.40(3) 0.0454(3)
7.83(2) 0.0076(8)
5.24(11) 767.(8)
3.1(4) 3835.(9.)
5.77(10) 0.0055(33)
5.551(3) 0.00350(7)

5.559(3) 0.00353(7)
4.84(14) 0.00137(4)




NEUTRON OPTICS :

Ti, 22 ~3.438(2) 1.485(2) 2.87(3) 4.35(3) £.09(13)
46 O+ 8.2 4.93(6) 0 3.05(7) 0 3.05(7) 0.59(18)

“ 47 52 74 3.63(12) ~35(2) 1.66(11) 1.5(2) 3.2(2) 17(2)
48 0 73.8 ~6.08(2) 0 4.65(3) 0 4.65(3) 7.84(25)
49 712 5.4 1.04(5) 5.1(2) 0.14(1) 3.3(3) 3.4(3) 2.2|3)
50 0+ 5.2 6.18(8) 0 4.80(12) 0 4.80(12) 0.179(3)

v 23 0.3824(12) 0.01838(12)  5.08(8) 5.10(8) 5.08(4)
50 B+ 0.250 7.6(8) 7.3(1.1) 0.5(5) E 7.8(1.0) 60.(40.)
51 7020 99.750 —0.402(2) 6.35(4) 0.0203(2)  5.07(8) 5.09(6) 4.9(1)

Mn 25 55 &2 100 -3.73(2) 1.79(4) 1.75(2) 0.40(2) 2.15(3) 13.3(2)

Fe 26 9.45(2) 11.22(5) 0.40(11) 11.62(10) 2 56{(3)
54 O+ 5.8 4.2(1) 0 2.2(1) 0 2.2(1) 2,25(18)
56 0f«) 1.7 - 9.94(3) 0 12,42(7) 0 12.42(7) 2 59(14)
57 1/2(=) 2.2 2.3(1) 0.66(6) 0.3(3) E 1.0(3) 2.48(30)
56 0+ 0.3 15.(7) 0 28.(26.) 0 28.(26.) 1.28(5)

' 10.3(1) 13.3(3) 5.2(4) 18.5(3) 4,43(16)

58 0(+) 6827 14.4{1) 0 26.1{4) 0 26, 1(4) 4.6(3)
50 0Of+) 26.10 2.8(1) 0 0.99(7) 0 0.99(T) 2.82)
B1 312(-) 1.13 7 60(6) +3.9(3) 7.28(11) 1.9(3) 9.2(3) 2 5(8)
62 0+ 3.59 ~8.7(2) 0 9.5(4) 0 9.5(4) 14.5(3)
B4 O+ 0.91 —0.37(7) 0.017(7) 0 0.017(7) 1.52(3)
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NEUTRON OPTICS :
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NEUTRON OPTICS :

Quantum Mechanics governed phenomena
Maximize the reactor capabilities via n-guides
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NEUTRON TUNNELING:

200 A Ni-1000 A 9'V-200A Ni /0.1 mmSilicon
D, =200 A Ni  Dg=1000 A "'V @i =0.5 deg

tanh(2rx.D;) = tan(2®y )/ tan(2wDg/ A)




NEUTRON TUNNELING:

200 A Ni-1000 A 9'V-200A Ni /0.1 mmSilicon
D, =200 A Ni  D=1000 A natV @i =0.5 deg

Transmission Reflectivity

Wavelength (A)




NEUTRON TUNNELING:

Resoncmoce modes: 5 nrowodes
D, =200 A Ni ' Ds=1000 A "tV @i =0.5 deg

Transmission Reflectivity

T ~ m/hkAk



NEUTRON TUNNELING:

200 A Ni-1000 A 9'V-200A Ni /0.1 mmSilicon
D, =200 A Ni  Dg=1000 A "'V @i =0.5 deg

Transmission Reflectivity
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FORESIGHT:
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Cornerstone for the
71,=885.7 +/- 0.8 s

Physicists close in oﬂ'

neutron puzzle

Researchers are narrowing down their measurements of
how long the subatomic particle survives onits own.

BY ALEXAMDRA WITZE IN DEMYER, COLORADD

P hysicists are drawing nearer to answering
a long-standing mystery of the Universe:
how long a newtron lives.

Meutrons are electrically meutral particles
that usually combine with protons to make up
atomic nudel. Some neutrons are not bound
up in atoms; these free-floating neatrons decay
radioactively into other particles in minutes.

But physicists can't agree on precisely how
long it takes a neatron to die. Using one labora-
tory approach, they measure the average new-
tron lifetime as 14 minutes 39 seconds. Using
a different approach, they get B seconds longer:
4472 NATURE Wi |

SkE 15 APRIL
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"We don't know why they're different.”
says Shannon Hoogerheide, a physicist at the
Mational Institute of Standards and Techmol-
ogy {NIST) in Gaithersburg, Maryland. "We
really need to understand and eliminate this
discrepancy!” She and other scientists debated
new ways to solve the problem this month at
a mecting of the American Physical Society in
Denver, Colorado.

Pinpointing the lifetime of a neutron is
important for understanding how muoch hydno-
gen, helinm and other light elements formed
in the first few minutes after the Universe
was born 13.8 billion years ago. Scientists also
think that pinning down the neutron’s lifetime

5 010 Sprirger Mabure Limibed. Al righs reses resesd

would help to constrain measurements of
other subatomic partides.

One way of clocking the neutron’s lifespan
is to put some of the particles in a bottle and
count how many are left after a period of time.
This ‘bottle’ method has been tried at several
laboratories, including the Los Alamos
Mational Laboratory in Mew Mexic o' and the
Institut Lane-Langevin in Grenoble, France.
On average, they come up with a neutron
lifetime of 14 minutes 39 seconds.

The other way is to feed neutrons into a
detector that counts the protons created as
the neutrons decay. This "beam” method has
been used at NIST and at the Japan Proton
Accelerator Research Complex in Tokai. The

team reported im 2003 that its neutrons live
cight seconds longer, on average, than those
in the bottle method”.

That’s a big problem. because the beam and
bottle measurements don't owerlap, even when
their margins of error are taken into accoant.
S50 physicists have been looking for ways to
explain why neutrons might be disappearing
from bottles faster than from beams.

[ne possibility is that one of the two methods
is doing something wrong. In that case,
researchers might want to combine beam




Polarizing
supermirror

Polarisation

\| Unpolarized

/"3‘ polychromatic

(.
K\ ’,"
~ Mechanical

t7 3 beam

selector

FORESIGHT:

X-Y detector

| Si substrate
5

Ry

Polarize’
Supermirtor

Q=2 rsinfoli

Total reflection plateau

Log (R Q4)

Log (R Q4)

" Tunneling resonances

-10.40 it

-2.30 -1.86
Log Q

Vitreous region

Kiessig fringes

(+ + + ) Unpolarized
(000 ) spinup
(X X X ) Spin Down

Resonance order |

Q+(102A7"
Q-+ (102A7"
Q- (102A7Y
AQ (107247
AQ+(1072A7"
AQ- (10247
R+ (%)

R+ (%)
R (%)

Maaza et al, Phys. Lett. A & Phys. Reports



FORESIGHT:

Q=+ = (Ilm — ¢+ ) /Dy

resonances **Ni /*’Ni/**Ni/Si substrate « |

»

Vitreous region

——
on
(=]
d
[—
=
=
=
f—
L
@
[r—
@
o=

Total
reflection

region Kiessig

fringes

0.1
27 sin(@®)/A (A1)

Maaza et al, MRS Advances2019



LITERATURE:

L. , Phys. Kev. bt :

[2] H. Maier-Leibnitz, T. Springer, Z. Phy. 167 (1962 386.

[3] FJ. Landkammer, Z. Phys. 189 (1966) 113.

[4] H. Kurz, H. Rauch, Z. Phys. 220 (1969) 419.

[5] H.Rauch, W. Treimer, U. Bonse, Phys. Lett. A 47 (1974) 369.

[6] S.A. Werner, R. Collela, AW. Overhauser, C.F. Eagen, Phys. Rev. Lett. 35 (1975) 1053.

[7] B.P.Schoenborn, D.L.D. Caspar, O.F. Kammerer, . Appl. Cryst. 7 (1974) 508-510.

[8] C.E. Majkrzack, Physica (Utrecht) 136B (1986) 69-74.

[9] F. Mezei, PA. Dagleisch, Commun. Phys. 2 (1977) 41.
[10] J.B. Hayter, HA. Mook, . Appl. Cryst. 22 (1989) 35-41.
[11] V.F. Sears, Neutron Optics, Oxford University Press, 1980.
[12] SA. Werner, A.G. Klein, in: K. Skold, D.L. Price (Eds.), Neutron Scattering, Academic Press, New York, 1986, pp. 303-318.
[13] E.Fermi, W.H. Zinn, Phys. Rev. 70 (1946) 103.
[14] E.Fermi, L. Marshall, Phys. Rev. 71 (1947) 666.
[15] H. Maier-Leibnitz, T. Springer, Z. Phys. 176 (1962) 386-391.
[16] V.E.Sears, Neutron News 3 (1992) 3.
[17] G.P. Felcher, R.T. Kampwirth, K.E. Gray, R. Felici, Phys. Rev. Lett. 52 (1984) 1539.
[18] V.K.lgnatovich, The Physics of Ultra Cold Neutrons, Oxford-Clarendon Press, 1990.
[19] A. Steyerl, KA. Steinhauser, H. Sheckenhofer, 5.5. Malik, Phys. Rev. Lett. 44 (1980) 1306.
[20] A. Steyerl, T. Ebisawa, KA. Steinhauser, M. Utsuro, Z. Phys. B41 (1981) 283-290.
[21] A. Steyerl, W. Drexel, 5.5. Malik, E. Gutsmeidl, Physica. B 151 (1988) 36-43.
[22] M. Maaza, L.P. Chernenko, D.A. Korneev, B. Pardo, C. 5ella, F. Bridou, Phys. Lett. A 218 (1996) 312-318.
[23] M. Maaza, B. Pardo, 5. Malik, C. Sella, L.P. Chernenko, DA. Korneev, Phys. Lett. A 195 (1994) 1-8.
[24] M. Maaza, B. Pardo, F. Bridou, Nucl. Instr. Meths. Phys. Res. A326 (1993) 531-537.

2125] M. Maaza, B. Pardo, Phys. Lett. A 181 (1993) 276-282.
[26] M. Maaza, B. pardo, ].P. Chauvineau, A. Raynal, F. Bridou, A. Menelle, Phys. Lett. A 223 (1996) 145.
[27] M. Maaza, B. pardo, ].P. Chauvineau, F. Bridou, A. Menelle, Phys. Lett. A 235 (1997) 19.
[28] M. Maaza, B. Pardo, F. Bridou, ]. App. Cryst. 26 (1993) 327.
[29] M. Maaza, B. Pardo, Opt. Commun. 142 {1997 84.
[30] V.K.Ignatovich, F. Radu, Phys. Rev. B 64 (2001) 13. 205408.
bt = i o el izo o L AL [ ] -




LITERATURE:

A Wemer, R Collela, A W Overhauser, CF Ea Phys Rev Lett 35 (1973) 1053.

A Wemer, A.G. Klem. in Neutron Scattering. Eds K. Skold, D.L. Pnce, Methods of Expenimental Physics, Vol .23 (Acadenuc
Press. New York. (1986) p. 303

7. Shull, Ph}'s Rev. 179 (1969) 732.

F.aw:h., Neutron Matter - Quantum Optics, Foundations Physics (2012). 42, p.760-777

Maser-Leibmitz, T. Sprninger, Z. Phys. 167 (1962) 386.

. Fermu, WH. Zinn Phys. Rev. 70 (1946) 103:

. Landkammer, Z. Ph 189 (1966) 113.

Sears, Oxford. Can.l Ph s. 56, (1978) 1261

Kurz, H Rauch. Z. Phys. '»"2[}[1969} 419

H Rauch. W. Treimer, U. Bonse, Phys. Lett. A 47 (Ug?ﬂl}

H. Rauch, G. Badurek, A Zeilinger, ﬁ'f Bauspiess, U Bonse, Phys. Rev. D 14 (1977) 1177
H Maiter-Leibnitz. T. S er J. Nucl 17 (1963 217

|1 A Steyerl, T. Ebisawa, K A~ Steinhauser. Z. Utsuro, Z. vs.B 41 (1981) 283

] HRauch. $.A. Wemer, Neutron ]nterfemmeh'y C'la:endnn., Oxford (2000)

1 M.
M.
M.
M.

%

Q

..,.jw—q

SN S
";aﬂmmmﬁ

Maaza, B. Pardo. S. Malik. C. Sella, L P. Chernenko, D A Komeev, Phys_ Lett. A 218 (1996) 312-318

Maaza, B. Pardo. F. Bridou, Nucl. Instr. Meths. P'h};s. Res. A326 (1993} 331-337

Maaza, B. Pardo. Phys. Lett. A 181 (1993) 276282

| M. Maaza, B. Pardo. ] P. Chauvineau, A. Raynal. F. Bndou, A. Menelle, Phys. Lett. A 223 (1996) 145

| M. Maaza, B. Pardo, ].P. Chauvineau, F. Bidou, A. Menelle, Phys. Lett. A 235 (1997) 19

| M. Maaza, B. Pardo. F. Bnidou. J. App. Cryst. 26 (1993) 327

| M. Maaza, B. Pardo. Opt. Conumun. 142 (1997) 84

| P. Croce, B. Pardo, Nouv. Rev. Opt. Appl. 1 (4) (1970) 229

] KA Steinhauser, A Steyerl, H. Schekenhofer, S.5. Malik, Phys. Rev. Lett. 44 (1980) 1306

| Y.P Feng. CE. Majkrzack, SK_ Sinha, D.G. Wiesler. H Zhang and HW. Deman Phys Rev. B 49 (1994) 10814

1 SK Sinha. M. Tolan, G. Vacca, Z. Li. M. Rafailovich, J Sokolov, H. Lorenz, JP. Kctthaus Y P Feng. Cl. Gtubel and D.
ﬁggrﬁn)ath} Proc. MRS Symp. On Molecules in confined geometries, eds TM. Drake, Y. Klnpﬂer and R. Koppelman

[26] ] L.J. Norton, EJ. Kramer, R A L. Jones, F.S. Bates. HRE. Brown, G.P. Felcher, R_ Kleb, J. Phys. Il 4 (1994) 367-376.




LITERATURE:

Physics Reports 514 (2012) 177-198

Contents lists available at SciVerse ScienceDirect e NICh REREIATA

Physics Reports

journal homepage: www.elsevier.com/locate/physrep

Nano-structured Fabry-Pérot resonators in neutron optics & tunneling
of neutron wave-particles

M. Maaza®P* D. Hamidi?

Nanosciences African Network, iThemba LABS, National Research Foundation of South Africa, 1 Old Faure road, Somerset West 7129, POBox 7 22, Somerset West,
Western Cape Province, South Africa
® Faculty of Sciences, Pretoria-Tshwane University of Technology, Staatsartillerie Road, Pretoria, South Africa

. Maaza, L.P. Chernenko, D.A. Korneev, B. Pardo, C. Sella, F. Bridou, Phys. Lett. A 218 (1996) 312-318.
. Maaza, B. Pardo, S. Malik, C. Sella, L.P. Chernenko, D.A. Korneev, Phys. Lett. A 195 (1994) 1-8.

. Maaza, B. Pardo, F. Bridou, Nucl. Instr. Meths. Phys. Res. A326 (1993) 531-537.

. Maaza, B. Pardo, Phys. Lett. A 181 (1993) 276-282.

. Maaza, B. pardo, ].P. Chauvineau, A. Raynal, F. Bridou, A. Menelle, Phys. Lett. A 223 (1996) 145.

. Maaza, B. pardo, ].P. Chauvineau, F. Bridou, A. Menelle, Phys. Lett. A 235 (1997) 19.

. Maaza, B. Pardo, F. Bridou, J. App. Cryst. 26 (1993) 327.

. Maaza, B. Pardo, Opt. Commun. 142 (1997) 84.

S==E=E=EEEE



NEUTRON TUNNELING:

Reflectivity (R) = |/,

Most important neutron absorbers: as in control
rods, or as a coolant water additive in PWRs.

Other important neutron absorbers that are used in
nuclear reactors all of which
usually consist of mixtures of various isotopes—some of
which are excellent neutron-absorbers. These also occur in
combinations such as ) , :



NEUTRON TUNNELING:

Reflectivity (R) = I/,

Specular
reflection:
6=86

yield as fission

absorption cross- product and by
Isotope ]
section - [barns] product decay

[%%]
Xe-135 2,700,000 6.4 9.1 hours
Gd-157 250,000 0.01 stable
Gd-155 61,000 0.08 stable
Sm-149 42,000 1.1 stable
Cd-113 20,000 0.01 nearly stable
5m-151 10,000 0.6 90 years
Eu-151 7,700 0.6 nearly stable
B-10 3,800 < 0.0001 stable




NEUTRON TUNNELING:

Thermal cross section (barn) d) Eas“c
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NEUTRON TUNNELING:
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NEUTRON TUNNELING:

Zeldovich-Vinogradov
equation (X-Rays)
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NEUTRON TUNNELING:
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Zeldovich-Vinogradov :'"9h|.Y Absorbing
equation (X-Rays) ayer.
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NEUTRON TUNNELING:
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NEUT TUNNELING:
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