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From hot to ultracold: neutron energy. temperature, velocity and wavelength distributions

Fission neutrons  Thermal neutrons  Cold neutrons  Ultracold neutrons  Gravity experiment

Energy 2 MeV 25 meV 3meV <100 neV 1.4 peV(E )
Temperature 1019 K 300 K 40 K ~1 mK -

Velocity 107 m /s 2200 m/s 800 m/'s ~5m/s v) ~2cm/s
Wavelength (.18 nm (1.5 nm ~80 nm

BbiCcTpble HEUTPOHLI CNOCOOHBLI UCMNbITbIBAaTbL Ha AApax Heyrnpyroe paccesiHue u
BbI3blBaTb 3HOOTEPMMYECKUE AAEepPHble peakuuun, Hanpumep (n,a), (n,2n), (n,pn).
MeaneHHble HENTPOHbLI B OCHOBHOM YNPYro paccemBalOTCA Ha ssapax unum
BbI3bIBalOT IK30TEPMUYECKMNE siiepHble peakuuu, B NepBylo ovyepeab
pagvauMoHHbIN 3axBar (n,y), peakuuu tTuna (n,p), (n,a) n geneHune saaep.



accudukaumnsa HEUTPOHOB.

HenTpoHbI E, 3B vV, CM/C A, CM T, K|
5 > ~12 10
BbiCTpble > 10 1 4x10° <10 10

MepasneHHble

NMpoMeXKyTOUYHbI
e

Pe3oHaHCHbIle 0,5-10% 1,4x107 | 3x10-10 106
TennoBble 0,5-5%x10-3| 2x10° 2x10-8 300

-3
XonopaHble 5X1O_7 101 4x109 9x10-8 10

E‘yﬁm%maﬁmlcnocowbl UCNbITb(BaTb Ha AApax Heynpyroe p;accesmme Y

104-10° 1,4x103 | 3x10-11 108

bi3bIBATb 3EI0TEPMUYELKME sHpiibie peam‘hﬁ,%znpm’weg B (n,2n), ¥R on).

eArieHHble HEUTPOHbI B OCHOBHOM YMNPYro paccemBaloTCa Ha aapax unm
BbI3bIBAIOT 9K30TEPMUNYECKUE SAEpHbIe peakLmn, B NepByo odepenb paanaunoHHbIN
3axsart (n,y), peakuuu tTuna (n,p), (n,a) n neneHve agep.




nHasa ¢ aHeprun 0.5 - 1 3B npu CTONTIKHOBEHUAX HENTPOHOB C S4pamMn CTaHOBUTCS

€CTBEHHOW TensioBasa aHeprusa atomoB. PacrnpeneneHne HEMTPOHOB HaYMHaeET

EMNTbCA K paBHOBECHOMY, T.€. MaKCBEJIJTOBCKOMY:
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Number of Collisions, on Average, to Moderate a Neutron from 2 MeV to 1 eV

Moderator & Number of Collisions EX/Za
H 1.0 14 —

D 0.725 20 —

H-»O 0.920 16 71
D>0O 0.509 29 5670
He 0.425 43 83

Be 0.209 6 143

C 0.158 91 —— o

Tspkenas Boga dbonee

Na (0.084 171 SCD(*)eKTI/IBHbIIZ 1134
E,; 0.035 411\ samennuTens, Tk 35
U 0.008 1730 0.0092

cnabee nornowiaet

\HEWTPOHBI, Yem
obblyHaa soaa!l



3 pacnpengeneHna Makceenna nmeem:

E= g KT - cpemHsist sHEpTHs;

2KT
U, = |—— - HauboJiee BEepOsATHAS CKOPOCTH;
mn
m v?
E. = = KT - manbosee BeposTHAS YHEPTHS;
_ 2
U = —=U; - CPEOHSS CKOPOCTb.

Jr

[Mpn T=293,6° K (20,4° C) nmeem E;=kT=0,0253 aB n v;=2,2 km/c.




o Dimension of neutron: 10-13 cm
o Interatomic distance: 1038 cm

_1/_h
z_%_A)
o Neutrons with A~1000 A — v~1+5 m/s
o Inside substances ) )

o Refractive index

o Fermi 1945
V j—




<V>
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For very low energies (E,-<V> negative, <V>~300 neV),
matter forms a potential barrier for neutrons.

matter <V>~300 neV

ly|~e*r, 1/k~1000 Angstrom

vacuum<V>=()

/ v~5 m/sec

Y.B.Zeldovich Sov. Phys. JETP (1959)

T

.

h~1 m

A neutron gas can be bottled
(p~100/cc) using total
external reflection. Due to
gravity the bottle does not
need a lid on top. Also B
gradients can be used.

“Ultracold” Neutrons (UCN)



0 The cold or moderated neutrons, once released, can be
transported through beam tubes (guides) into the laboratory
and used for a wide variety of research instruments

Moderator |
/ Neutron Guide
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How to make UCN

o Conventional Method:
Take neutrons from a reactor core
E, = 5-10 MeV
bring into thermal equilibrium with
nuclei

Energy distribution of “cooled”
neutrons follows Maxwell-Boltzmann
distribution:




Low efficiency

Fraction of neutrons
below 8 m/s is only:
10-11 at 300 K
102 at 30 K

Use a few tricks to boost
the UCN yield:

1. vertical extraction

2. turbine
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o PNPI liquid hydrogen UCN
source

o This neutron source has been
operating at the WWR-M reactor
| since 1986, It is a universal
source since it produces both
1 ultracold and polarized cold
neutrons. The chamber with the
moderator is placed inside the
flux trap in the center of the
reactor core where the flux is
(1.5 -2)'1014 ncm2-'s'! for
\ thermal neutrons and 2°1013
n-cm-2-s-1 for neutrons with
energy E> 1 MeV The chamber,

made of zircalloy, has a volume

FUPPER

LITIUM-6
SHUTTER

NG

T

| of 1 liter. The specific nuclear
=3 o e heating was 18-20 W/g for
(EXCHARSES, .x,:' —t—{ SHUT TER hydrogen and 0.7 W/g for
@ [ T | il rz}irc?_lloy. '_I:L_r%elté)éal nucle?r
-SEPARATOR | i . eating wi percen
SR | '\l)'l LEAD hydrogen was 2.8 kW. The
pry i‘l l SHIfLD liquid mixture of 40 percent of
HYDROGEN | il Il hydrogen and 60 percent of
souact | it 4 Sepgsil deuterium is used as the
\ : ! ll' o Soobd moderator. In this case the total
4. nuclear heating is 1.8 kW.




ILL Neutron Source

nstitut
aue-Langevin

heutron

renoble, France EOR SCIENCE
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NEUTRONS

Turbine operation:

neutron hits
co-rotating

blade and
stops

Nickel quide

(R=13m,p <10"° mbar
7x7 cm?
L =13 m) \

H,0
Beam shutter
He barrier ———e=\

Nickel quide _ o

(0.15 mm tube
/

7 ¢cm diam.
D, cold source

L=5m)
with gravity

UCN source area
(5 exit ports)

VCN exit
port

Turbine
(690 nickel blades)

highest UCN
density achieved:
~ 41 UCN/cm3



+ Cold neutrons downscatter in the solid, giving up
almost all their energy, becoming UCN.

Cold Mauh\ ’* UCN

Crystal aﬁﬁﬁ% Crystal
i

Lathpe Lattica

¢ UCN upscattering (the reverse process) is
suppressed by controlling the moderator at low
temperatures.

Fhonon
(Sound wave)
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The neutron dispersion curve (Q%’Em]
and the Landau-Feynman dispersion
curve for elementary excitations in
superfluid *He. Neutrons with kinetic
energy near the intersection point
(12K or 0.95 meV) can scatter to
UCN energies (<100 neV or =100 nm)
by emission of a single phonon.
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| nstitut Laue-Langevin (I LL)
(High Flux Reactor)

P. Geltenbort PANI C05, Santa Fe, NM (USA), Oct ober 27, 2005
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NEUIRON'S
FOR SCIENCE

Neutron turbine
A.Steyer| (TUM/ILL - 1985)

Vertical guide tube

of incidence, hence storable!

Long st orage and observation Cold source
times possible (up t o several minut es)!

High precision measurements of Reactor core

the properties of the free neutron
(lifetime, elect ric dipole moment , gravitational levels, . )

P. Geltenbort PANI €05, Santa Fe, NM (USA), Oct ober 27, 2005 3



Overview of existing UCN Sources
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+ Neutron moderation

— Tail of Maxwell-
Boltzman
distribution

— Nuch =10 @,

+ Conservative force
— Gravity deceleration
— Turbine deceleration

— could not increase
the phase space
density.

+ Superthermal source.



Passport of the neutron

Mass m, = 1.001 378 418 70(58) m,,
~ 939.565360(81) MeV
Charge g =-0.4(1.1)-1021 ¢

Spin o =h
Magnetic moment u, = -1.913 042 73(45) uy
= -6.030 774 0(14)-108 eV/T
o Electric dipole moment d,<0.63 :10°2> e:cm
Life time r = 885.7(8) s
o Decay modes n-pev, ~100%

n—-pev,y ~1073 (to be detected
n—H v, ~4-10° (to be detected

@)



Determination of the Neutron Mass

The best method for the determination of the neutron mass
considers the reaction:

n+p—>d+y

and measures two quantities with high accuracy:

1. A gamma ray energy

The actual experiment is an absolute determination of
the 2.2MeV gamma ray wavelength in terms of the S| meter.

2. A mass difference

The actual experiment is the determination of the D - H mass
difference in atomic mass units.
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asure Bragg angle for diffraction of 2.2MeV gamma from a perfect
gle crystal of Silicon with an accurately measured lattice spacing d.

he

n) =2dsin @ Eyzh‘/=/4*

Bragg Angle is a few milli-radian

Need nano-radian precision!

INCOMING LASER BEAM
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Determination of the Neutron Mass

A*=5.573 409 78(99) x 1013 meters

G.L Greene, et. al., Phys. Rev. Lett. 24, 819 (1986)
E. G. Kessler, et. al., Phys Lett A, 255 (1999)

M(D) - M(H) = 1.006 276 746 30(71) atomic mass units (u)
F. DiFilippo, et. al., Phys Rev Lett, /3 (1994)

which gives

M(n) = 1.008 664 916 37(99) atomic mass units (u)



The Neutron has an Intrinsic Spin of s=3

1934  Schwinger concludes that s=%: based on the band spectrum of
molecular D, and the scattering of neutrons from ortho and para H,.

1949  Hughes and Burgey observe the mirror reflection of neutrons
Jrom magnetized iron. They observe 2 critical angles definitively

showing the neutron has two magnetic sub-levels.

1954  Neutron Stern-Gerlach experiment explicitly demonstrates s=7: .

--Hgﬁﬁﬁdﬁ'
BEAM

See also Fischbach, Greene, Hughes, PRL 66, 256 (1991) showing L ="hs
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Cold Neutrons

ransport

V A
2 10-7eV
nN=1- Abp
21

V1

10-7eV

Vv :VFermi iﬂB |

10-7eV

(same for cir 4o

UCN) TIB



[1aHHbI METOZ OCHOBAH Ha CYLLECTBOBAHUWN ABYX
KPUTUYECKUX YITOB CKOJIbXXEHUSA MPU OTPaKeHuwu
HEWTPOHOB OT HaMarHM4YeHHbIX 3epKarl.

=—=,|/NDb__ u | B.
\/ 27zh2| n|
Ecnn napaowmm r|yl40|< MOHO3HEepreTn4eckum, 1o

KPUTUYECKNE YI/1bl CKOJIbXXEHUSA UMEeIOT ornpeaeneHHble
3HayeHus. OTébnpasa HENTPOHbI, OTPa>XeHHbIE B
NPOMEXYTKe MeXay 3TUMU YyriiaMn, MOXHO MOSIYUYUTb
NY4YOK HEUTPOHOB, NONSIPU30BAHHbLIN BAOJIb HANpaBJIeHUS
HaMarHM4ymBatroLero rnoJss.




nepBble NONAPU30BAHHbIE HEUTPOHbBI BbIJTN MOJTYYEHbI MpPU
NPONYyCKaHMN Ny4YkKa HEUTPOHOB Yepe3 HaMarHM4YeHHy A0
HacCbILLEHNS XXene3HYy MNIacTUHy TonawmnHom ~ 5 cm (meton
npepnioxeH ®. bnoxoMm B 1936 r. n uccnegosaH . O3o0M C
coTpyaHukamm B 1947 r., CLUA). HEUTPOHBbI, CMNHbI KOTOPbIX
napannenbHbl HANpaBAeHNO HaMarHMYeHHOCTH
deppomMarHeTnka, cmnbHee paccemBaloTcs U BbIObIBAOT U3
nydyka. B pe3ynbTtate ny4yoKk HEUTPOHOB, NpoLlleaLllnin Yyepes
nJacTuHy, oborawaeTcsd HEMTPOHAMM CO CMMHAMMU,
aHTUNapannenbHbIMM HAMarHM4YeHHoCcTn. Metoq TpebyeT
CUJIbHbIX HaAMarHndmBawwmnx nonen. B nonax H ~ 104 3
Hanbonblwaa creneHb nonspulaumm P = 0,6.



T. K. HEATPOH 06bnagaeT coMHOM Y2, TO B MArHUTHOM MOJE

H BO3MOX>Hbl 2 OpUeHTauMn ero CrmHa: napannesnbHo
nnn anTunapannenobHo H. HENMTPOHHbIN NYy4YOK
NONSAPU30BAH, €C/IN OH COAEPXUT pa3Hoe Konmyectso N
HENTPOHOB CO CNMHaMM, OpNeHTUPOBaHHbIMKU BAOb (N,)
n npotus nong (N.). CteneHb nonspusaymnu
XapaKTepusyloT BETMHYNHON

P=(N,-N)/(N,+ N).
Ecnn P = +£1, TO Ny4YOK NOJIHOCTbIO NONIApU30BaH. B
obwem cnyyae -1 < P < +1.



ONna namepeHnda cteneHun nonasapusaumm nydyka MoxeT
O6bITb NCNONb30BaH 3¢ppeKT ABYKpPaATHOIro
npoxo>xgeHuns. [1ns 3Toro ny4yoKk HEMTPOHOB
NponyCcKaeTca nocnegoBaTesnibHO Yyepes ABa
HaMarHM4YeHHbIX A0 HacbllWeHnsa Xene3Hbix 6710Ka, 13
KOTOpPbIX 1-1 nrpaeTt posib nondpmusartopa, a 2-u -
aHanusaTopa. [longapusaTtop U aHanmMsaTop
HaMarHM4YMBalT OAMH pa3 B OAMHAKOBbLIX, @ APYron pas B
NPOTMBOMOJIOXHbIX HanpasieHnax. Iamepsas
MHTEHCUBHOCTb HEMTPOHHOIO NMy4ykKa nocse aHasamsaTopa

B 3TUX ABYX Cliy4dasXx (JTT " JTl)’ MOX>XHO onpenennTb
cTeneHb nonspusaumm nyyka nocse nonspusartopa.



represented by the movement of a classical vector
dP

— ——y PAB
7 5 3

where v, is the gyromagnetic ratio of the neutron

Behavior of the Neutron’'s Spin in a Magnetic Field

* The time evolution of any two-state quantum system can be

The solutions are

P (1) = cos(@, 1) P (0)—sm(e@, 1) P, (0)
P.(t) =sin(@, )P (0) + sin(@, 1) P.(0)
P.(1)=P.(0)

where @, =y, B =-1.832x10° rad s T"

' Precession of
' polarisation vector




Adiabatic rotation of neutron spin

B(t-bt)

@, = }’E‘ =—-1.833x10"rad/G -

de

9 <lm, Condition to maintain polarization
dt Ll of the neutron beam.
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Guiding the Neutron Polarization

» |f the direction of a magnetic field varies sufficiently slowly in space, the
component of heutron polarization parallel to the applied field is
preserved. This is adiabatic polarization rotation.

Z

Adiabatic helical rotation of

: ‘guide’ field
\ \ . Pf

Beam | 1-‘?’; =
direction &4 ///

: ﬁ y y)
H(y)

!

H(y)
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Non-Adiabatic Transitions

« |f the guide field direction is suddenly changed (i.e. the adiabaticity
parameter tan 6 — oo, the neutron polarization vector will precess about

the new field direction.
« [fthe field is reversed, the neutron polarization is flipped with respect to
the field

7 Non-adiabatic rotation of
‘ ‘guide” field
|

Pf:_PI

Beam
e e ——

direction




Non-adiabatic spin flippers

A variety of devices have been employed as effective non-adiabatic “spin-flippers”:

Current in (400A) Current out Superconducting screen

Dabbs’ foil current sheet Meissner shield

see eg, Jones and Williams Concentric Meissner shields surround the
NIM 152, 463 (1978) sample on CRYOPAD

see eqg, Tasset et al
Physica B 267-268 69 (1999)

Viewgraph from Bob Cywinski
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Production of Polarized Beams

y




OLARIZED *He NEUTRON SPIN FILTERS

unpolarized  polarized polarized
incoming 3He outgoing
neutrons neutrons

Polarized 3He cell (11 cm diameter)

Large neutron phase space acceptance
Polarizer/analyzer pair can measure B using neutron spin rotation



Tritium, a radioactive
isotope of hydrogen used
in nuclear bombs, consists
of two neutrons and a
proton, which decay into
two protons and a
neutron: *He, plus a couple

of other little things.




OP : basics

Optical pumping (OP) to produce hyperpolarisation

upper state

guiding field —Oo——o—
(mT) gas cell &
absorption & | emission
¥

lower state
o+
laser beam .

circular
polariser

+

o
[ ]
random spontaneous oM ¢ to

emission

/I selective excitation net transfer
)

Pumping rates : rough numbers
1 Watt absorbed <= 2 x10°? photons/hour
1 litre of gas at 1 bar <> 3x10% atoms

A. Kastler, ENS
MNobel prize 1966



To polarize *He, you hit a rubidium atom with circularly
polarized laser light, giving the atom spin up. When that
atom collides with a spin-down helium atom, they reverse

spin, but the rubidium immediately gets repolarized to

spin up again and ready to change the spin of another
helium atom. The first part of the process is very fast, but

keeping it going long enough to obtain a liter of 50-

percent polarized spin-up helium demands patience.

t

Circularly
Polarized

LGiEr

- Collision
(Hours)




OP in He3 : MEOP

Metastability exchange optical pumping in He3 (ME OP. since 1963

Helium cell v *' ““““ zzé. radiative
- | — cascade
| %
o+ 1, 2
Resonant \ “
laser beam / \ 2ip
1083 ot
( \ 1083 nm ;E
\ OP transitions
Circular LN 28, _7C
polariser Exclmngn ‘x\ ;
by RF discharge \ ! Metastability
/ exchange
\! f" collisions
OP orients electronic spin n excited states 115, lﬁ:

Hypertine (HF) coupling : nuclear spin oriented as well
ME collisions : transfer to ground state nuclear spin
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N.Erowas, L Lauer, H. Maver E. Otten, D Budersder?, 1. Schomedeskamp, B Swkan, M. Wolf
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Predefined volumes of hyperpolarized Helium-
3 boli can be injected into the normal inhaling
cycle of a patient.

Breathhold pictures and in- and exhaling
movies are feasible.

ME Tomograph

Fespiraton
machme

/ Recovery ™ B,=15T

of He-3 ./
7 3He bous (N
Air *Hes Air

e



Medical Imaging With Polarized 3He

rIIlTI‘GdHCTiDl]Z
Respiratory disorders, coughing — signs for a serious disease of the lung
or just a temporary indisposition?
Magnetic Resonance Tomography with Helium-3 is a new method of
diagnosing lung diseases which not only provides a high-resolution spatial
representation of lung ventilation but also gives information about the
functional state of the lung - and all this without any harmful effects on

\ the organism.




ow Do We Detect Neutrons?

O What does it mean to “detect” a neutron?

U Need to produce some sort of measurable quantitative
(countable) electrical signal

U Can't directly “detect” neutrons

0 Need to use nuclear reactions to “convert” neutrons into
charged particles
Q Then we can detect the charged particles electrically
Un+3He —»3H + '"H + 0.764 MeV
U n+5Li - %He + 3H + 4.79 MeV

U n + 195Gd — Gd* — y-ray spectrum — conversion electron
spectrum



MarHMTHbIN MOMEHT HEUTPOHA

AL/, %

Mm% ~ .-'?.? alﬁ-- { }
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F50 600 650 Ka

Pac. 1. Cxema skcnmepuMenTa AjabBapeca ¥ bBJoXa D0 HaMepeHHI0 MargHTHOIO MOMEHTA
HeUATpPOHA.
1 — OeTeRTOp, £ ~~ MAHWT-AHANWRATOD, J -— MATHHT IIA COSMAHHA NOOCTOAHHOTO MATHRTHOI'O IIOMNA,

4 — o0nacTs, 34HATAA OCHEIIADYIOMEAM :;nm, § — MATHRT-IOAADHESATOp, 6 — HaAMEDA MEHEOTPOHA,
— JAMELIATED,






‘WNaive” Quark Mode/

Stafic SU(6) Model:

1. Baryons wavefunctions are quark color singlets with correct symmetry
2. Baryon magnetic moments arise solely from the static sum of the quark moments

3. Individual quark moments are proportional to quark charges (ie. u, =—-2u;)

- .::" .:.'." d ::f
1. )
Po=qJiund —.[1 | nly +u¢m d.
to=—t,+ 44,
2 My ==3H 34,




WHY IS5 THE AGREEMENT SO &000D?

v M= _067
{

experment ’f F theory

The spin structure of the nucleon is one of the outstanding
problems at the interface between nuclear and particle physics.

Over the past 20 years more than 1000 theoretical papers have
been published and major experiments have been carried out at
practically all major accelerator laboratories.

The work is ongoing...






What Can we Learn
from Neutron Beta Decay?

u u
n<d d:p
d ~- u
W AN \4 -
Ve
Particle Physics:

A comparison between the neutron lifetime and neutron decay
correlations provides a unique test of the standard model,



Time Since Major Events
Big Bang Since Big Bang
present Humans
stars, observe
galaxies the cosmos.
Era of and clusters
Galaxies (made of
a:gms and
1 billion plasma)
years a:oms and m.galaxks
asma
Era of stars
o~ o form) e el
to form ons fly free
500,000 and become
years lasma of microwave
€ra o Jriteom e D
Nuclei plus electrons Fusion ceases;
T norm;yl matter is
protons, neutrons, 197 hydrogen,
Era of B olectrons, neutrinos 25% helium, by
Nucleosynthesis (antimatter rare) mass.
Matter annihilates
0.001 seconds i elementary particles antimatter.
Particle Era (antimatter
% saconds common) Electromagnetic and weak
107" se ek E : P forces become distinct.
ectroweak Era "¥.% > particles Strong force becomes
10-% seconds B = dmin;cg‘;. “aups o
emen causing Inflation
_— QuUT Ena ;‘MIdct: 24 universe.
seconas Planck Era 77?77
neutron — electron —_ antiproton 2§ : 4k _Ew
proton — neutrino — antlmnron —p‘g antielectrons ‘i'f quarks ’:Tg

Copynght @ Addison Wasley.



k Big Bang nucleosynthesis

Start story of BEN at t ~ 2=x10-° s, when T ~ 1013 K,

and hence characteristic energy of particles kT ~ 1 GeV,
comparable to mass-energy of proton and neutron:
E,=m_,c*~938.3 MeV and E, = m,¢c* =939.6 MeV

[Note: AE = 1.3 MeV]
y

Universe has cooled to point at which quarhs assemble into stable
protons and neutrons. 9 » .
Protons and neutrons produced in almostidentical numbers.

p’s and n's continually interchanging with one another:
n < p+e +antiv, @ < @ +@O*H
nt+e® <« p+anti-v,
n+v, « pt+e
Ratio of n's to p's, nninp, decreases as Universe cools,
due to higher mass of neutrons: m, =m_+ 1.3 MeVic®.



|Univer5e expands and cools (att~2s)to T~ 10" K, kT ~ 1 MeV:

(1) comparable to mass-energy difference of proton and neutron,
(2) comparable to energy required to form e-and e*via y

A -

(1) conversion of protons to neutrons ceases.
(2) @ and e* cease to be produced, most annihilate; few e’'s remain

When conversion of protons and neutrons ceases, n_/n_ ratio =0.22.

Neutrons decay with half-life 10.3 minutes ... n — p +e + anti-v,

Now we wait for the Universe to cool down some more ...
tick, tock, tick, tock, ...

for about 4 minutes ...
during which time n,/n, runs down to about 0.16 m




Att~230sand T~10° K (kT ~ 0.1 MeV),
first compound nucleus can form and survive:

00 @
Binding energy of d (deuteron) is 2.2 MeV.

Big Bang nucleosynthesis (BEEN

Why doesn't p+tn-—-d+y d=<H
proceed earlier at t < 230 s and T> 10° K (kT > 0.1 MeV),

since binding energy of d (deuteron) is 2.2 MeV?

Photons outnumber baryons ~ 10%:1
so even when the “typical” photon energy is less than 2.2 MeV,
there are still more than enough 2.2 MeV photons to dissociate the d’s.

Fraction of photons with E > 2.2 MeV falls below 10° only once T<10° K
At higher T, energetic and abundant photons dissociate d’'s
too cool (particle energies too low to tunnel through Coulomb barrier),
too few neutrons to have further nucleosynthesis.



A

Big Bang nucleosynthesis (BEEN
Production of 2H, *He, 4He and "Li calculated

as a function of the baryon to photon ratio, n. ™ T
"

Treatn as a (the) free parameter in BBN. 1o ||: D
Obtain reasonable consensus z m*‘E-
between 2H, ‘He and 7Li g w0 T
and a small range of values of n. g m“'r- -
Note, however, that *He is not # 10 '
a very sensitive test! LT -

E m*‘k "LiH )
Since 2003, observations of the £oon |
angular power spectrum of the 10} e
cosmic microwave background radiation it

ol —
(=] =]
1

]

provide a better measure of n.

=
=
T
=
5
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o = Np /[ Ny

Variation in neutron lifetime by 1% changes n by 17%, although the
modern accuracy of estimation of this quantity amounts to +3.3%



The "Time Scale” for Big Bang Nucleosynthesis
is Given by the Neutron Lifetime

If T, were much smaller (seconds instead of minutes), there would
be no neutrons left when the universe was cool enough for nuclei —

THE UNIVERSE BE ALL HYDROGEN

If T, were much larger (say hours instead of minutes), there would

be no significant decrease in the number of neutrons when the
neutrinos decouple (t =1 s)-

‘ THE UNIVERSE BE ~2/3 He, ~1/3 H \

IN EITHER CASE, THE SUBSEQUENT EVOLUTION OF THE
UNIVERSE WOULD BE VERY DIFFERENT !




Recombination

After t ~ 400 000 yrs, T~ 4000 K, kT ~ few eV

kT comparable to the ionisation energy of hydrogen (13.6 eV)
(Recall: H is dominant product of BEN).

p's and (free) e’'s can combine to form neutral H atoms

Before recombination, Universe was largely opaque to photons due to
the high opacity of free electrons, which scatter photons.
[electron scattering; Thomson scattering]

After recombination, Universe becomes much more transparent as few
free electrons remain.

Cosmic microwave background radiation
Recombination
» more transparent Universe
» matter and radiation no longer interact closely
» temperature of matter and temperature of radiation evolve separately

Photons which existed as the Universe became transparent then
continued to travel through the Universe, little affected by matter.



Be
_ 12
l.n—= p+te+ v
) 10
2.ptn— D+y
3. D+p—="'He+y 1
4. D+D—*He+n
5.D+D—= 3 H+p 9 s
6. 'H+D— "He +n -
8
o420
2 .13 . *H +*He—"Li +
P - D 5_H ?1H He 1L1{
8. ’"He+n—="H+p
: TZ 9.°He +D —=*He +p
10. *He +*He—="Be +7v
[1.7Li+p—="He +*He
12. 'Be+n—"Li+p

Improved analysis of

“He(d,y)0L1, °Li(p,’He)*He, H(p, v)*He, "Li(p, v)*He*He, "Be(n,o0)*He,
"Li(d,n)*He*He, 'Be(d,p)*He*He
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Neutron decay and Standard Model

M mixing matrix: , , ,
V. I+ [ +\/ | =]1-A

ud us up
d

, \/Ld \/Ls \/'

ub

ri=lv. V.V s A=0 for Standard Model
cd cs cb
b’ Vi Ve Vo b [Vipl? ~ 2:10°
V, =C0s6,
V, =siné,
G, A(A+1)
A=—= Aj=- 2
G, 1+ 3A
v, [ = 40087 £L9 s o arciano
Gy =Ge -V, Wl = (1.|. 3}3) PRL 96, 032002
" (2006)

Required experimental accuracy for t, and A
has to be about 103 and better.



UCN storage in material trap:

N beam: o 878.5+0.7+ 0.3 (PNPI-
o 886.8+1.2+3.2 (NIST, ILL,2004)

2003) o 885.4+0.9+0.4 (KI-ILL, 1997)

o 889.2+4.8 (Sussex-ILL , gg2.6+2.7  (KI-ILL, 1997)
1995) o 888.4+3.1+1.1 (PNPI, 1992)

o 887.6%3.0 (ILL, 1989)




no=No / N,

Variation in neutron lifetime by 1% changes n by 17%, although the
modern accuracy of estimation of this quantity amounts to +3.3%



Neutron decay and Standard Model (status in 2003)

A=-0.1189(8) PERKEO 2002

0.980 —————— —— t,=885.7+0.8s PDG(2003)
0.979 |- Neutron
0.978 reesrosit "V, =0.9717(13)

0\ =0.9738(5)
V, =0.2196(23) PDG(2003)

Standard Model & 1 V2
higher quark generation decays - us

0.975 V,, =0.0036(9) PDG(2003)
v, 074 | (f1)”

) . — ; .

0.972 Vud +‘Vus‘ +‘Vub‘ =

' AT, B .

207 =1—A =0.9924(28)

0.970

Z, | @oownee-2Ts

: A
0998 1.266 1.268 1.270 1.272 1.274 1.276 1.278 1.280 1.282 nVUd =% Vud =_00021(26)=

»=-G,/G, =—-0.8oc



Data analysis with the most precise measurements of
neutron decay

1, =878.510.8 s (A.Serebrov et al. 2005) "V, =0.97614(95)
A=-0.1187(5) (PERKEO 2005) V., = m= 0.97420(47)
A=-1.2733(13)
80 | ——————— V. =02257(2I) PDGU6
0979 |- teunlieine, besasmnery “V,q =0.97377(27) PDGO6
B Perkeo result (2005)
0,978 |- V.. =0.0043(3) PDGO06
0977 1 Neutron beta-decay nV 2+‘V ‘2+‘V ‘2 —
0876 |- i "Vua |1 27 al LT L
0,975 ~ =1.0038(28) A=-14c
hit::erat;uarlf gineration decays I 2
Vud 0,974 h Nuclear beta-decay : ‘00 Vud + ‘Vus‘z + ‘Vub‘z —
I
A : I =0.9992(15) A=+05c
0,972 |- : !
i , | However
0,971 I : ] %
i : ! Vud - Vud = @
v |AL=2.401 ( ).107
. I =Z. — 10
006 | 2213, =(2.4£1.0)-10
0,968 [ L ?F'GA/GV

1,266 1,268 1,270 1,272 1,274 1,276 1,278 1,280 1,282
The improvement of the accuracy of A-measurements

(factor of 3 or more) is extremely important.



agnetic storage - why it's interesting?
Previous neutron lifetime measurements
Beam measurements

s Neutron
detector

Detector of decay products

Accurate absolute measurements of flux and decay products

2. UCN Storage measurement

Storage losses?



Scheme of “Gravitrap”,
the gravitational UCN storage system

1

N

o 1 - neutron guide
from UCN Turbine;

2 — UCN inlet valve;

o 3 - beam distribution
flap valve;

/7

Vi

0\

N\

10
11

/

12

o 4 - aluminium foil
(now removed);

13

AL

o 5 -="dirty” vacuum
volume;

o 6 - "clean” (UHV)
vacuum volume;



| TF evaporator is heated to +140°C

Vacuum

/.

Trap surface is cooled to about -150°C

Deposition of LTF on the trap surface

o The chemical
formula of LTF
contains only C,
O and F.

o Molecular weight
- 2354

o Density at r.t.
1.825 g/ml

o Vapour pressure
at r.t.

o 1.5%10-° mbar

o Fermi potential
102.8 neV



CAUapPOIlallorn to 1= fieuiric
( Joint energy and size extrapolation)

T o The result of joint

torage’ Tstorage’ = .
e (size and energy)
-4 860 :
1,160x10° | 7= (2.23+0.19)x10™° EXPARRBd9 65 s
-1 865

1,156x10°  4? =0.95

o The result of energy

1870 extrapgRation so s

- 875

1,150x10°

1,145x10°
o The result of size

1,140x10" :
1 80 extranoRfion s s
1,135x10” | 7s
Id =885.7(8 : :
1,130x10° M b o 885 o Size extrapolation
has rather weak
o 1 2 3 4 5 6 7 8 9 10 dependence on
-1 .
1, S u(E) and we take it

he most
The most close extrapolation to neutronﬁit |me (55 s only)

IS reached in this experlmen l



Time diagram of measuring cycle
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Magnetic potential 7

——1i-B

+ for

- vor [0
For magnetic moment of _
neutron

Nuclear potential of Be 250nel”

Magnetic field 1 T reflects
neutrons up to 3.4 m/s, as Al.




Classical

prediction What was
actually observed

Y/

Silver atoms

N

Furnace

Inhomogeneous
magnetic field


http://upload.wikimedia.org/wikipedia/commons/2/29/Stern-Gerlach_experiment.PNG
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IV B. NEUTRONS AND FISSION

Speaker: M, Paul
Toplc: |Magnetic Lens for Focusing Neutral Particles

Focusing occurs when the particles are subject to a force
which 1s proportional to the displacement r from an axis passing
through the source of particles, where the force 1s directed to-
warc the axls. For particles with magnetic moment p this can be
achleved by use of a magnetic field which 1s subject to the
equation

u%% = const., xr .

An @ppropriate field 1s given by:

2 2 _ . _
H, = C(x - ¥9); Hy = 2Cxy; H, =0

A good approximation to the required field 1s obtained by employ-
ing three pairs of magnetic poles distributed symmetrically about
the z-axls. Focusing occurs for particles pmitted wlthin an angle
@ with respect to the z-axis, where

0 = (uH/kT)%.

kT i1s the particle energy. |For neutrons, |[choosing H = 20,000
gauss and T = 10° K, one obtains @ = 1/60 radians. This is be-
lieved to be ptracticle for neutron focusing,.




Probability of depolarization

me—-== sion of magnetic moment

—

‘;_‘t‘:yn;,xe y —1.83-10%s T

o Adiabatic condition

y,B>> (dB/dt)/B =v-V|B|/B

\P ( --is the velocity of neutron)

o For case of strong field

o (B=1T), VB = 1T/mm and velocity v = 3.4
m/s one can receive next relation for
adiabatic condition:

o 1.83:10% >> 3.4-103,
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Puc. 2, 3aBcumocts uucaa YXH, ocrasumxcs B cocyie, 0T BpeMenn Xpa-
Henus: 1 - Toped| CepIEYHMKa MoKphiT MedHoit doabroit, saeKTpoMariT
OTKMioYeH, 2 — TOpell CepieyHKa NOKDHIT NOAMITHICHOM, SACKTPOMATHHT
OTKJI0YeH, 3 = Topet] HOKpHIT NOAKITIIEHOM, S1EKTPOMATHHT BKI0UeH,

4 = Tope1 NOKPHIT NOMMITHIEHOM, S1EKTPOMATHHT BKIIOYEH, CONEHOM] Be-
LymEero MOAR BKAOYEH

(e

PSS SS

/

Puc. 1. Cxema skcnepumenta no xpasenuo YXH B cocyne ¢ marauTHoit
CT, " Ko™ 1 — BbIXONHO} NaTpyGoOK ycTaHoBKM 0as u3BieueHus YXH, 2 -
HaKJIOHHbIH HeifTpoHoBOR, 3 — BIyCKHAsA 3aCJI0HKa, 4 — ColeHoun Benyme-
ro noas, 5 — cocyn nas xpanesus YXH; 6 — nangupp s1eKTpomarnura,

7 — CepieuHux saekTpomarsuta, 8 — conexoun, 9 — nerexrop YXH, 10 -
BepTUKaILHbIA KaHal, 11 — 3acionKa neTekTopa, 12 — 3aWiMTa NETEKTOpa;
13 — kaanan OTKaukM, 14 — 9jleKTpOMArHAT Kaanana,-15 - naTpy6ok

OTKaukKu



Y.G.Abov, V.V.Vasil’'ev, V.V.Viadirski, |.B.Rozhnin
10.I.A6o0B,

NMucbma XK JETP Letters, 44(8), 369, (1986)
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Puc. 1. Marsi

e e Main problem of the current SysStems iS t00 e, s - wop.

MATHHTa, 6 — KOp-

pexaupyion large electric power (about 100 k\Whi) men

Puc. 2. 3aBHCHMMOCTE KOJIHUECTBA HeﬁTpDHOB, OCTABHIMXCHA B JIOBYILKE IIOCJTIE BpeMeEeHH BbIOEepPXKKH ¢ H 33peTH-

Main result:

It was shown firstly that it’s possible to obtain T > 700 sec in the magneto-
gravitational trap.
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W. Paul, F. Anton, L. Paul, S. Paul, and
W. Mampe,

Z. f. Physik C 45, 25

(1989).

‘N-
Sextupole torus. Rs orbit of circulating neutrons <\ . \\\
1=877+10s \ ‘\\\\
N

The achieved usable field of 3.5 T permits the confinement of neutrons in the velocity
range of 5 — 20 m/s corresponding to a kinetic energy up to 2 * 10-6 eV.




Toffe-Type Magnetic Trap

Z (em)

[0S |
0.0 05 1.0 1.5
Magnetic Field Strength (1)

N o,
NsT AL P. R. Huffman
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o et




P.R. Huffman, C.R. Brome, J. S. Butterworth, K. J. Coakle,

M. S. Dewey, S.N. Dzhosyuk, R. Golub, G. L. Greene, K. Habicht,
S.K. Lamoreaux, C.E.H. Mattoni, D.N. McKinsey, F. E. Wietfeldt,
& J.M. Doyle

Nature 403, 62, 2000

The main problems:

1. Filling and empting. If
one use superconducting system,

The trapping region is filled with superfluid ]Eggtn he can’t switch on field too

4He, which is used to load neutrons 2. Huge setup and small
into the trap and as a scintillator to detect storage volume

their decay. Neutrons have a lifetime

in the trap of

— 330



1 — permanent magnet
2 —magnetic field guide



2.570
2.409
2.249
2.088
1.927
1.767
1.606
1.446
1.285
1.124
0.964
0.803
0.642
0.482
0.321
0.161
0.000
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Vacuum pump

Magnetic coupling

Neutron shutters

Vacuum pump

Magnets &

: Neutron guide
Poles Solenoid 2

Yoke

Vacuum pump

-

s . Detectors.
3

Polarizer




Vacuum pump

Vacuum pump

Magnets & .

. Neutron guide
Polos Solenoid 2

Yoke

Vacuum pump

Polarizer

[ Detectors  Detector of both polarization
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Vacuum dependence : .
Linear Fit of Datal B

Jdo

I N (t) =NO EXP ((_/ldecay o ﬂ“p p)t)

22 ' ' 1 ' ' ' ' L L L L L L
4x10™ 8x10™ 1,2x10°  1,6x10° 2x10°

Quantity of neutrons after

Vacuum (torr)

A, =015+004 3

P In( N'\ll(()tl)j_ln(l\lil(é)j Agecay =1/880 = 0.00113 1/s

p =10° torr



Pressure (torr)
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UCN storage in material trap:

N beam: o 878.5+0.7+ 0.3 (PNPI-
o 886.8+1.2+3.2 (NIST, ILL,2004)

2003) o 885.4+0.9+0.4 (KI-ILL, 1997)

o 889.2+4.8 (Sussex-ILL , gg2.6+2.7  (KI-ILL, 1997)
1995)880 E o 888.4:3.1x1.1 (PNPI, 1992)

- o 887.6%3.0 (ILL, 1989)

Magnetic trap
(2007)

878.0 £ 1.9 s.
Preliminary



Neutron lifetime measurements
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