Towards a Mass-Ratio
Measurement of Tritium and
Helium-3 at THe-Trap

M
Z
e
T
oy
Z,
%
(]
v
~
S
S
=
-
=
~
179
Z

§
é
Z,
<
]
o
o
<
=

Tom Segal, IMPRS Seminar, 03.07.2017 Heidelberg



M
Z
e
T
oy
Z,
%
(]
v
~
S
S
=
-
=
~
179
Z

§
é
Z,
<
]
o
o
<
=

Penning Traps - Motivation

Chemistry: identification of molecules

Nuclear physics: shells, sub-shells, pairing 10-¢6

Nuclear fine structure: deformation, halos 10-7 — 10-8
Astrophysics: r-process, rp-process, waiting points 10-7
Nuclear mass models and formulas: IMME 10-7 — 10-8
Weak Interaction studies: CVC hypothesis, CKM unitarity 10-8
Atomic physics: binding energies QED 10-° — 10—t

Metrology: fundamental constants CPT < 10-10



Introduction to Penning Traps

The Axial Frequency

The Invariance Theorem (Brown and Gabrielse, PR 1982)&6

The Cyclotron Frequency
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g - elementary charge , V - electric potential, m - ion mass ,
z, - height parameter, p, - radius parameter

THeTtsap:
B = REBE.M, =30V, 25 py ~~d 2.24MmMMN
+,. wW,~29MHz, w,~4MHz, w ~300kHz,




Real Penning Traps

< Particle Interactions

“ B & E misalignment*

< E ellipticity*

< Cylindrically symmetric E and B imperfections.*
< Relativity

% Image charges
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* Cancelled out by Gabrielse’s Invariance Theorem




Motivation 1 - The Neutrino Mass

Measinpnbe thea QeVatue ém dreahetardecay of klwil Aitie+.
KARWIlL BiIthAT N [thé Bletreasatringtihesalestnon
@I?E' |qneutrmo mass M,

+v_+Q-value
Q = (M3y-M3y.)+c? = 18.6keV

3H - 3He* + e + +Q-value
Q- - \

I I I
Full spectrum

1,0

0.5

Counfrate

0,0
-18,6 =124 -6,2

E,~ & inkeV

Countrate -1 ﬂg
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[ m{Vy) = 0eV
m{v,)= 1V
m(v.) = 2 :;.»u

-2.5

[1] E. W. Otten et al., Int. J. Mass Spectrom. 251 (2006) 173-178




Motivation 2 - The Helium Mass

Group M;,.-3.016029000u Difference from UW (15) | Discrepancy
in 10°u in 10°u In stds

UW (04) 321.250(0.360) 0.425(0.403)

SMILETRAP( | 321.700(2.600) -0.025(2.643)
06)

FSU (15) 322.430(0.190) -0.755(0.233)

UW (15) 321.675(0.043) 0(0)
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Difference from UW (15) (10'9u)

Discrepancy

UW (04) SMILETRAP (06)  FSU(15) UW(15)
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__lon source section_,

e

Cryo section

THe-Trap

Turbo pump

lon source
Gas inlet

e Electrlca_il
connections

Cotton

lon capture
section

Capture trap

Precision trap

' /Feedthrough flange
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THe Magnet
Stacks ‘ 5 | | Bellows
5

LHe level

LHe level

Layers:
Trap tower
LHe
gap , Vacuum

LN
Entrance Vacuum

ports

M
Z
P
=
[
Z
=~
(]
v
~
D
[
=
o
=
=
)
Z
N b
5
Z
<
[
o
><
<
P




ATSAHINYIY A0 LOLILSNI-AONVII-XYWW



THe Stabilization System

LHe LEVEL CONTROLLER

*.J -

* W10 (vnits] @ X8 {wnitsh
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THe Environmental DAQ System

Timescale

Dizp. Paints

0.0-7 1
430817 430813

1.0e/pt W Save b

10 hd EmafNatfisatian

430821 430822

File Mame  2016-11-30h.enw

Get new trigger

430824

430528

E=SEcE

[

Digp. Input Channel

|:| T_Magret_Top
E p_Bare

z‘ p_Reservaoir
E p_Mag Room
E p_LMN2

E p_LIHY

E Flusgate_1
E Flu=gate_2_nc
E Walve_Bore
E Walve_FReservoir
E ko

E Maon2

E Huridity

E p_Prevac

v |p_Mag_Room_Com

v [APR3_1Tar
v |RoomHeater
v |RoomCooler

E Multipurposed_10W
ﬁ Mulipurposeh_1%
ﬁ T_Glovebox
ﬁ LNZ2_Courter
J Mot in uze

J Mot in uze

J Mot in uze

|_| Mot in Lge

|_| Mot in Lge

|_| Mot in Lse

_I Mot in Lse

_I Mot in uze

J Mat in use

J Mat in use

V¥alue Range AutcZero [¥]
D.D2DD E‘TDDBD
-0.000009 0.0000 E‘ 0.0000
-0.826408 0.0000 E‘ 0.0000
-0. 285586 0.0000 IEI 0.0000
0.02547E 0.0000 IEIEI.DDUU
0.633573 0.0000 IEID.DDDD
-1.823957 0.0000 IEID.DDDD
-0.003071 0.0000 IEIEI.DDDD
-2. 755640 0.0000 IEI 0.0000
-9.940657 0.0000 IEI 0.0000
0.000173 0.0000 IEID.DDDD
0.00114€ 0.0000 ED.DDDD
1.886257 0.0000 ED.DDDD
41485330 0.0000 E‘D.DDDD
2921104 0.0000 MD.DDDD
2795896 0.0000 MD.DDDD
01442028 0.0000 EIEI.DDUU
0182482 0.0000 IEIEI.DDUU
-0.000152 0.0000 IEI 0.0000
0.000472 0.0000 IEID.DDDD
-0.152581 0.0000 IEIEI.DDDD
0.000533 0.0000 IEIEI.DDDD
0.000000 0.0000 I_ID.DDDD
0.000000 0.0000 I_ID.DDDD
0.000000 0.0000 I_ID.DDDD
0.000000 0.0000 DD.DDDD
0.000000 0.0000 DD.DDDD
0.000000 0.0000 DD.DDDD
0.000000 0.0000 |_|D.DDDD
0.000000 0.0000 |_|D.DDDD
0000000 0.0000 I:IEI.DDUU
0000000 0.0000 I:IEI.DDUU

Aute

Dizplay Specified Paints

First Paint Last Point

MCS IP Address

Shiow Al Paints ‘

tritiurn-remaoternc:

MCS Port
80

@ On/Off

Dizp. Input Channel
E T_Top Window
E T_Top Daoor
E T_Mag_wal
i

|_ T_&PR1

Walue Range AutiZero

2512.00000.0000 E 0.0000
3176.0000 0.0000 E 0.0000
2592.0000 0.0000 IEI 0.0000
3305.0000 0.0000 IEI 0.0000

| w |ch05_not_connected

|239.DDDD[ 0.0000 | g |0.0000

PP SO CCEEEEEEEEEEEEE B
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& pyErDAQ

PyYEnvDAQ

data will be saved into: triium:\PyEnvDAQYdata and tritium:\PyEnvDACATHeeFiles.

Channels\/Acﬁoms\/Messages\

=]

start

pause

Clear Alert

name uhit factar offset

Time H

p_Bare Pa

p_Resersoir mEBar

p_Mag_Roorm mBar 130.53 1044797
p_LM2 hane 1370

p_UHY mBar(log) le-11

p_Prevac mBarflag) 3.1633e-06
p_Mag_Raom_Com Pa? 30009.0

Fluxgate_1 muT L1561

YWalve_Bore W

Walwe_Reserioir

Manl

Mon2

Hurmidity

APR3_1Torr

RoornHeater C

RoamCooler C

LHe_Counter Lémin

LN2_Counter Lirmin

T_hagnet_Top C 4639 10.09
T_Glovebox C 46329 25.128
T_Top_Window -0.001821  27.922001
T_Top_Doar -0.001827 27346001
T_Mag_all -0.001783 27338001

T_APRL -0.001851  27.541

rawy range ()

raww value (W)

1498645527.0

0.006805035...

1197222674...

-0.43079233..

0.003741152..

3.049895126..,

2.918166639...

2.097149801...

-2.50603316..

-0.32228453..

7.5085429184..,

0.006336382..,

0.014770630...

6.0986632502

0.196210917...

0.832056998...

2,365401668...

L376638718..,

-0.01247903..

1.003504236...

-0.10131235..

2690.0

2507.0

25790

2947.0

calibrated value  safe range  status

0.136100714664

988,56567599
0512537089338
112174754146,
0.00261932813..,
629333684018

-405240777039

60.966632507

138,559083681

337730901521
246586300077
23034511
22765712
22740644

21,493553
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THe Website

Plot Environmental Data | Plot Flow Data | Overview | ELOG | Cryoclock | Telegram | wake-on-lan | THeWiki | MefucoWiki | Old Website |
Important ELOG posts: important parameters | ...

plot the last of channell : and channel2 :
resolution [ENNEA ® uncalibrated ® uncalibrated ® auto update
® manual scale B manual scale

min [ == min [ =

O ) . -

-1.195
-1.190

-1.185

p_Reservoir (in mBar)

1S chart by amCharts“ - 1 . 180
12:22
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Field in uT with an offset of -5.7213T
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Axial field map
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Homogeneity 82
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Shielding Factor

Shielding Factor Measurement - Fluxgate Magnetometer Shleldmg Factor Measurement NMR Probe
T T T T T T

maximum shielding factor = 169.5(13.0) maximum shielding factor = 179.1(14.0)
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Shielding Factor
<)
o

Shielding Factor
@
o

0
Height -13.0328cm in cm Shielding Factor Measurement (using a 12C4+ ion with the sweeps technique)

L maximum shielding factor = 173.3(2.0)

N

ling Factor measurements:

aximum) [2]

13.0) (maximum) fluxgate magnetometer
14.0) (maximum) NMR probe

2.0) 12C4+ ion
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an Dyck et al., Rev. Sci. Instrum. 70, 1665 (1999)




Magnetic Field Drift

relative magnetic field decay in ppt per hour vs time in years
I I I T ! :

Heidelberg 2nd |
charging

T T :

580 ppt/h Seattle i Heidelberg 1st
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relative magnetic field decay in ptt/hour
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Picture Courtesy of Martin Hocker




lon Trapping

< Trap many ions with a FEP (Field Emission Point)

< Remove all but one ion using “brooms” and “ring

0ds
3} -56.25 dBm
-32
Ref -32.00 dBm 4.060500000 MHz

Continue
Single
Sweep

~40 dBm Sweeptime

Manual

Sweeptime

Sweep

Points
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Reducing The Anharmonicities

Measure the axial frequency shift (the lock voltage)
Excite reduced cyclotron (or the magnetron) mode
Measure the axial frequency shift (the lock voltage)
De-energize the reduced cyclotron (or the magnetron)

AVFS with 10 error bars

V_=-48.38
g

|—fit: a*x? + b*x* 2=22110) |V =848

=5002] =t 14 55(30)
H . P - .
-~ 10 prediction band o |b=-443026)

e
Vg =-48.58
a=7.92(42) :
b = -3.50(37) ::ta_(:*v:tlg 10 error bars
|-~ 10 confidence band

a=1.78(43)
~o-|b=-3.71(37)
h \:i =

— L |a=67.4011)
vV <2878 | =S b = 3285(53)
9 X, = -48.7071(28)

a=-4.77(44)
b =-3.97(38)
g

lock (axial frequency) shift in V

a=-18.1(1.1)
b=-41(21) a=-11.55(74)

b = -3.89(90) <L //1/ F\
0.4 0.6 0.8 1 : | éptimal guard

reduced cyclotron energy in V
-4é.8 4;.7Gyalmoté g/eS -4i‘3A4 -48.3
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Offsetted cyclotron frequencies of 12C4+ and 105+ in mHz

%5‘0" : : 40

m 1204+

— common B-field fit
0 20

=14

-20

-30

-40

f. of 1°0%+ — 25245 055.9912Hz in mHz

foof 12C4 — 26919807.438 Hz in

Time in hours

T 'Trap: 75 ppt (17)5tat(20)syst(7oﬁt) [2]
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Am(1605")
m(1605") ~— Titerature: 18 ppt [3]

[3] M. Hocker’s PhD thesis (2016)
[4] Van Dyck (2006)
Picture taken from M. Hocker’s PhD thesis.
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Channels 1 & 2 - x & y ringdown
components
Channel 3 - coupling pulse
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Pr@ésure ' Valve Valve -Ne@dte

A A=H . Ly To pumps
Reducg\ Valve nd the outside
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Neon Trapped

amp (V) vs ring voltage (V). Blue = down, red = up
| I I T | | T
= [70,170V] 0.5V jumps 1605+ 97.189Y > * oro- 50 150V

14N5+ 85.087V

Vo
Ring

sampling rate 1Sals

scope time resolution 100ms (x10 = 1s)

20Ne6+ 101.233V7?

19F5+ 115438V 14N4+ 106.357V 12C4+ 91144 19F7+ 82457V

23Na6+ 116.400V 22NeB+ 83517V

13C4+ 9876V

20Ne5+ 121.478V 23Na7+ 99.78V
1604+ 121.485V
12C3+ 121.524v
14N3+ 141.808V 4He+ 121602V

\

1606+ 80.992V

20[e7+ 86.772v?

22Nef+ 111.354V7

20Ned+ 151.846V

20Ne8+ 75.926V7
| 22Ned+ 167.027V

19F4+ 144 206V
1603+ 161.98V 22Ne5+ 133.623V

13C3+ 131.684V
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Future Plans

“*Remove noise signals to allow trapping of a single Ne ion
“*Perform a mass measurement with Ne (and C?)

“*Inject, trap and measure He.
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