I
O AW ACADEMY OF SMI - STEFAN MEYER INSTITUTE @
SCIENCES
|

The ASACUSA Experiment

D. J. Murtagh
On behalf on the ASACUSA collaboration
SSP 2022
1/9/2022

C

=

RIM=N  HirosHIMA UNIVERSITY [ By A

THE UNIVERSITY OF TOKYO




I
o AW ACADEMY OF SMI - STEFAN MEYER INSTITUTE @
SCIENCES

'ASACUSA

Atomic ‘.
Spectroscopy - _, st

AN S s s s s aaa s R s A asRBNENSSBRNRET

And
Collisions
Using

Slow
Antiprotons

Asakusa in Too



O AW ACADEMY OF SMI - STEFAN MEYER INSTITUTE
SCIENCES

Ee ASACUSA-Cusp Experiment

AD ELENA

BOOSTER

TT10
n_TOF
2001
\__,/-’"f* 1959 (628 m)
LINAC 4
H- \
LINAC 3 LEIR

2005 (78 m)

lons




OAW (i)
What do we study

*The ASACUSA Cusp experiment focuses on producing a beam of
antihydrogen for the measurement of the transition frequency
ground state hypertfine splitting in a field free region.
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Why antimatter ?

* The standard model of particle physics predicts matter-antimatter
symmetry
* Matter and antimatter created in equal quantities
* Charge conjugation — Parity — Time reversal (CPT) unviolated

*Observed matter-antimatter asymmetry in nature
Np —Np _
n = ~6.1 x 10710
My
* Where n;, and nj are number densities of baryons and antibaryons and n,the number density
of cosmic background radiation photons

* This violation points to physics beyond the standard model

Komatsu, E., J. Dunkley, M. R. Nolta, C. L. Bennett, B. Gold, G. Hinshaw, N. Jarosik, et al. ‘FIVE-YEAR WILKINSON MICROWAVE ANISOTROPY PROBE OBSERVATIONS: COSMOLOGICAL
INTERPRETATION'. The Astrophysical Journal Supplement Series 180, no. 2 (February 2009): 330-76. https://doi.org/10.1088/0067-0049/180/2/330.



https://doi.org/10.1088/0067-0049/180/2/330
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Why the HFS of antihydrogen

* Antihydrogen is the simplest HYDROGEN

stable” purely antimatter —
system T
* Amenable to high precision =

spectroscopic investigation

*Hydrogen is the most well
studied systems in the GS ="

physical sciences e m
* virs = 1,420,405.7513768(1) kHz

* If kept far enough away from any matter
Karshenboim, Savely G. ‘Precision Physics of Simple Atoms: QED Tests, Nuclear Structure and Fundamental Constants’. Physics Reports 422, no. 1 (1 December 2005): 1-63.

https://doi.org/10.1016/j.physrep.2005.08.008.
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Why the HFS of antihydrogen
¢ Key . Mass (GeV/c?)
. nght edge° Value 10727 10724 107%* 107*® 10~ 1072 107° 10°® 10— 10° 10°
* Bar length: relative precision ;made r °7*
* Left edge: absolute sensitivity e | atomic B
* Blue: measured ‘fourptain| beam N -
. planned N <°-<°
, : - ALPHA
: potentially measurable : D Hfivis-as e 71075 2018)
: B HA s ALPHA Nature 548, 66-69 (2017).
: W Hfv.., ALPHA Nature 578, 375-380 (2020).
See ; P. Crivelli et al, PRD 94, 52008 (2016).
https://arxiv.org/2111.0456v2 F p-p q/m BASE Nature 550, 371-374 (2017)
for details 102 10~ 10-6 10~ 10° 10° 10° 10° 10%2 105

Energy/h (GHz)

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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Why the HFS of antihydrogen
¢ Key . Mass (GeV/c?)
. nght edge° Value 107%7 107 1072! 107%*® 10~ 107*? 107° 107% 1073 10° 10°
* Bar length: relative precision ;mader °7*
* Left edge: absolute sensitivity || | S
* Blue: measured :fourptain| beam E N -
: planned : . <<
, : - ALPHA
: potentially measurable : D Hfivis-as e 71075 2018)
: B HA s ALPHA Nature 548, 66-69 (2017).
: W HFv..,, ALPHA Nature 578, 375-380 (2020).
See : P. Crivelli et al, PRD 94, 52008 (2016).
https://arxiv.org/2111.0456v2 m P-p a/m BASE Nature 550, 371-374 (2017).
for details 102 10~ 10-6 10~ 10° 10° 10° 10° 10%2 105

Energy/h (GHz)

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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Overview

*The method

*Status of the experiment

* Work during LS2

*The beginning of the ELENA era

This talk will concentrate on the production and characterisation of an
antihydrogen beam for the hyperfine spectroscopy measurement
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Hydrogen Spectroscopy

antihydrogen

l
I spectroscopy ! ]
: apparatus !
I
I -
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atomic polarizing tuning Helmholtz 2 layer cubic analyzing H
hydrogen sextupole fork coils mu-metal sextupole detection
source magnets chopper shield magnets (QMS)

Main Results

*  line-shape understood in detail

»  systematic effects? not on few ppb-level

¢ 8000 Hbar events on detector for ppm result (conservative estimate for c-transition)

= N W s 00~ o Ooo
T T T T T T T T T

-0.02 0.00 0.02 0.04 0.06
Hyperfine transition frequency v, -v,, (kHz)

Nature Communications,
published on 12t June "17
DOI: 10.1038/ncomms15749
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#  In contrast to the table-top matter experiments, antihydrogen
| spectroscopy requires complex apparatuses for the production of
" the elusive antimatter atoms.
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Eltiproton Trap - MUSASHI

-V A UCE DCE

oV 1
upstream < _ > ; downstream
harmonic region

* Degrader foil reduces incoming antiproton energy to
~10keV

* Catching bias -12kV

* Antiprotons are cooled with ~3 x 108 electrons

* 1-2 million antiprotons are trapped per AD cycle

* Antiprotons can be extracted with eV energies.
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Positron Trap
B=0.6T B=0.05T

§\\\\\\\i
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Double Cusp Trap

2 sets of anti-Helmholtz coils B=206T (b)
Magnetic shield B
Downstream

thermal shield

Upstream
thermal shield

—

Cavity

H atoms Current direction p

MRE

| Cold bore
/ _________ — ——— — LFS present cusp [
- B .

7 .. |= =HFS present cusp |,

0 LFS double cusp |::
Superconducting Coils 0 HFS double cusp |
(Double-Cusp magnet)

AMT

Radics, B., S. Ishikawa, N. Kuroda, D. J. Murtagh, Y. Nagata, M.
Tajima, S. Van Gorp, et al. “Antihydrogen Synthesis in a Double-
CUSP Trap towards Test of the CPT-Symmetry.” Hyperfine
Interactions 237, no. 1 (December 1, 2016): 156.

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

Beam intensity counts/1Hbar

0 20 40 60 80 100
Kinetic energy [K]
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Detection of the first antihydrogen beam

direct injection configuration a.) — mixing (n < 43)

w
— -1204 ) ? 10 ¢
S — .| background
S — -
© -130 . o N
= antiprot E [
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I injection O 3
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Kuroda, N., S. Ulmer, D. J. Murtagh, S. Van Gorp, Y. Nagata, M. Diermaier, S. Federmann, et al. “A Source of Antihydrogen for In-Flight Hyperfine Spectroscopy.” Nature Communications 5
(January 21, 2014).
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*The data analysis made use of machine
learning techniques
* Trained with p annihilation
*£5~80%
* False cosmic identification 0.25%
* Cosmic rate 1.6s! = 0.02 per 5s mixing run

Plastic scintillator plates

o si PMIT -
Field ionizer - - - \ =
| Dyct Window MAPMT k7

i ~ 10~ mbar =\ Sk

— - S ‘1
RGO Amplification unit P
«—Double cusp trap = R\ -
| & - |y k-

S (Without hodoscope bars)

B. Kolbinger et al. (ASACUSA Collaboration) Eur. Phys. |. D75 (2021) 91
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Measurement of Quantum State Distribution

|
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https://link.springer.com/article/10.1140%2Fepjd%2Fs10053-021-00101-y
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Status

*Beam observed
*0.006 s (n<60)
* Internal quantum number distribution measured
*0.001 st (n=1) (4 h') if v=1000ms™
*How do we improve the beam intensity and the number of ground
state atoms?

Diermaier, M., C. B. Jepsen, B. Kolbinger, C. Malbrunot, O. Massiczek, C. Sauerzopf, M. C. Simon, ]J. Zmeskal, and E. Widmann. “In-Beam Measurement of the Hydrogen Hyperfine Splitting
and Prospects for Antihydrogen Spectroscopy.” Nature Communications 8 (June 12, 2017): 15749.
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How to make more Hbar?

*Modelling of the formation and

scattering of antihydrogen
formation

Number of
Antiproton  Positron Antihydrogen
Number density in state

N v %

AN (i)
dt

/N

BTN

Radiative Three Body - Collisional Simulated/
L L Ionization
recombination recombination Rate (de)excitation Spontaneous
rate rate Rate Transition Rates

= [Crr (D) + it nd N, = [CF, (OnF ) N(D) + 3 [CLG it + Cur )] NG) ~ NG D [CL G I + Carr (i)
J#

Populating
State i

Depopulating
State i

Number of antihydrogens

10!

10°

107!

1072
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Plasma Temperature

* If the temperature of the positron

300 : , . T
plasma can be reduced from 200K | | * :
to 20K we gain two orders of 2505 :
magnitude in antihydrogen |
production e ‘
150 g @ § | o
100 - @\(\6
50 - . il
D s s s ot 6.5

logip(n.) [m 7]

Radics, B, D. J. Murtagh, Y. Yamazaki, and F. Robicheaux. “Scaling Behavior of the Ground-State Antihydrogen Yield as a Function of Positron Density and Temperature from Classical-
Trajectory Monte Carlo Simulations.” Physical Review A 90, no. 3 (September 3, 2014): 032704.
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Plasma Temperature

300 — — .
950 - ]
200 - f\, \9
If the Eositron plasma is colder < 1500 1
° . N XQ) |
then the antiprotons will be ST
colder producing slower wor e
antihydrogen ok T
* Longer to cascade > Lower n e . |
4 14.5 15 15.5 16 16.5
states! logu(n.) [m™]

Radics, B, D. J. Murtagh, Y. Yamazaki, and F. Robicheaux. “Scaling Behavior of the Ground-State Antihydrogen Yield as a Function of Positron Density and Temperature from Classical-
Trajectory Monte Carlo Simulations.” Physical Review A 90, no. 3 (September 3, 2014): 032704.
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Control of electron/positron plasma properties
* Long Shutdown 2 (LS2) ran from . Electrical Potential
December 2018 to August 2021 during ROtatlflg Wall S O
this period no antiprotons were ol | — _
available \ |
* A reproducible cold plasma was e %f. =R
needed! AL AN
Radius
* What are we interested in ? :
« Temperature Evaporation i
» Density 3 6§
* Number : 23
* Length : \,, £
e Radius Number &

Temperature
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Control of electron/positron plasma properties

*To produce the same plasma each

and every time : we fix a

potential, apply strong drive

rotating wall and evaporate =

SDR-EVC

8x1014

4x10'4

2x1014

Plasma density (m'3)

0

- Prediction

6)(]014 |

T T T

Data

1 L 1 L |

Property | Mean | SD
rp (mm) | 0.417 | 0.003
T (K) 360 30
Ny (10%) | 11.0 | 0.3

200 400 600

Rotating wall frequency (kHz)

800

Plasma radius (mm)

Final number of electrons (109)

0.43
0.42
0.41
0.40
0.39

0.38

11.5

11.0

10.5

10.0

SMI - STEFAN MEYER INSTITUTE @
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10 15 20 25 30

Initial number of electrons (109)

ALPHA Collaboration, M. Ahmadji, B. X. R. Alves, C.]. Baker, W. Bertsche, A. Capra, C. Carruth, et al. ‘Enhanced Control and
Reproducibility of Non-Neutral Plasmas’. Physical Review Letters 120, no. 2 (8 January 2018): 025001.
https://doi.org/10.1103/PhysRevLett.120.025001.



https://doi.org/10.1103/PhysRevLett.120.025001
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Double Cusp Trap

Radics, B., S. Ishikawa, N. Kuroda, D. J. Murtagh, Y. Nagata, M. Tajima, S. Van Gorp, et al. “Antihydrogen Synthesis in a
Double-CUSP Trap towards Test of the CPT-Symmetry.” Hyperfine Interactions 237, no. 1 (December 1, 2016): 156.

Beam intensity counts/1Hbar
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Plasma Cooling Rate
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Plasma cooling : radiation environment

180
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g s |
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E L
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Double Cusp Trap

SMI - STEFAN MEYER INSTITUTE

Ceramic “bracelet” to absorb cyclotron
radiation from the plasma

, High transparency copper mesh to reflect incoming

| microwaves

; 0.25 mm pitch
" 0.03 mm wire diameter

" >20 dB attenuation at 60 GHz
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StoredWfm 10—
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e First results S o “

Double Cusp Trap -

Amplitude (V)

Space charge (V)  dV/dt (V/s)

* Electrode temperature 5-6 K
* Approximately 10 K colder than the e oo |

Temperature (K)

previous design 45 o

* Plasma Temperatures
* 3-4 million electron 35 K (previously uum e o B B ]

I I I I I 1 1 I I
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Double Cusp Trap

* Electrode temperature 5-6 K

» Approximately 10 K colder than the previous design
| 250 |

| — - T s 7]

| —EEE =rer ; [ ] L ]

WD e | 1
200 H I

- - @ ¢ = TrapII {

- u p il

! : . = —-open [
2 150~ " : ot |
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- e 5 N ‘ =4 --low n [

I 5 B 1
" - ' = 10 .

) = Steel g T R A T R R R @_ }%

Trap Al (mm) A2 (mm g ~ |
Tp ;6)5‘5):'/\% — 50 __35_@ ____________________ %--f-_-__—
IIIII .’t(: 16—(:) g Mk 3 — S/Ira[;hite E 6 K N T Y = & e HO- KB = = E
s Axial pnsi?ion(mmb o : ;\E:&:l‘bcl‘ 0 c-=-=5===="Tr7TCoA======29"7rT5" Tl e e e

1 10 100
Number of electrons (10°)

Reducing the background temperature for cyclotron cooling in a cryogenic Penning—Malmberg trap - Physics of Plasmas 29, 083303 (2022);
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* The ASACUSA Cusp collaboration successfully detected a very weak and
highly excited beam of antihydrogen 2.7 meters from their mixing region

* To increase the brightness and produce a ground state beam, colder mixing
plasmas were required

* Thus far we have succeeded in producing cold electron plasmas in the new
mixing trap

* This year we are working to repeat this with positrons and the cold positrons
mixed with antiprotons

* There have been many more developments which I haven’t had time to talk
about

* We hope the future is cold (plasmas) and bright (beams)
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Positron Trap Replaced

The existing positron trap was due to
retire in 2021 but due to a lack of
personnel in 2020/1 the new FPS trap
was installed in 2022 and is currently
being developed.

Solenoid Magnet
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L |
11

2Na Optical Blocker
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Positron Accumulator

* As the FPS trap has a lifetime of
just 2s a new positron
accumulator was built in 2021

* At present this device has been
installed in the first coil of the
positron transfer line and is being
commissioned at this moment

0.1

|

|

| -
— I
m |

I

|
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Field Ionizer
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Why start with cold positrons?

0.020

0.015 +

Z 0.010 -

0.005 -

0.000
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Channel 2 downstream Cherenkov

Chanel 2 downstream Cherenkov
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1 1 1
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-2.0E-2
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-6.1 E-2=1"9 ] ] ] ] i
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Proton Source

* A novel proton source was
developed at SMI

* Protons were produced via
electron impact ionization of H,
gas

* This process typically creates
more H," and H;" ions than
protons

* The protons were “filtered’ by
trapping the ions in the gas cell
while applying a RW drive to 4
split electrodes

electron gun gas inlet ion extraction
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Proton Source :

* The proton source was

connected to the Cusp Mk IV B
trap

SMI - STEFAN MEYER INSTITUTE ““I

0.00-]

*We were able to accumulate
~1 million protons in the

Cusp within a few seconds

* Unfortunately time ran out
for work with protons so it

was not possible to try to
produce Ry-H
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Double Cusp Trap
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Pressure and Trap Temperature Plasma Temperature Dependence
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Plasma Temperature

*To measure the plasma
temperature the potential barrier

is slowly lowered while j
measuring the current delivered /\ _| <
to an MCP (either with a charge > |—§ -
amp or using the light from a
phosphor screen and SiPM)

Combination k, T + space charge determines the
dN/dV
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Positron Trap

*Sodium-22
4 S5 ©, € » Half-life: 2.6 Years
* Supplier: iThemba labs
* Strength: up to 50mCi (1.85GBq)
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Z(m) * Require cryogenic equipment



