Canada’s national laboratory for particle and nuclear physics
I RI U M F Laboratoire national canadien pour la recherche en physique nucléaire

et en physique des particules

Monte Carlo EDM Simulations for
the UCN Experiment at TRIUMF

February 18, 2017
Sanmeet Chahal | University of Ottawa | TRIUMF



Project Overview Q TRIUMF

4 N
Goal: Measure the electric dipole moment (EDM) of
the neutron (nEDM). Precision goal: 10?7 eecm.

. y,

p |

Motivation: Explain matter/antimatter asymmetry
Physics beyond the Standard model

Neutron type Mean Energy (ev) Velocity (m/s) Temperature (K) ° e
Fast > 500 - 103 > 107 > 10 000 ¢ ° .
L J
Thermal 25-1073 2200 300 o

« Ultracold <300-107° <10 < 0.002 2 °* .




Outline @TR'UMF

1. EDM Measurement

— Precession and EDM
— Ramsey Cycle
— Simulation Requirements




Precession and EDM 2 TRIUMF

4 \( p
d, =0e-cm d,#0e-cm
Apply Electric (E) fields Parallel E field Anti-parallel E field
No change in v! Precession (v,) is faster Precession (v) is slower
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Ramsey Cycle QR TRIUMF

1. Polarized n & constant B, field. =

2. B, pulse = /2 spin flip.

3. Free precession in transverse
plane.

3. Second B, pulse = /2 spin
flip.

4. Count neutrons’ spin state —
flip E field.



Ramsey Cycle QR TRIUMF

1. Polarized n & constant(B, field. y s W,
. . B,| | £E
2. — 1t/2 spin flip.

3. Free precession in transverse

plane.
3. Second — 1t/2 spin
flip.

4. Count neutrons’ spin state —
flip



EDM Simulation Requirements

R TRIUMF

4 )

Fields

B, field — starting polarization
B, field — Do spin flip.

E field — Changes v
B

4 )

Other features
vXE effect : SR - mot. B field

\% Cz

Comagnetometer atoms — reduce Ad?i’ls
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Outline @TR'UMF

2. Simulation program
— PENTrack
— BOandE fields
— Geometric phase effect
— Benchmark tests




PENTrack Q2 TRIUMF
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Axially ) field &

|

equations. .

R TRIUMF

° 0
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E Field and vxE S TRIUMF

4 )
Ideal Model |E,| in EDM cell

1%,

1080

e Static

e z-aligned

* Homogenous field (no gradient)
* vxE added
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Geometric Phase Effect Q@ TRIUMF

-
Byy — shiftin wy, h

r dB EXv
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Geometric Phase Effect Q@ TRIUMF

wZ,= ngy)z

l

2 2 r 0By, 2 EXv 2 E X vOB,
Wyy=Y E 37 + 2 +r 2 32




Geometric Phase Effect Q@ TRIUMF

-

Linear in E = mimics real EDM
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Benchmark Tests S TRIUMF

False EDM: | o= 27 h)sh oty %
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Benchmark Tests
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Outline @TR'UMF

3. Cell Orientation Study | I-

— Description
— Results

17




Optimum cell orientation R TRIUMF

-
Goal: Determine effect of cell orientation on the d¢,. ]
.

Procedure: 1. Energy spectrum from filling efficiency simulation.
2. Determine d; , in both orientations.

\_
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R TRIUMF

\_

Vertical orientation
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Q
*
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N. Christopher. “An amalgamation of work on the UCN source and nEDM experiment at TRIUMF”. Vancouver, TRIUMF, 2016.



Summary QTRIUMF

(" )

Basic nEDM simulation requirements in place

\ EDM )
- \
1= Implementation benchmarked with
E N F P .e ©
- - pu blished results
\_ rpyEe e oo )
s )
Utility demonstrated with cell
orientation study
\ ) 20
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Neutron Count

Total Energy Distribution

Horizontal Cells UCN Energy Distribution
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UCN Experiment

R TRIUMF

inner passive shielding

[ UCN produced in UCN source ]

SC polarizer

| i

2om . 4 UCN detectors

moderator
cryostat

((\")
,()(()(J)
\!

-
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Topology 1: Topology 2: E | Topology 3:
EDM Line of for EDM TheY

Procedure ATy ¥
( .
PENTrack - of ,| Histogram Find ,
neutron . in all layouts
Layout 3 Neutron Positions Neutrons in EDM cell over time
= = e
s .- wooof P N
s F 7000;_ ’ i \\\. RMS 6.005
S 5;_ 6000/ 7 \\“‘a\
et - / ,
> 4E 5000 {
5 . - 4000~
2 ; UCN source 3oooi—
1 ' 2000;
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0 0.5 1 I1|5I = ‘2| == I2‘5‘ = I3|I = I3I5I II 00: 5\ 70 1\5 i ‘20 L 2|5 L
X-position Time tend
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R TRIUMF

Simulation Purpose

“Determine optimum guide layout”

Guide length;
961m

Guide length;
857m

4 Want: High neutron densities A /Don’t want: High radiation A
f o — visibility in experimental area.
o — T — observation time l
EDM 20 TFEA /N E — Electric field

\_ N — number of neutrons/ \_ No access to experiment. Y
Topology 1: Topology 2: E | Topology 3: |Topology 4:
EDM Line of for EDM TheY The Broken Y
Sight é?i&iﬂn h Sy length; gtél;!?n length; n
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Benchmark Test 2 TRIUMF

[False EDM vs. average planar velocity]

Knecht (2009): Chahal (2015):
o ‘10_27 . : : : . . Om'ﬂ
B Simulation
-0.5r — Analytic -0.5
_1 - -1
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Neutron Precession Test R TRIUMF

Axially , field & equations. B
T
[ Bz(r; Z) ~ BZ(OJ Z) + ] [ Br(rr Z) ~ _5 ] d
1z:Ix:ly Ix:t atan2(ly, Ix):t
Zj/\\ f[\ f/\\
o2 ‘2 !j \"1 ’ "‘\.

- ford, = 10‘27 e-cmneed
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Gradient Comparison R TRIUMF

7
Test Av in different gradients
Energy
low energy n — lower in cell - lower B, » Av <0
\.
- , dB,, 0B,
Shift in Larmor Frequency for Different T3 o d, for Different B, gradients (—_=)
4000 z %10 dz
- Gradient Strength 10—
- 0nT/m —
- nTim -
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B, Field Formulas QTRIUMF

4 N\ N\ )
BX By BZ
_ X0B,(0,0) Y 0B,(0,0) ~ 9B,,(0,0)
BX(X, Y, Z) = —ET By(X, Y, Z) — —ET BZ = BZ(O,O) + TZ
B,  13B,(0,0) 0By _ o OBy _ 0B, _ 0B, _,
ox 2 0z ox 0z ox dy
By o Bx_o || 9By __ 108,00 9B, _ 0B, (0.0
dy 0z dy 2 0z 0z 0z
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Single Variable B,

Bt {y==0 A& z==0}

By {x==0 && z==0}

dBxdicx fy==0 && z==0 }

field Tests

Baba:x {y==0 && z==0)

dBydyy {x==0 && z==0}

Babs:y {x==0 && z==0}

R TRIUMF

dBdwx {y==0 && z==0 }

1.3

2.4

dBdyy {x==0 && z==0}

s
g

.3

34



Single Variable B, field Q TRIUMF
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Benchmark Test Q2 TRIUMF

False EDM vs EDM Cell Radius False EDM vs EDM Cell Radius
27 .
4010 ~0.67107
35—  Theoretical 08— Theoretical
o . . F Simulation
soF~  Simulation B
- -1
5 o5 T r
2 F o 12— } 4 ;
= c = B
8 *F B F
2 - 14—
& 15 5 F
10:_ —1.6_—
0*1. T e v b v v v b v Lo v g s _—llllll]ll]llllllllllJIll]lllllllllllll!
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 2 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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Comagnetometers (1°°Hg) QTRIUMF

PENTrack: only p* e’, and n Add xenon and mercury atoms
ian. 2E _ 1n-12
Maxwell-Boltzmann Energy Spectrum Energy conservation: — = 107 eV V
Energy Distribution **°Hg _— AE.**°Hg _
C Entries 5000 E Entries — 1000
250 Mean  0.0379 220 Mean 1.929¢-16
BMS 0.0309 200:_ J RMS  4.093e-16
! . . 180
0 Simulation ol
5ol Input 1402—
120
= 100
100— E
B 80"
- 60—
S0 4of—
: 3 Jl
% 0.05 01 0.15 05 o T T e
Estart (eV) AEtOt (EV)



Comagnetometers (1%°Xe) QTRIUMF

Trajectory check Larmor Precession Frequency Test

129e specular trajectory Awy, xe < 3.59 pHz with 500 atoms

h
Entries 379 129
Mean x 0.002679 Aw]“ Xe
. Meany —-0.02034 htemp
B - Entri 500
0.08 <) :_' A ’:h‘;as”xz %%Z%i 60— Mean 3595612
i k) - — _
Z 006 Weenaastene .‘?, AMSy 009648 E RMS  6.925¢-15
0043 &S #——1RMsz 00577 S0l
40—
30—
20—
10— H
ohm.HHH 8V T O PO TR

.
-3615 -361 -3.605 36 -3.595 -3.59 -3.585 -358 -3.575 -3.57
larmFreq-11.776999999577604382332086476030082865978546339965188
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Dual Comagnetometer R TRIUMF

* Hg-199 and Xe-129 occupy cell volume
* Monitor changesin By — reduce systematic error

Top

29.9295_. > Raw neutron frequency

Polarised Hg atoms
Corrected frequency

N
E - (=]
> 29.9290 N
c I %€
@ 29.9285 - F
=2 i
D 29.9280 -
= ]
C 29.9275 -
Re) ;
B 29.9270 -
@ |
D 29.9265 - »
— i N AR
Q- 299260 4—— o
0 5 10 15 20 25 "
Run duration (hours) 1] 2000 4000 anon aoono 10000 12000

ADC reading no. 41



Comagnetometer Wall Interactions & TRIUMF

Current Status

Specular and diffuse reflection model

i Valid

Pendlebury: “...no dependence of the
results on surface reflection law”

i Future - AN
27X
0 z>zycos <—>

Implement corrugated wall model +

sticking time <2nx>
© Z<Zgcos|—

. J _
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EDM Line of for EDM TheY

|||||

Reflection Models \/< % ><

Topology 1: Topology 2: E | Topology 3:

(b) Lambert’s law: -0

(a) Optical model: |
R&T:1(B) = I cosBs30° + |

Ref:0, = 6;

sin 0; \%
Trans:— =-—

\ \
\ -
\ g
\ A |
- ; ) 1
2= 0 8%
60° !

(c) MR surface parametrization: f(§) = b%exp[— i)

43



Topology 1: Topology 2: E | Topology 3: Topology 4:
EDM Line of for EDM TheY The Broken Y
Specular Model \< ttttt % ><

e Definition of model:
— |deal surface

— Law of Reflection: 6; = 6. medium
— Snells’ law:nz=1- 2 [ 2 @2y 20
» n =index of refraction air

» N = nuclei number density

» b, = scattering length

» 0, = total loss cross section

» A =neutron de Broglie wavelength

44



v2:E |Topology 3:
TheY

- %

Topology 4:

The B(oken Y

mmmmmm 5

zzzzz

Lambert’s Model

e “Radiant intensity observed any angle is
directly proportional to cosine of the direction
of incidence and the normal” ..

* 1(6) = 1,-cos(6;)

Icos(B)d2dA

45



Topology 1: Topology 2: E | Topology 3: Topology 4:
EDM Line of  |for EDM The Y The B(oken Y

Micro-roughness Model \< % >< %

Surface roughness modelled b
Guassian peaks with Gaussian
distribution

2

— f(®) = f(r) = b?exp[—5 ]
Dependent on 6,

¢, (radians)

Energy dependent

Material dependent

0 0.2 0.4 0.6 0.8 1 1.2 1.4
6, (radians)



Neutron and CP violation R TRIUMF

1. Consider neutron with d_ and pu — apply time reversal
2. d_ remains unchanged but p reverses
3. T-symm. violated - CP violated
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Monte Carlo (MC) Simulations  @TriumF

“Use random numbers to sample different probability distributions.”

Starting UCN Energy Distribution

Create neutrons: position & velocity”

£ Observed Distribution
H H # 200: Input Distribution
” Integrate equation of motion” X N, e |3
/ 02 004 006 008 0.}0(3:151"28’“&;6] 016 018 02 022

T 1 1 ) . .
X = yTn(l_ ?x@)x)(PuVIBI —mge, + q(E+ X X B)

* = MC step
# = Deterministic
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On hit (reflect, transmit, absorb) and decay”




Example of Monte Carlo Step ~ @TRiumF

Analytically calculate probability
of transmission (Ex: )
On hit (reflect or - Generate random number with
transmit) uniform distribution (Ex: )

Rw >T
[ Transmission! ] [ ]
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Precession R TRIUMF

“Rotation of the axis of rotation”
r N r

e . e 1)
Gyroscope — gravity field neutron spin — magnetic field
B
“Larmor” Precession: w;, = —YB

N\ J

Stronger field — Faster precession (v)
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Motivation

R TRIUMF

-
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Explanation for Evidence for physics beyond
matter/antimatter asymmetry the Standard model
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