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* Neutron
* History
* Properties

¢ Neutron sources

* Nuclear physics with neutrons
| *nEDM

e B-decay

e Hadronic weak interaction - NPDGamma




* Rutherford (1920) observed that atomic mass differs from atomic number
and that electromagnetism would not bind a group of positively charged

protons.

* Suggested the existence of a heavy neutral particle that was a tightly
bound combination of an electron and proton, meaning:

If true, would be impossible
for the neutron to
spontaneously decay into a
proton and electron




Chadwick,
skeptical

“It is, of course, possible to suppose that the
neutron may be an elementary particle. This
view has little to recommend it at present.”

-Chadwick, 1932 (same year as he
discovered the neutron)

1935:

* M,=1.0090 amu
* M;=1.00081 amu

- first serious suggestion of neutron decay



Technological hurdle - the only source of neutrons were simple nuclear
reactions:

Mﬂ measurement requires:

1. Reasonable activity per unit volume of
beam, i.e. a fairly high flux

 Graphite Reactor at ORNL, 1943
2. Low and well understood background

» Especially for early experiments at
reactors, near the core




2 types of modern high flux facilities:

* High Flux Fission reactor

e Spallation Sources (accelerator-based)
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Neutron Source Intensities Have Increased by
Nearly 18 Orders of Magnitude* Since Chadwick

HFIR  ILL
MTR NRU ISIS

NRX HFBR KENS LANSCE
ZING-P' IPNS SINQ-II
X-10 Tohoku Linac SINQ

CP-2

Berkeley 37-inch .
cyclotron St Next-generation sources

Fission reactors

Particle driven (steady-state)
Particle driven (pulsed)
trendline reactors

trendline pulsed sources

0.35mCi Ra-Be source

Chadwick

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

(Updated from Neutron Scattering, K. Skold and D. L. Price: eds., Academic Press, 1986)




Fission: 1-2 neutrons released

. Fission products
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Target
nucleus

@ Neutron
© Proton



May 17, 1955 E. FERMI ET AL

NEUTRONIC REACTOR

f

Trwerwral SewulTors

Filed Dec. 19, 1944

FIE.1

ﬁgdwactzr/é

Ttz Forys

2,708,656

27 Sheets-Sheet 1

Gorrrrea Fays

UZSQ

Garrz7rra fays —T—”>Zeéa Frys
o wPeta Fays
s*m Garrerrze: FEfs
100, Fast|\ fewtrores
e > Fors it e frorr Loakase
S~rorrz .s_ysﬁem
=
D
o Aacrkkzrzg
M;zzz Lo ——;3—9—»&& TFxays rzt;r-ema
a3 Lo jays E
2.3 ays= —%’, rree Foss THerral fectrorsLlaakagel
54772 oI Syﬁm .
< " l
Seutsores b sorSed e L0775 AL FO7
ﬁr;m,;"w larl_jl.féz / jﬁjy (g-r"éorz
and Controls T errrrcrd ferelroves| 7
G
rrE FEYS
u=>

g a FasZ
Witrtesses: 1aa,

ZeaY "
G

_—_Z.B‘..; k{am

i:“_~<kz¢ Fays
94m Garrer7ex FRYS
Prreery LEorSs .
O FEervrEE
Lo \%z Zzr~ct

e I Loeemrte




t

S jus

d tube
ine, i

ine

1

mc

IH

cold

Cerenkov light

U—
D
(@)]
=
=
9O
(@))
()
i e
-




Spallation: 30-40 neutrons released by an.inciq?]])ent proton

Target
Nucleus

1.4 GeV
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*1.4 GeV protons, 60Hz

* Hg Spallation target » neutrons
* H, moderator

17 m SM guide, curved

« Front-End Systems Accumulator Ring
e (Lawrence Berkeley) 4 (Brookhaven)

 Target

\ A
‘}%(\ ./:"‘0‘. 7 p 7| 7 Vy (OakiRldge)
/fx— - ‘—- -
Linac | — Q s gl |
(Los Alamos and L
Jefferson)

Instrument Systems |
(Argonne and Oak Ridge)



Spallation Neutron Sourgg ORNL

CERTIFICATE

The Spallation Neutron Source
at the Oak Ridge National Laboratory (USA)
is the most powerful of its kind in the world.
By using a proton beam to pound a mercury target
with more than 300 kilowatts energy,
it is able to produce 4.8x10" neutrons per second.
These neutrons will eventually be focussed into
beams that will allow the molecular analysis of
advanced materials.
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target - neutrons

¢ Accumulator Ring

(Brookhaven)




Spallation Neutron Source
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e Water cooled shroud surrounds
mercury vessel

 Both have two wall layers at the beam
entrance

e Mercury channel flow is uniform and
high speed




e Water cooled shroud surrounds
mercury vessel

 Both have two wall layers at the beam
entrance

e Mercury channel flow is uniform and
high speed




Cryogenic
H,moderators

Proton Beam

Ambient
H, 0 moderator

= Thermal
= Very cold
= Ultra cold

Be reflector

Mercury
target

Steel reflector

~25meV (2200m/s, A;=1.8A)
50peV-25meV

2x107- 5x10° eV

<2x107eV




11A - Powder | 7 - Engineering
Diffractometer Diffractometer

Commission 2007 IDT CFIl Funded
Commission 2008

12 - Single Crystal 7 O | - 6 — EQ SANS
Diffractometer % & | 'l /| Commission 2007

Commission 2009

5 - Cold Neutron
Chopper
Spectrometer

4B - Liquids
Reflectometer

14B - Hybrid o
Commission 2006

Spectrometer

Commission 2011
4A - Magnetism
Reflectometer

15 — Spin Echo ' | , Commission 2006

1 o~ . ~J| 3 - High Pressure
17 - High Resolution : J 1= E Diffractometer
Chopper Spectrometer 18 - Wide Angle | TR M| Cormmission 2008

Commission 2008
Chopper Spectrometer 2 - Backscattering

Commission 2007 Commission 2010 Spectrometer
Commission 2006




do with them?




nucleons




Early in the big bang, there were equal amounts of matter/anti-matter (SM)

*  Symmetry-breaking process creates a small imbalance

* As the universe cooled, matter/anti-matter annihilation left some baryons
behind

N

Baryon 10—10

N

/4

* Violation of Baryon Number Conservation
» A period of Non-Thermal Equilibrium

* T-violation Same process would give rise to a nEDM (~10-28)



neutron: o — 10-20 Electro-
electron: ® | magnetic

— 10—22
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Load collection volume with polarized 3He atoms
Transfer polarized 3He atoms into the measurement cell

llluminate measurement cell with polarized cold neutrons to
produce polarized UCN

4. Apply a /2 pulse to rotate spins perpendicular to B,
5 Measure precession frequency

Remove reduced polarization 3He\.atoms from measurement
cell

7. Flip E-field & Go to 1.
/

Courtesy V. Cianciolo




Electro
0 [ Magnetic

Mediated by W,Z bosons

Gravity

Mediated by gravitons

THE FORCE

IS STRONG
WITH THIS ONE

[

e o

Mediated by gluons




Leptonic weak Interaction
* Neutrons aren’t helpful here

Hadronic weak Interaction

Semi-Leptonic weak Interaction --strong force makes it tricky




Leptonic weak Interaction
* Neutrons aren’t helpful here

What experiments can we do?
* Neutron lifetime

* Free neutron -decay

Semi-Leptonic weak Interaction




A N

d’ Vud Vus Vub

s | = | Vag Ve Voo S
Kvtd VtS Vw

|Vud |2 + |Vus |2 +|Vub |2:1

V,4 — determined from neutron lifetime and free neutron decay

V, - determined from semi-leptonic decays of K mesons and hyperon
B decays

V,, — expected to be negligibly small




Neutron lifetime
dominates the theoretical
uncertainty of “He
abundance.

log(mass fraction)

2
log(t [sec]))




=226, 03121 A(E)

» |[n-Beam measurements

— Number of decays is
recorded (usually by
detecting protons and
electrons)

dN(t) —N(t)
ad

BEAM —®— |
STORAGE —@— |
Status in early 2000s

895 |

n

= Bottle Experiments

— Measure the number
of neutrons that survive
after some time t

N(t) = N(Q)exp[-t/7,]

| I
880 | *

1990 1995 2000 2005 2010
YEAR




=226, 03121 A(E)

» |[n-Beam measurements

— Number of decays is
recorded (usually by
detecting protons and
electrons)

dN(t) —N(t)
ad

BEAM —@— |
STORAGE —@— |

Status in 2010

n

= Bottle Experiments

— Measure the number
of neutrons that survive
after some time t

N(t) = N(Q)exp[-t/7,]

880 |

875 |

YEAR

1990 1995 2000 2005 j 2010

*unpublished



» |[n-Beam measurements

— Number of decays is
recorded (usually by
detecting protons and
electrons)

dN(t) —N(t)
ad

n

= Bottle Experiments

— Measure the number
of neutrons that survive
after some time t

N(t) = N(Q)exp[-t/7,]

880

Status in early 2013

STORAGE —@—

1995 2000
YEAR

2005 2010




dN(t)  —N(t)
d 7

n

Neutron flux

Decay proton counting volume

t have knowledge of neutron detection and
on trapping/detection efficiencies




alpha, triton
detector

mirror

’ deposit (+800 V)

B=46T proion
. detector

central trap electrodes door open

neutron beam

(ground)

«Absolute neutron counting is important

«Current precision measurements are
from bottle experiments — sensitive to
different systematic effects

7. =886.3+1.2+3.2



Source of correction

®LiF deposit areal density

result with <0.5s
uncertainty

e Powerful motivation
to run the experiment

again with ~1s
uncertainty

SLi cross section

Neutron detector solid angle 1.0
Absorption of neutrons by °Li +5.2 0.8
Neutron beam profile and detector solid angle +1.3 0.1
Neutron beam profile and °Li deposit shape —1.7 0.1
Neutron beam halo —1.0 1.0
Absorption of neutrons by Si substrate +1.2 0.1
Scattering of neutrons by Si substrate —0.2 0.5
Trap nonlinearity —5.3 0.8
Proton backscatter calculation 04
Neutron counting dead time +0.1 0.1
Proton counting statistics 1.2
Neutron counting statistics 0.1
Total —0.4 34

(~2014 at NIST)

Mulholland leading the new effort
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Alpha-Gamma device Beam lifetime

neutron monitor
Improved absolute neutron

4x surface barrier . .
detectors with counting via Alpha-Gamma
precision apertures device allows a ~1s beam

Neutron monitor—\ measurement
target (5LiF) .
arXiv:1309.2623

MOHOChromatic

PIPS detector with
precision aperture

Asymmetric Halbach array
magnetic trap — proof of concept
run completed at LANSCE -
results coming soon



http://arxiv.org/abs/arXiv:1309.2623

Leptonic weak Interaction
* Neutrons aren’t helpful here

What experiments can we do?

* Neutron lifetime

* Free neutron B-decay

Semi-Leptonic weak Interaction




dw e p(E,)- (1+2|z|){1+apéEp +b—+a (AP +BE D PPy

Ee EV

e e




dw o p(E,)- (1+2|/1|){1+@ Pe P +@_ (@& .p pe><p




dw oc p(E,)- (1+2|/1|){1+@ Pe - P +@—+a @& .p pexp )}

Need lifetime and A for V




Measure beta decay

parameters a,b:
I R':Hl kv Aa/a = le-3
K III \ Segmented ADb = 3e-3

S1 detector

Detect electron and proton
form neutron beta decay

TOF region
(field r5-B,)

magnetic filter * Measure electron energy
region (field By) spectrum and proton TOF -
reconstruct decay kinematics
?;Eﬁ':’“h‘f% *| Segmented Si detectors for
= ‘ decay particles
0KV

—= 0-30kV

Spectrometer design lends itself to continued
use by other B-decay experiments at the SNS

S. Baessler and D. Pocanic have a LOT more
information




Leptonic weak Interaction
* Neutrons aren’t helpful here

Hadronic weak Interaction

Semi-Leptonic weak Interaction --strong force makes it tricky




Leptonic weak Interaction
* Neutrons aren’t helpful here

= Natural scale ~x107, set by relative
size of meson vs boson exchange
amplitudes

= Weak interaction at low momentum
transfer between nucleons is
accessible through measurements of
small parity-odd amplitudes

Hadronic Weak Interaction (HWI)

--strong force makes it tricky




1. DDH model - uses valence quarks to calculate effective PV meson-nucleon
coupling directly from SM via 7 weak meson coupling constants

(£2)0. 12,22 .

* Observables can be written as their combinations

0”0 1Kl 2IW2 01,0 1Rkl
Aaphp+aphp+aphp+awhw+awhw

n-*He @py,
(urad/m) | (urad/m)
-3.12 -0.97
-0.23 -0.32
0.11

-0.23 -0.22
0.22

Ay ~ —O.llfj

hucleon coupling (long range)




2. Effective Field Theory

— developed by Holstein, Ramsey-Musolf, van Kolck, Zhu and Maekawa

— model-independent

= NN potentials are expressed in terms of 12 parameters, whose linear
combinations give us 5 low energy coupling constants

= connect to 5 parity-odd S-P NN amplitudes
'S,—>°P, (Al =0.1,2)
°5,—'P (Al =0)
A" ~-0.27C7 —0.09m p, ’, %R, (Al =1)

1=0,1,2 :
ﬂt : ﬂs » P Corresponding to

3. Lattice QCD (NEW)

hl 1.099 +0.505 FO.059 107
=1. +0). -
7NN -0.064 [10°]

—J. Wasem, PRC C85 (2012)




DDH '"reasonable range"
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Experiments suggest a small f,_ (nearly zero)
- corresponds to Al=1 transition (should be large)
- Al=0,2 do not contribute to A,

- Observations are not well understood (Al=0 contribution appears to
be large, and Al=1 appears to be small)




|DDH "reasonable range"
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b
1

=
n

1.0

Experiments suggest a small f,_ (nearly zero)
- corresponds to Al=1 transition (should be large)
- Al=0,2 do not contribute to A,

- Observations are not well understood (Al=0 contribution appears to
be large, and Al=1 appears to be small)




casonable range"
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NPDgamma

10 15%16°

=
n

Experiments suggest a small f,_ (nearly zero)
- corresponds to Al=1 transition (should be large)
- Al=0,2 do not contribute to A,

- Observations are not well understood (Al=0 contribution appears to
be large, and Al=1 appears to be small)




[E-Bta emission Is\

preferentially in
the direction 60,
o

opposite the
nuclear spin, in
violation of
conservation

o

Wu, 1957

EDCEJ - IEEi"-li + &+ ?E

® Magnetic

field

Does an object/process look like its mirror
image under parity inversion?
Not if it’'s weak!

"Parity Violation"

RS

L—=
7/ ) / ‘~‘s’5%

[ S——
-

K]
Ve

Clans Grapen '




A predicted to be -5x108
: DDH

metry in the distribution of emitted gammas.




11A - Powder | 7 - Engineering
Diffractometer Diffractometer

Commission 2007 IDT CFIl Funded
Commission 2008

12 - Single Crystal 7 O | - 6 — EQ SANS
Diffractometer % & | 'l /| Commission 2007

Commission 2009

5 - Cold Neutron
Chopper
Spectrometer

4B - Liquids
Reflectometer

14B - Hybrid o
Commission 2006

Spectrometer

Commission 2011
4A - Magnetism
Reflectometer

15 — Spin Echo ' | , Commission 2006

1 o~ . ~J| 3 - High Pressure
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Chopper Spectrometer 18 - Wide Angle | TR M| Cormmission 2008

Commission 2008
Chopper Spectrometer 2 - Backscattering

Commission 2007 Commission 2010 Spectrometer
Commission 2006




measured ———
calculation

(01X) s=MIN/Y/;

WIa/N]

20 25

15

=

Wavelength, A

AL

,.,%/
A\
L
éa/

\



Monolithic shield

FNPB radiological shielding

10 gauss field

Preamps

Vacuum photo diodes

2 choppers

Spin octet Tll Tl«TTl«

Guide I Polarizer

Beam
monitor

Lead
shielding

Enining

amma detectors

LH2
arget

Ortho-para monitor or
polarization analyzer

Analog
electronics




A up=(-1.2£2.0£0.2)x107
A Y,LRz(-l'BiZ' 110.2)X10'7

Polarizer 3He polarizer SuperMirror
Polarizer

(95% NP)

FOM (NP2?) |8.9x107/s
improvement

New and
improved, thinner
windows

(average 55% NP)




* 16L vessel of liquid parahydrogen

* Ortho-hydrogen scatters the neutrons and
leads to beam depolarization

ASME code approved pressure vessel
See stamp!




Orthohydrogen I=1 (aligned spins)

Parahydrogen I=0 (anti-aligned spin)

If E, < 14.7meV, cannot flip

; 4

‘ 4

! - scattering in orthehydregen H
--- scattering in parahydrogen 7 n e u t ro n S p I n

P e ___)_/ —— capture

Cross Section (b)

] Para state dominates at low
] e temperatures, helped by a catalyst

Energy (meV) (material with a solid paramagnetic
surface)

0.1

* No safety issues from sensors in the hydrogen system

* Energy dependence of the neutron transmission can be used




...............................

w
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5
1

Distance (cm)

-1% -10 -5 o 5 10 L

Distance (cm)

Pure Ortho - H,

w
-

MCNP calculation of neutron beam intensity in liquid hydrogen target

-1% -19 -5 Q 5 10

Distance (cm)

Pure Para - H,

1%
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20 25 30 35 40
Detector #

Generated via a combination of
MCNPX and measurements
with a gamma source

G (i) =<k, (G, xk,) >=<k, &>

08
0.6
04

0.2

-0.2
-0.4 ¢
-0.6
-0.8

o
®
e o °
® ° L L e ®
® ) ® ° °
e o . o
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o0 bl
L 1 1 L 1 " 1 L L
5 10 15 20 25 30 35 40 45
Detector #




Calibration Target: 3°Cl

Asymmetry for a detector pair is
then given by

A’aw — AJD 'GUD + ALR 'GLR

*Ap Is extracted from a fit of A,
to 0, the angle of detector pair

-target with a large and well-known
y-asymmetry

2e-05 —r—————

' Chlorine Data —&— |

1.5e-05 | ﬁbg

1e-05
5e-06 |

-5e-06 |

Raw Asymmetry
o

-1e-05 |

-1.5e-05 Préliminary
-2e-05

15 20 25 30 35 40 45 50
Detector




Data set 1

30

25

Corrections:

- Background Subtraction
- Beam Polarization

- Beam Depolarization

- RFSF Efficiency

1% Uncertainty from geometric factors

Detector

Measurement APY (x10)
LANL -29.1 + 6.7
Leningrad 2781+ 4.9
ILL 21.2+1.72

SNS (preliminary) -25.9+ 0.6



Production Hydrogen Running




tot_asym[0]

Detector O
2K runs

Entries: ABIEFIZ
7.81e 08
0004307
M 20T

8.5%e+04 1 48082407

-8.815e:08 1 2.001e-07

0.0004307 £ 0.0000001

Fdean
Rns

3% 0 b
Constant

Mean

Sigma

-0.003

-0.002 -0.001 0 0.001 0.002

L | L
0.003

L
0.00

10°

T IIIII|T|_

10%

10°

102

10

T IIIII|T|

tot_asym[12]
Entries 4636732
Mean 1.423e-08
RMS 0.000345%
51 ndf 149.3 [ 169
Constant  1.07e+05 = 6.092+01
Mean 1.346e-08 = 1.606e-07
Sigma 0.0003458 = 0.0000001

Detector 12
2K runs

|

-0.003

-0.002 -0.001 0 0.001

0.002






Systematic Effects which may cause false Asym

Size

Depolarization of the neutron beam

Uncertainty in geometric factors

Additive Asymmetry (instrumental) < 1x10°
Multiplicative Asymmetry (instrumental) < 1x10°
Stern-Gerlach (steering of the beam) < 1x1010
Y - ray circular polarization < 1x1012
p - decay in flight < 1x1011
Capture on SLi < 1x1011
Radiative f -decay < 1x107%2
p - delayed Al gammas (internal + external) < 1x10°
Uncertainties in applied corrections

Neutron beam polarization uncertainty <2%
RFSF efficiency uncertainty ~ 0.5%

< 0.5% (target-dependent)
1%

Polarization of overlap neutrons 0.1%
Target Position 0.03%
Statistical uncertainty in presented results

Combined hydrogen and aluminum data ~4.4x108




UD=('12i2012)X10'8 A LR=('1812112)X10'8

s towards a dA=1x1028 result




* Fundamental Neutron Physics is an exciting and challenging field with many vital
measurements

* State of the art beta-decay experiments
* Ambitious nEDM search
* HWI interaction measurements (NPDGamma and n+3He)

e NPDGamma - Numerous improvements to the experiment will allow for the first
measurement of A, that will test theoretical predictions

« NPDGamma will make a 1x102(goal) measurement - cleanest
f. measurement

* Hydrogen production data taking as well as additional systematic effect
studies are in progress
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ASym=5.7 +/- 7.4 [x10710] —4—

Asymmetry

* Any instrumental
asymmetries must be
consistent with zero at 1e-9

Add|t|ve Asymmetry

15 20 25 30 35 40 45

10

2e-08 |- Asym: -.23 +/- 9 [x1 0_10]

MjH Mﬁﬂr | M ARy
Rk

Asymmetry

-1e-08

-26-08 | + Multiplicative Asymmetry

0 5 10 15 20 25 30 35 40 45
Detector




28| Capture State

* Neutrons capture on 27A| ->28A|*

* Gamma cascade follows as 28Al*->28A] (g.s.)

* Asymmetry correlated with o,

1. P -k =~1x10"
2. P,-k, =>~1x107"

28GQ*

28Si G. S.

=Fraction that capture in Aluminum - small

=Average over 8-step sequence is also small



e Largest source of
background in NPDGamma

* Need to measure asymmetry
to ~3x108 (for final result)

e Subject of S. Balascuta’s
PhD thesis.

@
|
*
v
*
c 9 ] Aluminum contribution to
5 s total signal
£ C !’lll v
g sn ¥aof

35 40 45




e Largest source of
background in NPDGamma

* Need to measure asymmetry
to ~3x108 (for final result)

e Subject of S. Balascuta’s
PhD thesis.

+  Measured raw asymmetry
L 2= H ‘ ¢S
g ‘ 5o N, i"-"ﬂh ! LT~
= U a0 =1 BT g
= |/
@ =2 = { I
[P
_ﬁ_
rFrrr 7 *©r* Y+ 1rr T 7rTrrirr 17
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critical angle.

—

Multi-layers in a super-mirror act as a
crystal; neutrons undergo Bragg
diffraction. Varying layer spacing d allows
multiple Bragg peaks, thus extending the

Reflectivity
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Low-energy ‘ 3
continuum states
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Bound states
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n+ p—>d+y isprimarily sensitive to the A/ =1 component of the weak interaction
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