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Introduction to Cold & “Ultra-Cold” Neutrons
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COLD NEUTRONS -

Characterized by a thermal velocity
distribution with T=20K - 40K

v =500 m/s
E,ls meV
Az54

UL TRA-COLD NEUTRONS -

vs5 m/s
E,i 100 Qer
A =500 A
Can be “trapped” in -
- material bottle (V,, = 10"eV)
- magnetic bottle [(mv72u,=1 Tesla)

- gravitational well (vi2g=1 mw
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Reflectivity of Neutron Mirror

A Simple Neutron Mirror has Essentially Unit Reflectivity
Up to a Maximum Critical Angle
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A Multilayer can add “Psuedo” Bragg Peak
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Additional Multilayers add More Peaks
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The “Supermirror” Extends the “Effective” 0_,....,

Commercial Supermirror Neutron Guides
are Available Withn= 3- 4

e - 1000 layers
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Neutron Polarization

Ferromagnetic Mirrors
Nuclear Spin Polarized °He
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Spin Polarized 3He can Serve as a Neutron Spin Filter

n+>He —>H +p

P = Pge 73 o =0y F P3(0s —01)/4 = oy F P30s/4

os = og(vg/v) oo = 54 kbarn at 4 meV v=L/t
Py = Cr[ T |
:D = '(b:'_‘-:r 3

Accurate determination of the Neutron Polarization from
first principles is difficult as it requires requires detailed
Knowledge of thickness of cell, pressure in cell,

3He polarization, ...
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Neutron Polarization is Simply Related to Transmission

The application of few hyperbolic trigonometric identities

provides a greatly simplified relation for the neutron
polarization that is based only on (relatively) easy to measure

Neutron transmission:

P,=/1~- Tfﬂ'?

Where T, is the transmission with the cell unpolarized
and T is the transmission with the cell polarized.

Grreene, Thompson, Dewey, A356, 177, (1994)
2
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The Parametric relation for P, has been verified
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D.R. Rich, et al. Nucl. Instr. Meth., In press.
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NIST Polarized *He Cell
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Brief Review of the
Particle Properties of the Neutron
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Some Neutron Properties

Mass
Gravitational Mass (equivalence principie test)

Charge (limit on neutrality)
Magnetic Dipole Moment
Electric Dipole Moment
Magnetic Monopole

Electric Polarizabilitiy
Internal Charge Distribution

Lifetime
Decay Correlations
Rare Decay Modes

Spin (S)
Intrinsic Parity (P) Denotes application for Cold/UltraCold Neutrons

Isospin (1)
Baryon Number (B)
Strangeness (S) o
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The Neutron Mass

£






Determination of the Neutron Mass

The best determination of the neutron mass considers the reaction:

n+p—-d+Yy

and measures two guantities 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.
22
a !H
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Determination of the Neutron Mass

A" =5573409 78(99) x 10°"? meters
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, 73 (1994)

which gives

Mi(n) = 1.008 664 916 37(99) atomic mass units (u)
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Who cares about all those decimal places?

8
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THE FINE STRUCTURE CONSTANT FROM h/m,

fic

o[-t ]"
Nt -
o= ﬂ_cmw-ht]

R~ 0.001

ppm
Approximate errors my/m, ~ 0.02 ppm
experimenial quontities .'/.' ~ 0.0 ppm

ppn

h/m, = 0.08

a”' ~ 0.04 ppn

This is comparable to the best “non-GED"
value for a and requires no electrical
measurements or solid state theory !




DETERNINATION OF h/m

Plenck relation: L= h/m,v

A simyltaneous measurement of both ) and v
for & neutron provides a deterainstion of the

ratio of the Planck constant to Lhe neutron mass:

h/m,= ) /v

mﬁ nnm“ﬂﬁaﬂﬂﬂ ---I--
h/m,= 3.95603330(30) x10” n2s’

Kuger, Nistler § Meirauch NIM A284, 143 /1989
Kuger, Mistler & Meirauch, PIB Ann Rep (1982)




Values of the Fine Structure Constant

Mhfs (58 ppb)* °

- O + ncl (56 ppb)
h/m, (39 ppb) +——o0—t
+——0— q.Hall (24 ppb)

© a, (3.8 ppb)
a b . . . 4 1 | VY TN YT SR |

03 02 -0l 0 ol
(o' - 137.0360)X10




Equivalence Principle Test with Neutrons

The measurement of the neutron mass represents a

determination of the neutron’'s INERTIAL mass. To
determine the neutron's GRAVITATIONAL mass, one

must compare the free fall acceleration of the neutron
with the acceleration g of macroscopic test masses:

F =ma_
m g=ma,

DR 19 Sepr 2001




The Neutron Charge



Is The Neutron Neutral ?

Theory: From time to time, the neutrality of matter
and/or the squality of the electron and
proton charges have Deen Quest ioned.

Elnetein ['M), Blackett ['47) Bondi "SR Ow ('8 . ..

THE NEUTRON 1S THE OMLY NEUTRAL PARTICLE ON WNICH
A PRECISION TEST OF NEUTRALITY WAS BEEN MADE

Experisent. “BRITE FORCE® - Deflection of neutron beas
transverse electric field.

NEUTRON VELOCTTY - 200 n/s
FLIGHT PATH - 10 .
ELECTRIC FIELD = 60 kV/ca

DEFLECTION SENSITIVITY = f ne

8= [-0.421 1)x10™ e
Semarwy ot 4l (W

NEUTRALITY OF NEUTRON
Plus
EQUALITY OF G, AND ﬂ'
Arovides
[EST OF CHARGE CONSERVATION
IN THE MEAX INTERMCTION

N JMtnan-mlmuray-w' monopole) for the
for the newtron of about 2 x 107 e/ha has also been set

Finkelatein et all ['88



The Neutron Magnetic Moment



The Neuiron tic Moment

STATIC SU(8) MODEL - g Lee § Pais '

1. Baryons are coler singlets with carrect syametry

2. Baryon magnetic moments arise solely from the
static sum of the gquark soments

fi.e. jh=-2lky

=273 dhdvus - (773 (Sl
pr=1278 urunds - /775 (UEULLIALE) gy

F‘ﬂ = 'fﬁﬂ-u “ﬂ#ﬂ
.lupr ==1/3 by +4/3 |,

I k=23
Hn! 1y = -0.68497935(17)
[Greene, etal. Physics Letters, 71B, 297 (1977)]

WHY IS THE AGREEMENT SO GOOD?
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The Neutron Electric Dipole Moment
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“It is generally assumed on the basis of some suggestive
theoretical symmetry arguments that nuclei and elementary
particle can have no electric dipole moments. It is the purpose
of this note to point out that although these theoretical
arguments are valid when applied to molecular and atomic

moments whose electromagnetic origin is well understood,
their extension to nuclei and elementary particles rests on

assumptions not yet tested”

E.M.Purcell and N.F.Ramsey,
Physical Review 78, 807 ( 1950

DDDDDDDDDDDDDDDD
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An Electric Dipole Moment Violates T Non-Invariance

Heg J Hg J

[

Wigner-Eckart Theorem implies that
any vector guantity must be proportional
to Angular Momentum

s Los
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Neutron Beta Decay
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n—> p'+e +7,
n+v,—> pr+e+7, +y,
Neutron decay is best viewed as an interaction:
‘U.XE-
n p*
In the standard quark model this simple picture is complicated
by the fact that it is the quarks within the nucleon which interact.

e
This is the point of departure
For the construction of a
. theory of beta decay.
A +
P
A,

-
37 RATIONAL LANORATONY
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Theoretical Framework for Neutron Decay

v e

w+

We construct a Weak Hamiltonian that couples a
down quark fo an up quark, and an electron fo an
electron neutrino:

<V | Hyeak | € > <d | Hyeu | U >

ORML, 19 Sept 2001



Theoretical Implications the Neutron Beta-Decay Lifetime

Cosmology:
The neutron lifetime sets the time scale over which nucleosynthesis occurs
during the Big-Bang. The comparison of the neutron lifetime, the
cosmological He/H (or D/H) ratio, and the number of neutrino species
provides a prediction for the Universal Baryon Density. This is a critical
component of the “Dark Matter Problem."”

Astrophysics:
The reaction which provides the dominant source of energy in the Sun (pp
fusion) is governed by the same matrix element as neutron decay. The
neutron lifetime is a key parameter of the solar modeis which are involved in
the “Solar Neutrino Problem”

Particle Physics:
A comparison between the neutron lifetime and neutron decay correlations
provides a unique test of the standard model, as well as providing an insight

into the origin of parity violation. £

39
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There Have Been Many Measurements
of the Neutron Lifetime

WALUF [5) DOCUMENT 1D TECN  COMMENT
BB6.7T4 1.9 OUR AVERAGE Ernce includes scale factor of 1.2

88924 30+ 38  BYRNE 9% CNTR Penning trap
88264 2.7 10 pmasee 93 CNTR Gravitational trap
BEE4: 11+ 11 NESVAZHEY. . 92 CNTR Gravitaticnal trap

88 +27 + M4 KOSSAKOW . 89 TPC  Pulsed besm

8876+ 3.0 MAMPE 89 CNTR Gravitational trap

877 230 PAUL 89 CNTR Storage ring

896 L0 £19 LAST 88 SPEC Pubed beam

891 + 9 SPIVAK 88 CNTR Beam

903 113 KOSVINTSEY 88 ONTR Gravitational trap

918 £14 CHRISTENSENT2 CNTR

* » o We do not use the follcwing data for averages, fits, limits, otc = o »
88244 20 ALFIMENKOV 90 CNTR See NESVIZHEVSKII 92
#0364+ 184 37  BYRNE 90 CNTR See BYRNE 96

937 418 H gvene 80 ONTR

875 495 KOSVANTSEV 80 CNTR

88 + 8 BONDAREN . 78 CNTR See SPIVAK 88

10 )CNATOVICH 95 calls into question some of the corrections and sveraging procedures
used by MAMPE 93 The response, BONDARENKO 96, denies the vafidity of the

Criticms.
1 This measurement has boen withdrawn () Byroe, private communication, 1990)

Particle Data Group, 2000
http:/pdg.Ibl.gov ﬁ .

ORNL_ 19 Sept 2001
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Neutron Lifetime vs. Year of Measurement
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Measurement of the Neutron Lifetime

"BOTTLE" METHOD
An ensemble of “ultra-cold® neutrons

is confined in a material or magnetic
bottle. The population decreases as.

N, 6

"IN BEAN™ METHOD
A counter detects decay products from
a well defined volume traversed by a
neutron beam. The decay rate will be:
_GN_N
® %

pan

-
MATVONAL LABRONATORY
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Decay Protons are Trapped in the
NIST “Beam” Neutron Lifetime Experiment*

DECAY PROTON
' TRAAPED
==
n
o
=f kV
‘T—

Uncharged neutrons pass through the
“Senning® trap. Protons left from
neutron decay r£,< 750 ev ) are
trapped in combination of electric

ang magnetic fields. The Mﬁﬂr- ‘
of decay within the trap is 10 10

*NIST, Indiana U., Tulane U.,& Los Alamos pan

« Los
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The Trap is “Opened” and the Emerging Protons are
Accelerated and Detected

B = 50 kgeuss /_”,y

p-Detector

-1 k¥

The trap volume (length) must be accurately known
in order to extract an absolute decay rate

46
ORNL. 19 Sept 2001



NETHOD OF “IATUAL " TRAP LENSTH

Stap 1. Fubricate trap from seny Slesents
aach of which has a well kngen length

Ly
Step 2. Determine proton production rete in
trap having N elements

Step 3. Repeat with ditferent value of N

A
|
J+ J
-
THE O IFFERENCE "j:.:“: 3 Ao G arvew
wITH WIGH Alcudacy:




NIST Variable Length Trap Mk i
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Neutron Monitor Measures Neutron Density in Beam

ll detector
precision aperture

B=5 resls e
‘* mlt £ Artector
*

~ 6§11 ] ==

LD

NEUTRON FLUX MONITOR MEUTRON DECAY DETECTOR

-ﬁﬂ nnnnnnnn LARDORATOAY
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Pig.l. Setup for the measuresent of the meutron liletime with
a gravitatiosal trap: (1) UCH storsge GCraps (2) nitrogen
scresn; (3) distribution valwe; (4),(9) neutrom guide) (&)
injection valve; (&) UCH detector: (7) detector shield: (8)
{8} systam for rotatica; (19) cryoplpes;s (11) cryostat: (12)
systam for frozem cover.

Serebrov, et. al.



Parity Violation in Neutron Decay

« Los Alamos
BATIOWAL LANODAATOMY
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Theoretical Framework for the Theory of Neutron Decay
v, e

w+

We construct a Weak Hamiltonian that couples a
down quark to an up quark, and an electron fo an

< vy | Hyeo | € > <d | Hyous | U >

Queston: How o include party viatn”

53 WATIONAL LARDONATORY
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Neutron Decay is Described by Two Parameters

Neutron Decay is actually more complicated
due to other interactions among the guarks:

However, these interactions still lead to a
simple Hamiltonian with only two parameters:

H e yly, - led<dlg r-g % %0

llllllllllllllll
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Testing the Standard Model

Testing the standard model involves looking for consistency among the
neutron lifetime

27" log 2 h’ N
GAgl, cos* @, (1 + 3|A") mbet =ga/ev 4
ft values for 0F = 0F superallowed Fermi transitions in nuclei

antlog2 A
Gigl cos 0, 2mdet '
anid values of neutron beta decay angular correlation coefficients
&PW (o, s <T>) =
PPy  <J> '

Polv <J> [ P P  fXf
AW () 2 A, |1 + 0 T+ (AE.+3EP+DE£JI

ftin — p) =

FHO* = 0*) =

where
1 - |A®
a =
1 4+ 3|A)2
_1HF+4Muu¢
1+ 3A2
[AP? = [Al cos ¢
14 3|AP
| Al sin ¢
14 3)A2°

D= 2
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T Violation in Neutron Decay

ORMNL, 19 Sept 2001
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Unrvemwity af Wanbingien | noversis o { aliharmim wrom o Serbea Varumal aboruber, -
Labesrsttnrs. Tl {imivgmn it of Michguan Sartosme! (b o+ S o o bmebagy ‘

The neutron decay distribution van be expressed as

e A

s Lepto-Quarks. Left-Right Symmetry and Super-Synmunetry can lead to Dw 0

The emiT detector - An octagonal array of four clectron and (o proton detectons

D=[-0.6 £ 1.2(stat.) £ 0.5symt. )] x 10

LI Limng ot al., Pys. Rev. C, 62, 055501 (2000

Expected sensitivity of D <4 x 10
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Brief Introduction to
Spallation Neutron Sources

For an excellent review see:
Garry Russell, Proceedings FPPNP 2000

lllllllllllllllllll
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Spallation and MCNPX

Dain-Based
Monte Carlo Code

e

Evaporation |

g .
He 5
et sl il

e

Slowing down/

ki s

Hussell)

L

therralization thiasrmalization

capture




The Spallation Neutron Spectrum is Broad

1 - S—
.y w—— i - —— . | ?

* 3 .".:: e,
= 1E=1 i - LI
c .'c....'..' 1
= : .'lﬁ. .

H ' ™ [-] .'l-

o -2 p . e 4
. L ° %
5 .

E—J e 2 I1
!‘ L I [ ]
1 *s
0 1E-4 } ™ ,L
o ] P e
= . © © Fission
g 1E-5 e © ® Spalltion
&£ T, . . (LANSCE W Torget) ]
™
o ®
1E-8
1E—4 1E-3 1E-2 1E=1 1 1m0 100 1000
Energy (MeV)
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Neutron Multiplicity in Spallation is High

100 —rrrrorrreryTTr T TrYT T T T T Ty
.

—— loul

—a&—— (n.un)

PER INCIDENT PROTON

LOW-ENERGY (< 20 MeV) NEUTRONS

0 500 1060 1500 2000 2500

{(Courtesy, Gary Russell) PROTON ENERGY (MeV) ~
" = l-“l; ARORATORY
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FLUX-TRAPSOLID TARGET

g ISSION
. IS RE

FLUX- TRAPYSPLIT TARGET

FLUX-TRAPISPLIT TARGET
TRANSMISSION//BACKSCATTERING

Rem 7 -

(Courtesy Gary Russell)




Neutron Multiplicity in Spallation is High

100 T T rl rrrrg  rrararl e e rrr
% 4 —e— total
é 80 —e— spallation'high-energy fission
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=
il
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}E i
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Z 2
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0 S00 | (b 1 500 2000 2500
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(Courtesy,Gary Russell) o pa )
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“Decoupled” Moderators Provide Short Neutron Pulses

Jr——— l'-

source brighiness, E<8 mev (10"

400 HO0 BoC 1000

)
Time distributions for coupled and decoupled liquid H2 (ortho/para 50/50) moderators in flux-trap
geometry, showing the time-dependent differences of leakage neutrons. The 5-cm by |3-cm by 13-cm
moderators are unpoisoned. The Be/D20 reflector is 85/15 v% Be/D,O. (courtesy Garry Russell)

A,

-
(L% WATIONAL LABDRATOAT
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0%

o™

COUPLED
DECOUPLED

_..
-
-

L]

[

e

time-avaraged source brghtness (nichm/armev /MW
T

"
0.0001 0.001 .00 a1 L 10

E (o)

Flux spectrum for coupled and decoupled liquid H, (ortho/para 50/50) moderators showing the
energy-dependent differences of leakage neutrons. The 5-cm by 13-cm by 13-cm moderators are
unpoisoned. The Be/D20 reflector is 85/15 v% Be/D,0. (Courtesy, Garry Russell)
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Comparison of Cold Neutron Facilities
Worldwide Beamlines for Fundamental Physics

Facility Rep Rate Guide Size Coating Time Averaged
(em x em) (x 6, Ni ) Fluence (n/s)

NIST cW 6x 15 1 8 x 1010
ILL (PF1) CW 6x 12 1 1.5 x 10"
ILL (H113) CW 6 x 20 3 1x 107
LANSCE  20Hz 10 x 10 3 2x 10"
SNS 60Hz 10 x 10 35 3x 10"

*VERY rough estimate good to within about x2. depends on sexperimental layout
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