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B-decay of tritium

’L —
electron

I

3H B-decay

SHe

Energy conservation

msum of rest masses and kinetic energy
» initial mass of 3H nucleus

Momentum conservation

m electron energy maximal when neutrino at rest
»p, = 0 — solve for m,
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Tritium B-spectrum
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End-point of spectrum depends on neutrino mass
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» direct measurement of electron neutrino mass mg
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Tritium B-spectrum
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Mass of the electron neutrino ?!?

Electron neutrino

m super-position of

mass eigenstates
Ny
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Mass of the electron neutrino ?!?

Electron neutrino

m;=0.5eV |
m;=0.7eV
ms=15eV
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m super-position of

mass eigenstates
ny

Ve) = Z Ueilvi)
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Kinematik of 3-decay
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Rate

m energy- & momentum conservation
» only apply to mass eigenstates
m kinks In the spectrum
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Electron energy E — Eq
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Mass of the electron neutrino ?!?

Electron neutrino

m super-position of

mass eigenstates
ny

Ve) = Z Ueilvi)

1

Kinematik of 3-decay

ar
dE

Rate

m energy- & momentum conservation
» only apply to mass eigenstates
m kinks In the spectrum

Experimental resolution 25 20 15 -0 -05 00
Electron energy E — Eq

m not sufficient
» define effective neutrino mass
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B-decay experiment
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mlast 10eV: 2-10-10
mlast 1eV:2-1013

@ PRISMA

Project 8 — 5 ]G‘U




B-decay experiment

~— electrons
—-.= endpoint
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Fraction of electrons
Im range of interest

mlast 10eV: 2-10-10 Pyramid of Giza

alast leV: 2-1013 P
grain of sand
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B-decay experiment

~— electrons
—-.= endpoint

dr
Rate I

dr

Rate IF

1 I 1 ' i ' 1 ' 1 1
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Electron energy E — Eg Electron energy E — Eg

Fraction of electrons
Im range of interest

m extremely high statistics
mlast 10eV: 2-10-10 Pyramid of Giza

~ mvery good energy resolution
- ). -13 %
mlast 1eV:2-10 % rain of sand
<’
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Pre- and Main Spectrometer

Transport Section

Tritium Source
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Key components

m windowless gaseous tritium source (T2) — statistic
m MAC-E spectrometer (10m diameter!) = resolution
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Status — KATRIN limit

Current world-best limit KATRIN data (2"? campaign)
KATRIN data (1°* campaign)
Fit result (2"4 campaign)

—— Fit result (15* campaign)

= Combination of
Ist & 2nd campaign results

> mp < 0.8 eV (90% CL)

Count rate (cps)

m Results from 1st-5th campaign
» expected soon Ia) e — -

!
o
I.
B
L ]
L ]

vy s -1 v T | T T
» sensitivity to 5 o 2-b') =
mg = 0.5 eV (909 CL) ot . =g Stat
RS PRI . TR T :
Future = PP s :
e 0] A = . .«
m Expected sensitivity . — . , '
»mg = 0.3 eV (90% CL) = 0l
= Limited by - ”
o ot E T |
» statistics ~ scales with N 7%  I— ’ , | SN SO |
> svst i —40 -20 0 20 40
systematics Retarding energy — 18575 (eV)

» backgrounds
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Alternative approach

Electron in B-field

m cyclotron radiation €
1 eB B-field
fc —

- Uy
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Alternative approach

Electron in B-field
m cyclotron radiation €

o 1B B-field
c 27-‘- Me ﬁ

First-order relativistic correction \/ \/
fe 1 e
f’y — T

> energy measurement!

B B 2m Me + Ekin
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Alternative approach

Electron in B-field
m cyclotron radiation €

[ 1eB B-field
c 27-‘- Me ﬁ

First-order relativistic correction \/ \/
= fe 1 e
! Y 2T Me + Ekin

> energy measurement!

Energy resolution AE/E ~ Af/f
mAE/E ~0.1eV / 18.6 keV = bppm — easy!

“Never measure anything but
frequency” — A. L. Schawlow
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Alternative approach

Electron in B-field

m cyclotron radiation €
1 eB B-field
fc — 9
T Me ﬁ

First-order relativistic correction \/ \/
fe 1 e
f’y — T

> energy measurement!

Energy resolution AE/E ~ Af/f
mAE/E ~0.1eV / 18.6 keV = bppm — easy!

B B 2m Me + Ekin

Frequency resolution Af ~ 1/At
m At = 20ps — 1400m @ 18keV — hard!
» store in magnetic trap

“Never measure anything but
frequency” — A. L. Schawlow
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ldea

= fill volume with tritium atom gas
m add magnetic field

» decay electrons orbit e
around field lines ‘
- v U U VU
m measure cyclotron radiation
» electron spectrum B. Monreal and J. Formaggio, Phys. Rev D80:051301
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Radiated power

Larmor formula

1 2¢*B? Pe
i (v* — 1) sin® @

P(’yve) —

- dreg 3 mg 0 — pitch angle

>

B field
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Radiated power

Larmor formula

1 2¢*'B? Pe
i (v* — 1) sin® @

P(’yve) —

o drreg 3 mg 0 — pitch angle

>

Radiated power B field

m].1 fW for 18 keV electrons at 90°
m]./ fW for 30.4 keV electron at 90°
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Radiated power

Larmor formula

1 2¢*'B? Pe
i (v* — 1) sin® @

P(’yve) —

o drreg 3 mg 0 — pitch angle

>

Radiated power B field

m].1 fW for 18 keV electrons at 90°
m]./ fW for 30.4 keV electron at 90°

Comparison

= 10W energy saving light bulb by world population
» 106 larger power per person
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Radiated power

Larmor formula

1 2¢*B? Pe
i (v* — 1) sin® @

P(’yve) —

- dreg 3 mg 0 — pitch angle

>

Radiated power B field

m].1 fW for 18 keV electrons at 90°
m]./ fW for 30.4 keV electron at 90°

Comparison

= 10W energy saving light bulb by world population
» 106 larger power per person

Consequences

m need very low-noise detection system
m see mostly electrons at very large pitch angle 6
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Phase |: apparatus

cryo-cooler

@ PRISMA

L

RF receiver

N

gas system —

83m Krypton
source

magnet

RF wave guide
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Measured signal

Begin of data-taking on 06.06.2014

m first signal — captured electron
PhysRevlLett.114.162501 (2015)
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Measured signal

B 1 eB
27 Me + Fiin

Begin of data-taking on 06.06.2014 I~

m first signal — captured electron
PhysRevlLett.114.162501 (2015)
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Measured signal

B 1 eB
27 Me + Fiin

Begin of data-taking on 06.06.2014 I~

m first signal — captured electron
PhysRevlLett.114.162501 (2015)
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Measured signal

B 1 eB
27 Me + Fiin

Begin of data-taking on 06.06.2014 I~

m first signal — captured electron
PhysRevlLett.114.162501 (2015)
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Phase |: results

Region of interest near the 30.4 keV lines
(bins are 0;5 eV wide?

Improved Phase | setup 1.4 | Natural line widths: 1.84 &1.4 eV: Observed FWHM 3.3 eV ' 3
Separation is 52.8 eV _ @)

® more homogeneous 1ol TN 0. iy N T JNY IO =
B-field | I I

m reduced 0 LOp S N N Y %
Sensor noise Sosl |3

. © -

= improved temperature > oel | | 5 |z
stability s | |5

S 04l i S R e SO | Lo o

Achieved resolutions : ﬁ : : 1 N
5

mo(E) = 3.3eV @ 30.4keV N
mo(E)=5.1eV@ 17.8keV =

30.20 30f25 30;30 30i35 30f40 30f45 30f50
Track Initial Energy [keV]
» new measurement method established
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results

Phase I:

Improved Phase | setup

® more homogeneous
B-field

m reduced
Sensor noise

m improved temperature
stability

Achieved resolutions

mo(E) = 3.3eV @ 30.4keV
mo(E)=5.1eV @ 17/.8keV

Counts / keV / sec

=
I

=
N

.
o

o
00

Region of interest near the 30.4 keV lines
(bins are 0.5 eV wide)

I 1 : I I 1

Natural line widths: 1.84 &1.4 eV; Observed FWHM 3.3 eV
Separation is 52.8 eV

£102 (G) ¥t © sAud 'r ‘uoneioqge||0) 8d

\ I | ]
30.30 30.35 30.40 30.45

Track Initial Energy [keV]

i I
30.20 30.25

» new measurement method established
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Project Plan (and talk outline)

Region of interest near the 30.4 keV lines

(bins are 0.5 eV wide) .

= Phase | ﬁiﬁiﬁ
> demonstrate CRES techniquev’

i i i i
30.20 30.25 30.30 30.35

Natural line widths: 1.84 &1.4 eV; Observed FWHM 3.3 eV
Separation is 52.8 eV

L

I L L
30.40 30.45 30.50

= Phase |l
» first Tritium spectrum with CRES

m Phase lli

» Go bigger!
demonstrate large cavity

» Go atomic!
demonstrate atomic tritium trapping

m Phase IV

Track Initial Energy [keV]

Hot atom :

evaporate as =~

confining field drops

2500 K 160 K

10°
% Phase Il T, density
and resolution

» full apparatus, reaching
mp < 0.04 eV sensitivity
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Standard deviation in mg (eV?)
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Phase Il setup
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Phase |l: 83mKr data

Krypton data taking

= shallow traps
» only retain large pitch angles — low rate
» |ittle variation in B field within trap — good energy resolution

| —— 17.8 keV data

Electron scattering 120 - > K |
Prellmln&}ry scattering
m before detection . 100- model with hydrogen
> low-energy (high-frequency) = 0
“y () 4
tail in spectrum o
S 604
n
. E
Hydrogen scattering model 3 407
= 4eV FWHM Voigt profile 20 [U“"
m 2.84eV line width in 83mKy ol and My
» detector resolution surpasses 25.935 25.940 25.945 25.950 25.955
Intrinsic line width Frequency (GHz)
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Phase Il: T2 data

Tritium data taking
m 6-104longer half-life = dramatically decreased rate

> :
Increasing pressure Deep trap frequency - 25 GHz [MHZz]

920 9:!.5 910 9Q5 9Q0
—— Shallow trap data :
20007 ... Shallow trap fit result 83mKr peak [
'g —— Deep trap data /
.é. 15001 ---- Deep trap fit result
9
©
+ 10001
c
S
O
Q
5001
19500 17900 18000
S 3
n
S0
O ]
0 -3
o

17500 17600 17700 17800 17900 18000
Reconstructed kinetic energy [eV]
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Phase |l: T2 data

Tritium data taking
m 6-104longer half-life = dramatically decreased rate

> :
Increasing pressure Deep trap frequency - 25 GHz [MHz]

920 9}5 910 995 9Q0
- . . —— Shallow trap data "
Tritium configuration 2000/ | K j
| | g | | === Shallow trap fit result ’,? 83mKr peak
m optimized configuration for PN |
best endpoint sensitivity ST Peeplmp st
with ~100 days of data glooo_
m use deeper trap 3
» better statistics >001
» worse energy resolution R I -
O'(E) =1 5 eV - 12 O eV 19500 17600 17700 17800 17900 18000

m [ineshape still well described
by model (gas composition!)

3! .
17500 17600 17700 17800 17900 18000
Reconstructed kinetic energy [eV]

Residuals [0]
o w
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Detection efficiency

Emitted cyclotron power

1 2q¢*B?
P(Va 9) — o

2 . 9
— —1 4
Adreg 3 m?2 (y ) sin

m detection probability is energy
(— frequency) dependent!

m distorted spectrum
» impacts neutrino mass analysis

Additional effects

m frequency (— energy) dependent
effects of waveguide

m frequency (— energy) dependent
receiver and amplification chain

» need calibration over ROI!

@ PRISMA

Probability density
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—— Undistorted tritium model
—— Distorted tritium model

16.5 17I.O 171.5 1é.0 1é.5 191.0 191.5
Energy [keV]

=
o

=
o
1

Relative count rate

=
N
T

1.0

—— Before energy correction
—— After energy correction
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Phase Il: Solenoid calibration

1 (-B Field-shifting solenoid
Cyclotron frequency fc — .
- 27 M
m [inear dependence
on absolute B-field
120 Channel ¢
Cal l bration | FSS current: 1.0mA
m cannot easily ramp NMR magnet
» installed field-shifting solenoid

inside NMR bore
» shift background field and thus

cyclotron frequency

m shifted 17.8 keV line of 83mKr
» range of /OMHz (~1.5 keV) J

1.30 135 1.40 1.45 1.50

> linearity demonstrated | | Mixed frequency [Hz] |
within ~0.010MHz (~0.0002eV)

60 |

Counts
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Phase Il: Solenoid calibration

1 (-B Field-shifting solenoid
Cyclotron frequency fc — .
- 27 M
m [inear dependence
on absolute B-field
120 Channel ¢
Cal l bration | FSS current: 1.0mA
m cannot easily ramp NMR magnet
» installed field-shifting solenoid

inside NMR bore
» shift background field and thus

cyclotron frequency

m shifted 17.8 keV line of 83mKr
» range of /OMHz (~1.5 keV) J

1.30 135 1.40 1.45 1.50

> linearity demonstrated | | Mixed frequency [Hz] |
within ~0.010MHz (~0.0002eV)

60 |

Counts
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Phase ll: Solenoid calibration
(GB) Fleld shn‘tmg solenoid
Cyclotron frequency = —

| 2T M
m [iInear dependence

on absolute B-field

110

Calibration ™
m cannot easily ramp NMR magnet ) :Z

» installed field-shifting solenoid s
inside NMR bore i

» shift background field and thus 5%
cyclotron frequency ”

m shifted 17.8 keV line of 83mKr "
30

» range of 70MHz (~1_5 keV) ~0.2 -0.1 0.0 0.1 02 03 04 05 06 0.7

> linearity demonstrated 2
within ~0.010MHz (~0.0002eV)

20}
10!
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T2 analysis results

175_: —— Frequentist intervals
] - + Literature
Analysis methods [ l 200°7 . Bestfitresul
_ _ 15077 I <« 150%-
® Frequentist analysis 115 I g 3
- - 125 “a 0-
m Bayesian analysis : I S
2 : —1502-
» good agreement! c 100- ‘
o j —200%
O -
754 . !
1 § Tritium data 1] | I
Analysis results | T Bayestan bost™ : S Endpoint (&V)
y 50 10 Bayesian quantiles ! P
- {1 —— Frequentist best fit '
B main reSL’”t 25-: - Literature £ I ‘ :
> 1 H E 10 Bayesian credible interval ;
P hyS . ReV. Lett ) 1 3 1 ! ]' 02502 0_: H  E, 10 frequentist confidence interval e

[ ] . . . T T [ T T T T [ T T T T [ T T T T [ T T T T ] E' T T [ T T T T [ T 1
detailed discussion 16500 17000 17500 18000 18500 19000 19500
» arXiv:2302.12055 (—» PRC) Reconstructed kinetic energy (eV)

909 CL T2 endpoint Neutrino mass Background rate

frequentist| Eo = 18548*19_19 eV mpg < 152 eV/c?

R<3-1010eV-isl

bayesian| Eo = 18553*1%.19 €V mg < 155 eV/c2
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Potential for neutrino mass?
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Potential for neutrino mass?

2
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Sensitivity limited by
m density of tritium gas — rest gas interactions
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Potential for neutrino mass?

2
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Sensitivity limited by
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Potential for neutrino mass?

102 < 110.0
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Potential for neutrino mass?

102 < 110.0
:\ S ——- T, 3%x10% [cm™3] |
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m density of tritium gas — rest gas interactions
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Potential for neutrino mass?

102 < 110.0
:\ S ——- T, 3%x10% [cm™3] |
Y, 10! \\\ \‘\\ —== T3, 3%x10* [cm™3]
I SR N T,, 3 % 1013 [cm™3]
N> ‘\ N —_
E 100. NN = KATRIN
= | S — L0 T |imit
e SN [ LU.:
I ~. A 0
S 1071 YN g
o S3=s o KATRIN
s TS~ S sensitivity
3 10 T nnnnana g ]
(0] |
N _
1073, |
3 AB/B=1x10""’

10-6 10~ 102 100 102 10
Volume x Efficiency x Time [m3-y]

Sensitivity limited by
m density of tritium gas — rest gas interactions

m molecular excitations in T»
» need atomic tritium

@ PRISMA Project 8 — 21 JG‘U




Molecular tritium limitations

10— | I I I
Atomic T
(at -8.1 eV)
8 T2 -
2
=
S er -
o Molecular excitations
; in 3HeT daughter molecule
2 T ) = blur tritium endpoint
2 » fundamental limit to
2 - measurement of v-mass
Need atomic tritium
o_-ZEf/J’1 (') 1' . for ultimate experiment!

Energy (eV)
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Molecular tritium limitations

10— | I I ] 7 o-
Atomic T o O
(at -8.1 eV)
8 T2 -
2
=
S er -
o Molecular excitations
; in 3HeT daughter molecule
2 T ) = blur tritium endpoint
2 » fundamental limit to
2 - measurement of v-mass
Need atomic tritium
o_-ZEf/J’1 (') 1' . for ultimate experiment!

Energy (eV)
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Molecular tritium limitations

® ™

Molecular excitations
in 3HeT daughter molecule
m blur tritium endpoint

» fundamental limit to
measurement of v-mass

v . e . - "-". ‘. >
> v- o - -..*.‘u a %
- > -

S does Project 2 fit Lt
HOW m-i&-llﬂ&
THE ATOMIC FUTURE?
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for ultimate experiment!




Magnetic storage of neutral atoms

Storage of atomic T
m recombination catalyzed by walls

— difficult! | |
: 4 //////////////////
m H,D and T have unpaired e (mg, m)) |
» NoONn-zero magnetiC moment I - (+1/2¢C Low field seekers

» tend to (anti-)align with
B-field if change
IS adiabatic

Frequency, GHz
o
|

(-1/2,-1/2)

. '2‘\(-1/2mb
Potential energy T~

m AE = }.7{]_3) 4 -

High field seekers

/

— half of spin states | | |

0.0 0.1 0.2 0.3 0.4

seek field minimum Magnetic Field, T
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Magnetic storage of neutral atoms

Storage of atomic T
m recombination catalyzed by walls

— difficult! | |
: 4 //////////////////
m H,D and T have unpaired e (mg, m)) |
» NoONn-zero magnetiC moment I - (+1/2¢C Low field seekers

» tend to (anti-)align with
B-field if change
IS adiabatic

(-1/2,-1/2)

e

Frequency, GHz
o
|

/

0.4

_ "2 (-1/2,+1/2) b High field seekers
Potential energy S~
N a
m AE = -u-B 4- e \\
— half of spin states o —  nagnetiC minimy
seek field minimum - | atoms '\ T

o trap neutrd
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Scaling towards the future

Requirements

m high statistical power Solenoid: CRES field
» large volume
» high detection efficiency

Halbach / loffe:
atom trap

. i I
m good energy resolution Cavity walls
» atomic tritium
» track reconstruction ¥ Ccavity
termination

m [ower systematic uncertainties
and easier calibration
» cavity design with simple
mode structure

o Pinch coils:

electron trap

Concept

Field from pinch coils

m @(m3) cavity with atom trap
» TEo1 mode at @(100MHz)
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Low-frequency traps

80_ 1 L1 1 1 111 1 11 1 1111 1 11 1 1111 1 lllllll_

Advantages

= [ower magnetic field
» l[ower dipolar spin-flip rate
» l[ower atom loss rate

(o]
S
|

I

+. Phase 3&4
325 MHZz?

m larger cavity volume
» scales with 1/13
» larger event rate

Phase 1&ll
26 GHz

Dipolar decay rate G',, (1072 m°® s™)
|
(9861) 929 ‘€€ gdd “'[e 10 Mlipuabe

o
|
I

_L_
<

0.001 0.01 0.1 1
Magnetic field (T)

-> push to larger, low-frequency cavities
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Phase lll: Cavity design

10: »_Mid-scale atomic T
Scaling approach i ‘ experiment
. . . - .
m Optimize cavity design o 01000 R Stavored by magn.. .
= Develop position-sensitive S 0.010l .
reconstruction £
S 0.001
m [ncreased volume step by step! ;
-4
10 Phase Il
- 10-5. *<— o
Series of demonstrators = L |
0.2 0.5 1 2

m partially parallelized Resolution (eV)

Q X 103 % 101.5
—_— — —_—
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Cavity CRES Apparatus

gas inlet

Specifications

cavity and

m cm3 cavity at 26 GHz electron trap
m Electron sources electron gun
p 83m Kr _
> electron gun | ﬂ’l — % = amplifiers

. . . (4 K)
minsert in medical =
MRI| magnet

cryocooler
. -

1 -
-

Goals

m Demonstrate CRES in a cavity
m |[mprove detection efficiency
> 2(1%) = 2(10%)
» maintaining very low background
m Demonstrate electron gun calibration
m Resolution o(E) < 300 meV
» axial frequency reconstruction
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Pitch angle reconstruction

Magnetic field effects

Large pitch angle, 8 = 90°:

Power

. . . Cavity bandwidth
m varies along axial motion /
Electron signal is ;i/\‘wm /\ Al
frequency modulated / \ - Frequency
fe—Ta foe+ fa

= Main carrier
» frequency proportional

to average magnetic field . ﬁ

“Small” pitch angle, 8 = Bmin: Power

/—Cavity bandwidth

— Frequency

> spaced by axial frequency P
Approach 1 e(B)
m Detect sidebands Je = o2 me + E/c2

» correct for axial frequency effect
m [iImited by radial variation in trap shape!
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Optimization of trap design

—— r=0mm (on-axis)
r=7mm (cavity-wall) L 25920
. . 0.9596 -
Traps with more colls -
m steeper walls e  pson6 3
> less axial dependence £ g
£ 0.9594 - - 25914 <
m [ess homogeneity in center ; s
0.9593 A .
- 25910
Optimization approach osso2 | | | , .
0 2 < 6 8
- Opt|m|ze many |OOpS Axial frequency / MHz
with individual currents 005 : ;
. . - 0.020 }
m reality constraints - o015 5
- 0.010 ;
> geometry, powet,... o 4:
2 0.031 PESET, aN il M +1 0.000 :
= -1.0 =05 00 0.5 1.0 }
. . LGE‘ AEyin / €V E
Pitch angle correction 5 002 ;
m [iImited by shape change at large radii i
0.01 1 )
» only probed at large pitch angles £ comrect r=7rmm, sl < 6MH I
. . . \ {7 correct r=0mm '__: i
m [imit axial frequency for resolution goal b= kb e 1o Lk i

reconstructed Ey, / eV
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Optimization of trap design

—— r=0mm (on-axis)
r=7mm (cavity-wall) L 25920
. . 0.9596 -
Traps with more colls -
m steeper walls g 0551 Loens
» less axial dependence £ g
£ 0.9594 - - 25914 <
m [ess homogeneity in center ; cut in faxia :
» - 25912 Y
0.9593 A
_ - 25910
Optimization approach osso2 | | | .
0 2 < 6 8
- Opt|m|ze many |OOpS Axial frequency / MHz
with individual currents 005 : ;
. . - 0.020 }
m reality constraints - o015 5
- 0.010 ;
> geometry, powet,... o 4:
2 0.031 PESET, aN il M +1 0.000 :
= -1.0 =05 00 0.5 1.0 }
. . LGE‘ AEyin / €V E
Pitch angle correction 5 002 ;
m [iImited by shape change at large radii i
0.01 1 )
» only probed at large pitch angles £ comrect r=7rmm, sl < 6MH I
. . . . {7 correct r=0mm i '__: i
m [imit axial frequency for resolution goal b= kb e 1o Lk i

reconstructed Ey, / eV
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Optimization of trap design

—— r=0mm (on-axis)
r=7mm (cavity-wall) - 25920
. . 0.9596 -
Traps with more colls -
= steeper walls § 0 [
> less axial dependence g F
£ 0.9594 - - 25914 =
m [ess homogeneity in center ; cut in faxia :
< - 25912 Y
0.9593 A
- L 25910
Optimization approach osso2 | | | .
0 2 4 6 8

Axial frequency / MHz

m optimize many loops
with individual currents ;

m reality constraints
» geometry, power,...

Cut on fa)ual

Pitch angle correction

energy resolution / eV

m [iImited by shape change at large radii
» only probed at large pitch angles
m [imit axial frequency for resolution goal

0.0 0.2 0.4 0.6 0.8 1.0
efficiency
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Phase IlI: Atomic source R&D

THE ATOMIC FUTURE?2? .

@ PRISMA Project 8 — 30 ]G‘U



Neutral particle traps

Mirror coils
d

Electrodes
Vacuum wall

Cryostat wall

LA N

(ww) A

(8|

trap door |4 fr—
|

to flipper
to shutter

~ . .

PR PO (i
200

-2
100

o] DY VY VRO WY VO RN YOis (Vo
-200 -100 0
Axial postion, z (mm)

ALPHA Collaboration: Nature Phys 7:558, 2011;
arXiv 1104.4982 arXiv 1310.5759v3

UCNtau Collaboration: Phys Rev C89, 052501, 2014;

General design
m high magnetic field at walls

m [ow magnetic fields in the center
» near-field to far-field transition with opposing fields

Project 8 — 31 JG‘U
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Atom trapping

loffe-Pritchard trap

m plausible field step
»AB=2T

m [imit thermal loss fraction
> Eloss = 1010

® maximum allowed temperature
> Tmax = 30 mK

Challenges

m cooling to sub-Kelvin level
m keep high T/T2 purity
» molecular T2 not trapped!
m field uniformity in central region
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Halbach arrays

Permanent magnet configuration

m alternate orientations

m circular flux configuration
» one “magnetic” side
» one “non-magnetic” side

Edge
view

I/ Front (printed) side |/

Magnetic strips T A
45 P Field lines

N

L
. -

)
'
"
'
1

- -~ - -
l

Y e Y
C i WE W | .| 1
| i '

Magnetic field lines are more intense
on one side than on the other.
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Halbach arrays

Permanent magnet configuration

m alternate orientations

m circular flux configuration
» one “magnetic” side
» one “non-magnetic” side
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Halbach arrays

Permanent magnet configuration

m alternate orientations

m circular flux configuration
» one “magnetic” side
» one “non-magnetic” side

Flat Halbach array
m field falls exponentially with

characteristic length 1= 2
T

» weak far field

Challenges

m [ow temperatures
m overall field strength — evaporative loss

@ PRISMA

log{Brmag)

0.2

02
0.4+
06

08

A2
1.4}

16
4

y = 15.24 mm

y =-0.1228%x - 0.421

—»— data 2




Magneto-gravitational trap

Excess

Electrons
Magnetic trapping E __ - E
m E, = ugB =58ueV/T | 2.3 |
Energy of cold atomic beam JFians 5 |
s E, = kyT = 64 ueV/K ,_We S
Gravitational trapping I Viigucial I
Al | 10+ mE I
nE, =mgh=0.3pueV/m | = E .|
dll mk B EFl
|| Tritium "8 - 3{ic
- For 10mK cold beam, it takes 2.1 Atoms - ‘8 &
meters of gravity and O./T of B- ! = = I

field to trap.

\.
o
.
4
0 L]
4
4
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How to fill the trap?

Spin-flip loading ?
Flip atom spin at trap edge

Carry atoms over potential wall
(+ energy loss)

But: stimulated emission
will lose trapped atoms

Vel. Selector

Trap wall

Trap

Beam axis
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How to fill the trap?

Spin-flip loading ?
Flip atom spin at trap edge

Carry atoms over potential wall
(+ energy loss)

But: stimulated emission
will lose trapped atoms

" \el. Selector

Trap wall

Trap
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How to fill the trap?

Spin-flip loading ?
Flip atom spin at trap edge

Carry atoms over potential wall
(+ energy loss)

But: stimulated emission
will lose trapped atoms

Cornucopia* loading

Blow cold atoms into trap
— accept loss through
entrance hole

required input flux
for 1cm hole @ 50mK

5-1012 atoms/sec

=k *horn of plenty

" \el. Selector

Trap wall

JG|U



How to fill the trap?

Spin-flip loading ?
Flip atom spin at trap edge

Carry atoms over potential wall
(+ energy loss)

But: stimulated emission
will lose trapped atoms

" Vel. Selector  Trap wall Trap

Cornucopia* loading

Blow cold atoms into trap -
— accept loss through
entrance hole

required input flux
for 1cm hole @ 50mK

5-1012 atoms/sec

: *horn of plent
A o plenty JG|U



Project 8: Designs concepts

Atomic T source
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Project 8: Designs concepts

Atomic T source

W AR

Cyclotron Radiatioff?
E
e
J
vﬁducial
10+ m

L
0
£
)
©
=
v
)
o
2
=
=

Multipole Magnet

mK
Tritium
Atoms

S
()
iz
;._
om
=-1'1.C

Hi
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Project 8: Designs concepts

Atomic T source

W AR

Cyclotron Radiatioff?
E
e
J
vﬁducial
10+ m

L
0
£
)
©
=
v
)
o
2
=
=

Multipole Magnet

mK
Tritium
Atoms

S
()
iz
;._
om
=-1'1.C

Hi

e
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Project 8: Designs concepts

Atomic T source

I‘”V\’\n I
I Cyclotron Ra’(;iaﬁ = I
I e
= [njection v | Vg I
. | 10+-m - |
= Trapping v/ | Sl I
s I mk i % I
j| Tritium g ic]
I Atoms -l‘.:l
N
g
— |
A
]
]
]
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Project 8: Designs concepts

Atomic T source
m Dissociation 2??
m Cooling ?7?

I I I D S S S S .
ultipole Magne

m [njection v ] | Vrgucia
_ 5 10+ m
m Trapping v/ = L
= m.K >
Tritium g T
Atoms e
-
)
A
Q
@
o
v
' m——
e cold T
‘A &' atoms
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Project 8: Designs concepts

Atomic T source
m Dissociation ???
m Cooling ?7?
m [njection v
m [rapping v/
m Purification/Circulation ( v')

vﬁducial
10+-m

Multipole Magnet

mK
Tritium
Atoms

1=
-

IE
c
I
(]
I
I

-(:( T, Supply )

MAGIC , A& 1 cold T

atoms

o S — N
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Thermal dissociation sources

heating filament

Working principle

» Dissociation on hot tungsten surface
» Temperatures 2200K - 2500K

m radiative or electron bombardment
heating of capillary

Hydrogen Advantages

Atom Beam Source (HABS) » Several models commercially available

» Partly well characterised
= MBE components “HABS”

Tschersich, K. G. et. al. J. Appl. Phys. 84 (1998), 8, 4065-4070
Tschersich, K. G. J. Appl. Phys. 87 (2000), 5, 2565-2573
Tschersich, K. G. et. al. J. Appl. Phys. 104 (2008) , 034908

3 » Principle can be adapted for higher flows
‘ ‘ P P g

B p—

- (Good starting point

\\ .

Coaxial dissociator
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Source characterization

Measure dissociation efficiency

m Detect with ionizing mass spectrometer

Atomic Signal (m/z=1) at 0.1 [sccm]

Primary challenge

0.035
m Dissociative ionization background
I
>»Ho + e = HF + H + 2e §§°-°34
m require very good H2 suppression EE 0.033 - ¥
. . c
> but H = H2 recombination Sy T
with efficiency € ~ 1! c 5 0032 *'
0O
£ 0.031 ¥
s
D 4
0.030 - T
Ol - '500I B iOOd - iSOd - IZOOOI - '2500

Capillary Temperature [K]
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Source characterization

Measure dissociation efficiency
m Detect with ionizing mass spectrometer

Molflow simulation

Primary challenge skimmers
m Dissociative ionization background
>»Ho + e = H" + H + 2e
mrequire very good H» suppression

» but H = H2> recombination
with efficiency € ~ 1!

Differential pumping
m optimized rejection of recombined H>
» retain good SNR
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Source characterization

Measure dissociation efficiency Capilary: n = 1 \|
m Detect with ionizing mass spectrometer

C
i)
e
©

>
£

(7))

=
O
=

O
=

Primary challenge
m Dissociative ionization background
>»Ho + e = H" + H + 2e
m require very good Hz suppression

» but H = H2> recombination
with efficiency € ~ 1!

Differential pumping

. L _ Detector
m optimized rejection of recombined H> Nbeam ~ 10-4
» retain good SNR Nbackground ~ 108
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Source characterization

Measure dissociation efficiency
m Detect with ionizing mass spectrometer

140
: Cy : : : 1 ® Mean m/z =1 readings
m Dissociative ionization background ol I Range of averaged readings ]
»Ho +e = H* + H+ 2e }
, . 100 g
m require very good H2 suppression a ] E
cC | —
» but H = H2 recombination 3 8-
with efficiency € ~ 1! T 601 .
= 40
Differential pumping 2o E
m optimized rejection of recombined H> ol o o 8°®
retaln gOOd SNR 0 500 1000 1500 2000 2500

Capillary Temperature [K]
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Hydrogen isotopes

HABS/Modified HABS Atom Flux: 2230 [K]

d
L d
1012 + === 100% Dissociation ,,’
Hydrogen | =%= Tschersich 2000, Orig. HABS -7
= Mainz atomic test stand [{=#e= Mainz M3ss Sp. 4, Mod. HABS ~Target
1018 L O Mainz Mass Sp. H,, Mod. HABS e
» result so far @ | @~ Mainz Wire Det., Mod. HABS t
= _
X
>
T 1017
=
2
<
10%°
105 129
1073 1072 1071 10° 10!

Hydrogen Flow [sccm]
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Hydrogen isotopes

D, at 10 sccm, 15.0 V electron energy

Hyd rogen - Error function fit
. . 307 —-- Background (cold, no flow)
m Mainz atomic test stand o 25 ¥ Dot
» result so far £ 20
% 15 -
Deuterium g 10
. 5 T ¢ X \ i g
m UW atomic test stand ettt .
» first dissociation signal " Raw Thermocouple reading in K |
[
e} 2
£ ° °
= [
2 -2
o
—4 - : : : [ ] .
1400 1600 1800 2000 2200

Raw Thermocouple reading in K
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Hydrogen isotopes

D, at 10 sccm, 15.0 V electron energy

Hyd rogen —— Error function fit
. . 307 —-- Background (cold, no flow)
= Mainz atomic test stand o 25| ¥ Date
» result so far £ 20
% 15
Deuterium g 107
_ 54 » \'
s UW atomic test stand ittt s
> firSt diSSOCiation Signal | RawThlermocoupIe rcleading in K |
®
o 5
o £ ° °
Tritium 5 01 5
2 ] °
m requires tritium handling facility g
.o . —4 - : : : L ,
> jOlnt effort with TLK 1400 1600 1800 2000 2200

Raw Thermocouple reading in K

‘KAMATE” Gﬁi()

Tritium Laboratory Karlsruhe
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Cooling tritium atoms

D. A. Knapp et al., AIP conference proceedings (1984)

Recombination processes Wood and H. Wise, J. Chem. Phys. 66, 1049, (1962)
7 1 | 1 o 1 T I i { i |
_ I — H ON PYRE
O Eley Rideal - » HON AIUM)I(NUM

Hgas + Hsurf — |—|2gas * D ON ALUMINUM

» decreases with T and adsorbed Hsurf

m L angmuir-Hinshelwood
|—|surf + |—|surf N |—|2gas

> increases with Hsurt mobility

Surface cooling approach

m first step to recombination minimum
(100-150 K) = accomodator

m second step to freeze-out (10K)

with limited wall interactions = nozzle 280 240 200 180 20 80—
TEMPERATURE (K)

y (RECOMBINATION PROBABILITY PER BOUNCE)
o
I
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Cooling tritium atoms

Cracker Accommodator Nozzle
2500 K 160 K ~10 K

Cracker ,
S ourit q Final nozzle
urity vs. flow ,
UMY design tor few bounces

Accommodator freeze-out 30K
(liquid nitrogen) — periodic purging
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Cooling tritium atoms
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Cracker

Final nozzle

— it Al
pUrity vs. How design for few bounces

Accommodator freeze-out 30K
(liquid nitrogen) — periodic purging
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Project 8: Design concepts

Atomic T source

m Dissociation v

m Cooling ?7?

m [njection v

m [rapping v/

m Purification/Circulation ( v')

W AR

Cyclotron Radiatioff?
E
e
J
vﬁducial
10+ m

L
0
£
)
©
=
v
)
o
2
=
=

Multipole Magnet

mK
Tritium
Atoms

S
()
iz
;._
om
=-1'1.C

Hi

N
-
Q.
A
_
j Dissociator Accommodator Nozzle
[ 2500 K 160 K 8 K
| mK-cold T
d atoms

Tritium Return and Recycling
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Only atomic T guided magnetically
= (bend) quadrupole with skimmers
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Velocity and State Selectors

Only atomic T guided magnetically
(bend) quadrupole with skimmers




Velocity and State Selectors

Only atomic T guided magnetically
(bend) quadrupole with skimmers

Tune acceptance for
Tout = O(50mMK)

To contammination < 10
efficiency €cold ~ 25%-1009%,

Tritium Atom Speed Distributions
Cooling Cooling 2500 K
= = 160 K
8 K
Velocity Selected
After 1 T Step
= Max. Trapped Speed

O
Q
N
©
S
—
o
e
c
o
=
O
©
-
L

102 103
Atom Speed (m/s)
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Velocity and State Selectors

Only atomic T guided magnetically
(bend) quadrupole with skimmers

Tune acceptance for
Tout = O(50mMK)

To contammination < 10
efficiency €cold ~ 25%-1009%,

Tritium Atom Speed Distributions
Cooling Cooling — 2500K
= = 160 K
8 K
Velocity Selected
After 1 T Step
= Max. Trapped Speed

e
Q
N
©
S
—
o
=
c
o
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O
©
-
L

102
Atom Speed (m/s)
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Evaporative cooling

Evaporative cooling of an atomic beam
E. Mandonnetl, A. Minguzzi’, R- Dum', L. Carusotto®, y. Castin, and J. Dalibard"® B = .
1 Laboratoire Kastler Brossel, 24 rue Lhomond, 75005 Paris, France a S I c I d e a
Normale Superiore, Piazza dei Cavalieri T, 56126 Pisa, Ttaly
— . m .
agnetic wall

2 INFM, Scuola //
» |oose hot at
| oms (high
m high density )
d> re-thermalization
m drop magnetic fi
| leld along b
» continuous cooling =

Hot atoms
evaporate as
confining field drops
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Evaporative cooling: the math

Boltzman transport equation

( V, =V, UV, + ('(;)t) f(r,p) = g /d3p2/d3p3/d3p4dg(p1 p2,P3,p4)(f (7, p3) f(r,pa) — f(r,p0) f(7,p2))
kinetic terms collision integral
» solve numerically
le—-16 Lo |
— energy | W LOSING energy
— partides faster than
8 particles means
o cooling
= € 06
© g m Radial cooling also
< € a- cools longitudinal
£ motion since
collisions
" redistribute
momentum
0.00 0.25 0.50 0.75 1.00 >0 0 i é :]3 ‘I’r 5
p, [kg ms1] le—15 Time [ms]
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Evaporative cooling: the math

Boltzman transport equation

do

(29, - V.05 + ) 100) = oz [ @ [ @ [ €5 0,000 5 0,205 = 050017

kinetic terms collision integral
» solve numerically Distance [m]
1e—16 0.0 0.2 0.4 0.6 0.8 1.0
1.0 ' : : : : : .
8 1 —— T (Boltzmann numerical) [ LOSIHg energy
) \ ——=- CDR Estimate (forced MBDE) faster than
) 08 particles means
cooling
= 2] 5 0.6-
E o o m Radial cooling also
g 2 0a cools longitudinal
motion since
-4 collisions
6 027 redistribute
L momentum
0.0 T T T T T T
0.00 0.25 0.50 0.75 1.00 0 1 2 3 4 5
p, [kg ms™1] le-15 Time [ms]
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Cooling vs slowing

Initial atomic beam Cooling 1

Mean(p) conserved 0.75 1
m net forward momentum 0.50 -

» need cooling and slowing 0.25 1
= 0.00

—0.25 -

—0.50 1
—0.75

—1.00 T
1.0 -0.5 0.0 0.5 1.0

Slowing ”

Mean(p) reduced 1.00

0.75 A
0.50 -
0.25 A

=~ 0.00
—0.25 +
—0.50 A
—0.75 A

—1.00 - T
-1.0 -0.,5 0.0 0.5 1.0

Vx
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Cooling vs slowing

Initial atomic beam Cooling 1

Mean(p) conserved 0.75 1
m net forward momentum 0.50 -

» need cooling and slowing 0.25 1
= 0.00

—0.25 -

—0.50 1
—0.75

—1.00 T
1.0 -0.5 0.0 0.5 1.0

Slowing ”

Mean(p) reduced 1.00

0.75 A
0.50 -
0.25 A

=~ 0.00
—0.25 +
—0.50 A
—0.75 A

—1.00 - T
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Cooling vs slowing
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