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Confession 

Makoto Fujiwara 2 



What is Particle Physics?   
  (e.g. Grossman) 

 
 
 
 

“Big Questions” 

Makoto Fujiwara 



“Simple Answer” 

Makoto Fujiwara 

is (technically) unnatural … The Standard Model! 

•  Fine tuning of Higgs mass 
Should be new physics at TeV 
  scale, e.g SUSY 

•  Other issues 
•  Cosmological constant 
•  Dark matter 
•  Flavor, CP 
•  Charge quantization, etc.   



“L=?” really right question to ask? 
 

Is Quantum Field Theory correct 
description of Nature? 

 
 
 
 

 Are we asking right question? 

Makoto Fujiwara 



•  CPT: Fundamental property of QFT 
–  Theorem: atomic spectra of H & anti-H identical 
–  NB: QED tests limited by fundamental constants 

•  Einstein’s Equivalence Principle 
–  Matter and Antimatter fall in same way 

Any violation would force radical change in theory!   

Motivations: Symmetries 

Makoto Fujiwara 6 

Quantum 
Field Theory 

CPT 
Symmetry  

H & anti-H 
Spectra 

General 
Relativity 

Equival. 
Principle 

H & anti-H 
Free fall 



Where do you look when asking Big Questions? 



ALPHA: Rare Isotope Physics! 

Makoto Fujiwara, ALPHA 8 
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ALPHA Potential CPT Sensitivity (model dep’t!) 

CPTV
n

nmE
Λ

Δ
+1

~

Possible CPTV shift (Pospelov)  

  
 

Small absolute energy ΔE  
à   probes high energy scale  
 
For n=1, m=1 GeV,  
ΛCPTV  = M*Pl  ~ 1018 GeV 
 
ΔECPT ~ 10-18 GeV  
(~100 kHz in frequency) 
 
Neutral Kaon test at few 100 kHz 
 
Antihydrogen studies potentially 

sensitive to Planck-suppresed 
physics! 

Makoto Fujiwara 



Cold Antihydrogen Brief History 

•  1999: Antiproton Decelerator at CERN 
•  2002: Production of cold anti-H (ATHENA) [Nature] 
•  2004: ALPHA LOI 
•  2006: ALPHA first beam  
•  2010: Trapping of anti-H [Nature] 
•  2011: Confinement for 1000 s [Nature Phys.] 
•  2012: First spectroscopy via microwaves (10-3) [Nature] 
•  2012-14: Construction of ALPHA-2 
•  2016: Charge neutrality of anti-H (10-9) [Nature] 
•  2017: First laser spectroscopy (10-10) [Nature] 
•  2017: x200 improved microwave [Nature (in press)] 



MAKOTO FUJIWARA	

Production of cold antihydrogen  
(ATHENA, ATRAP 2002) 

Na-22 
e+ Production (MeV) 

Moderation 

Accumulation (eV) 

Cooling ( ~ meV)

108 e+

AD 

p- Production (GeV) 

Deceleration (MeV)

Trapping (keV) 

Cooling (~ meV)

104 p-

10-12 10-9 

Gabrielse Surko Key features: 
Particle detector 

Makoto Fujiwara 11 



•  Anti-H annihilation event 
(Nature, 2002): now on the 
cover of textbook! 

 
•  $107.28 on Amazon.com 

Cold Antihydrogen: ATHENA, ATRAP (2002) 

Makoto Fujiwara 
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From ATHENA to ALPHA 

•  ATHENA: produced first cold Anti-H (2002) 
    (They were not trapped) 
Completed data taking in 2004 

•  Developed into new experiments (2005) 
–  Trapping and Spectroscopy of Anti-H 

ALE 
Antihydrogen Laser Experiment 

 
Antihydrogen Laser Physics Apparatus 

LPHA 
Also Microwaves, Gravity, Charge… Makoto Fujiwara 13 



ALPHA Collaboration 

ALPHA 
•  16 institutions 
•  ~40 physicists 
ALPHA-Canada  
•  ~40% of ALPHA 
•  11 Faculty/Scientists/Staff 
•  Several PDF/Students 
•  Particle detection, 

microwave spectroscopy, 
laser cooling 

14 Makoto Fujiwara, ALPHA 



Na-22 
e+ Production (MeV) 

Moderation 

Accumulation (eV) 

Cooling ( ~ meV)

AD 

p- Production (GeV) 

Deceleration (MeV)

Trapping (keV) 

Cooling (~ meV)

10-12 10-9 

Superimpose Magnetic Trap 
  
  

U = −
!
µ ⋅
!
B

108 e+104 p-

Producing & Trapping Antihydrogen 

15 Makoto Fujiwara 



Anti-H Trapping Challenges 

Characteristic energy scales: 
–  Plasma energy: space charge 

(∝ener2 ) ≈ 10 eV 
–  Neutral trap depth:  

 (µΔB) ≈ 50 µeV 
–  Need 10-5 control of plasmas to 

make cold enough anti-H 

–  ATHENA’s anti-H production was 
much easier!  
  Atomic energy scale: (meα2) 10 eV  
 ≈  Plasma space charge 10 eV  

Detection of anti-H trapping 
–  Expected event rates very low 
–  Statistics & backgd limited 

30,000 channel 3-layer Si strips 
~0.8 m2 active area  

Liverpool + ALPHA Canada 
Position Sensitivity Essential 

Makoto Fujiwara 16 



Detecting Rare Events with Exotic Atoms 

	
Muonium (µ+ e-) 

1S-2S spectroscopy  
Chu, Mills et al. 

Phys. Rev. Lett. (1988) 
 
 
 
 
 

~8 events! 

Makoto Fujiwara 17 



•  ALPHA optimized for 
particle detection 
–  Distinctive feature among 

AD expt’s  
–  Position sensitive 

annihilation detection with 
37,000 channel Si strips 

•  Software & analysis  
–  DAQ & all software incl. 

tracking, MC 
–  Introduced blind analysis  
–  Machine learning 

techniques 
 

•  Exotic atom physics 
–  Canadian expertise: 

muonic, pionic, kaonic, 
antiprotonic atoms 

–  Doing experiment with 
very few atoms 

•  All this helps make us 
competitive! (so far) 

Subatomic Physics Techniques/Expertise 

18 





Progress since First Beam in 2006 
Phys. Rev. Lett. 98, 023402 (2007) 

Compatibility of  Penning and Neutral traps 

Phys. Plasmas 15, 032107 (2008)  
Annihilation-based plasma diagnosis 

J. Phys. B Fast Track 41, 011001 (2008)  
Anti-H production at 1 T field  

Phys. Rev. Lett. 100, 203401 (2008) 
Antiproton plasma manipulation   

Phys. Rev. Lett. 101, 053401 (2008) 
Pulsed source of  antihydrogen (ATHENA) 

Phys. Rev. Lett. (2010), July 2 
Evaporative cooling of  antiprotons 

Phys. Plasmas Letters 16, 100702 (2009) New 
plasma resonances  

Phys. Lett. B 685, 141 (2010) 
Anti-H production in atom trap 

Makoto Fujiwara 20 



Among	top	news	stories	in	2010	
–  #1	Physics	Breakthrough:	

PhysicsWorld	
–  #1	Most	read	news:	Nature	
–  #2	Science	News:	CBC	NaConal		

An#hydrogen	Trapped	(for	172	ms)	

Makoto	Fujiwara	 21	

LeGer	to	Nature,	Nov.	17,	2010	



•  Increased	trapping	rates	by	x5	
	(hard	to	tweak	zero)	

•  Trapping	Cme	increased	by	x5000	
•  “Game	changer”	

–  Opens	up	many	possibiliCes	

•  Detailed	studies	of	dynamics		

Confinement	of	An#hydrogen	for	1000	s	

22	

Cover,	Nature	Physics,	July	2011	
Issue	

Principle	author:	MCF		 Makoto Fujiwara 



•  First spectroscopic 
measurements on anti-H! 
–  Limited precision: O(10-3) 
–  Demonstrates it’s possible 

to do spectroscopy on a 
single anti-atom at a time 

–  “Historic!” – Nature Editor 
–  Annihilation detection: key 

 

  

Canadian-led Success! 

Makoto Fujiwara 23 

Letter to Nature, March 2012 
Principle Author: Mike Hayden (SFU) 



Makoto C. Fujiwara / U. Tokyo JHF-Pbar Workshop, Feb 16 2002  

Experimental Limits on |δq/q| 

e－ e+ 

 p+ p 

positroninum 
4×10-8

p atoms
2×10-5

SF6 gas
10-21 ?

pe-He atom
<6×10-8

(cycl freq: 10-10) 

2 body 
Direct 
 

3 body calc.  
needed 

à<10-9 

in 2014 

Slide from 2002! 

We don’t know why 
 matter is neutral 
 
Anti-H neutrality meas. 
<10-8 would improve e+ 
charge 
 



Experimental Limits on |δQ/Q| 
(Nature Comm. 2014, Nature 2016) 

e－ e+ 

 p+ p 

Positronium 
+ cycl. freq. 
4×10-8

SF6 gas
10-21

pHe atom
<7x10-10	
ASACUSA	

BASE 
(cycl freq: 
7x10-11) 

Anti-H neutrality tests: 
  2014 (ALPHA-1): Q<~10-8 

  2016 (ALPHA-2): Q<0.7x10-9 

New e+ charge limit ~10-9  

(40 fold improv’t over PDG) 

MC sensitivity 



What about e+ mass? 

Makoto Fujiwara 

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

3Converted to MeV using the 1998 CODATA value of the conversion constant,
931.494013 ± 0.000037 MeV/u.

4BEIER 02 compares Larmor frequency of the electron bound in a 12C5+ ion with the

cyclotron frequency of a single trapped 12C5+ ion.
5 FARNHAM 95 compares cyclotron frequency of trapped electrons with that of a single

trapped 12C6+ ion.

(me+ − me−) / maverage(me+ − me−) / maverage(me+ − me−) / maverage(me+ − me−) / maverage

A test of CPT invariance.

VALUE CL% DOCUMENT ID TECN COMMENT

<8 × 10−9<8 × 10−9<8 × 10−9<8 × 10−9 90 6 FEE 93 CNTR Positronium spectroscopy
• • • We do not use the following data for averages, fits, limits, etc. • • •

<4 × 10−23 90 7 DOLGOV 14 From photon mass limit
<4 × 10−8 90 CHU 84 CNTR Positronium spectroscopy

6 FEE 93 value is obtained under the assumption that the positronium Rydberg constant
is exactly half the hydrogen one.

7DOLGOV 14 result is obtained under the assumption that any mass difference between
electron and positron would lead to a non-zero photon mass. The PDG 12 limit of
1 × 10−18 eV on the photon mass is in turn used to derive the value quoted here.
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A test of CPT invariance. See also similar tests involving the proton.

VALUE DOCUMENT ID TECN COMMENT

<4 × 10−8<4 × 10−8<4 × 10−8<4 × 10−8 8 HUGHES 92 RVUE
• • • We do not use the following data for averages, fits, limits, etc. • • •

<2 × 10−18 9 SCHAEFER 95 THEO Vacuum polarization

<1 × 10−18 10 MUELLER 92 THEO Vacuum polarization
8HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra-
tios.

9 SCHAEFER 95 removes model dependency of MUELLER 92.
10MUELLER 92 argues that an inequality of the charge magnitudes would, through higher-

order vacuum polarization, contribute to the net charge of atoms.

e MAGNETIC MOMENT ANOMALYe MAGNETIC MOMENT ANOMALYe MAGNETIC MOMENT ANOMALYe MAGNETIC MOMENT ANOMALY

µe/µB − 1 = (g−2)/2µe/µB − 1 = (g−2)/2µe/µB − 1 = (g−2)/2µe/µB − 1 = (g−2)/2
VALUE (units 10−6) DOCUMENT ID TECN CHG COMMENT

1159.65218076±0.000000271159.65218076±0.000000271159.65218076±0.000000271159.65218076±0.00000027 MOHR 12 RVUE 2010 CODATA value
• • • We do not use the following data for averages, fits, limits, etc. • • •

1159.65218073±0.00000028 HANNEKE 08 MRS Single electron
1159.65218111±0.00000074 11 MOHR 08 RVUE 2006 CODATA value
1159.65218085±0.00000076 12 ODOM 06 MRS − Single electron
1159.6521859 ±0.0000038 MOHR 05 RVUE 2002 CODATA value
1159.6521869 ±0.0000041 MOHR 99 RVUE 1998 CODATA value
1159.652193 ±0.000010 COHEN 87 RVUE 1986 CODATA value
1159.6521884 ±0.0000043 VANDYCK 87 MRS − Single electron
1159.6521879 ±0.0000043 VANDYCK 87 MRS + Single positron

HTTP://PDG.LBL.GOV Page 2 Created: 10/6/2015 12:31

I have issues with PDG and Fee, Chu et al.! 
1.  PDG “assumption that the Ps Rydberg is exactly half of the 

hydrogen one” does not make sense 
2.  It seems FEE93 assumed incorrect sensitivity between Δfreq(1s-2s) 

and Δme+/me 
3.  e+ mass & charge should be treated independently  
4.   Not clear if the limit is 90% CL rather than 1σ 

PDG 2014 < 8 x 10-9 



Toshi et al: pbar mass & charge 
should be treated independently   

Pbar mass & charge from ASACUSA pbar-He 

Citation: D.E. Groom et al. (Particle Data Group), Eur. Phys. Jour. C15, 1 (2000) and 2001 partial update for edition 2002 (URL: http://pdg.lbl.gov)

p I (JP ) = 1
2(1

2
+) Status: ∗∗∗∗

p MASSp MASSp MASSp MASS

The mass is known much more precisely in u (atomic mass units) than
in MeV; see the footnote. The conversion from u to MeV, 1 u =
931.494013±0.000037 MeV/c2 (MOHR 99, the 1998 CODATA value),
involves the relatively poorly known electronic charge.

VALUE (MeV) DOCUMENT ID TECN COMMENT

938.271998±0.000038938.271998±0.000038938.271998±0.000038938.271998±0.000038 1 MOHR 99 RVUE 1998 CODATA value
• • • We do not use the following data for averages, fits, limits, etc. • • •
938.27231 ±0.00028 2 COHEN 87 RVUE 1986 CODATA value
938.2796 ±0.0027 COHEN 73 RVUE 1973 CODATA value

1The mass is known much more precisely in u: m = 1.00727646688 ± 0.00000000013 u.
2The mass is known much more precisely in u: m = 1.007276470 ± 0.000000012 u.

∣∣mp−mp
∣∣/mp

∣∣mp−mp
∣∣/mp

∣∣mp−mp
∣∣/mp

∣∣mp−mp
∣∣/mp

A test of CPT invariance. Note that the p/p charge-to-mass ratio, given
below, is much better determined.

VALUE DOCUMENT ID TECN COMMENT

<5 × 10−7<5 × 10−7<5 × 10−7<5 × 10−7 3 TORII 99 SPEC pe−He atom

3TORII 99 uses the more-precisely-known constraint on the p charge-to-mass ratio of
GABRIELSE 95 (see below) to get this result. This is not independent of the TORII 99
value for

∣∣qp+qp
∣∣/e, below.

p/p CHARGE-TO-MASS RATIO,
∣∣ qp
mp

∣∣/(
qp
mp

)p/p CHARGE-TO-MASS RATIO,
∣∣ qp
mp

∣∣/(
qp
mp

)p/p CHARGE-TO-MASS RATIO,
∣∣ qp
mp

∣∣/(
qp
mp

)p/p CHARGE-TO-MASS RATIO,
∣∣ qp
mp

∣∣/(
qp
mp

)

A test of CPT invariance. Listed here are measurements involving the
inertial masses. For a discussion of what may be inferred about the ratio
of p and p gravitational masses, see ERICSON 90; they obtain an upper
bound of 10−6–10−7 for violation of the equivalence principle for p’s.

VALUE DOCUMENT ID TECN COMMENT

0.99999999991±0.000000000090.99999999991±0.000000000090.99999999991±0.000000000090.99999999991±0.00000000009 GABRIELSE 99 TRAP Penning trap
• • • We do not use the following data for averages, fits, limits, etc. • • •
1.0000000015 ±0.0000000011 4 GABRIELSE 95 TRAP Penning trap
1.000000023 ±0.000000042 5 GABRIELSE 90 TRAP Penning trap

4Equation (2) of GABRIELSE 95 should read M(p)/M(p) = 0.999 999 9985 (11)
(G. Gabrielse, private communication).

5GABRIELSE 90 also measures mp/m
e− = 1836.152660 ± 0.000083 and mp/m

e−
= 1836.152680 ± 0.000088. Both are completely consistent with the 1986 CODATA
(COHEN 87) value for mp/m

e− of 1836.152701 ± 0.000037.

HTTP://PDG.LBL.GOV Page 1 Created: 5/23/2001 13:11

Since 2000, PDG has done so! 

PDG2000 

T. Yamazaki et al. / Physics Reports 366 (2002) 183–329 293
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Fig. 68. Two-dimensional constraint on jM and jQ obtained from the cyclotron frequency of !p [102] and from the present
spectroscopic studies of !pHe+ [38].

combination of Q and M . A suitable combination is the antiprotonic Rydberg:

R∞(!p) =
M !p

me

(

Q !p
e

)2

R∞ ; (132)

which is the common scale factor in all transition energy measurements in our own experiments.
This scale factor would give a relation of the deviation between theory and experiment, Eq. (127)

to jM and jQ, as expressed by

"exp−theor = fMjM + fQjQ ≈ (fM + fQ)jM ≈ (fM + fQ)jQ ; (133)

where the coe#cients fM and fQ stand for proportional constants of the fractional changes of the
transition energy to a fractional increase of M and Q, respectively. A naive model taking into account
of R∞(!p) would give fM = 1, fQ = 2 and f = fM + fQ = 3. An experimental constraint

|"exp−theor|¡ 2× 10−6 ; (134)

using these naive values is shown in Fig. 68. This straight line crosses with the other one coming
from the cyclotron frequency.
In a realistic theory, the transition energies of !pHe+ are not a single function of R∞(!p). The

coe#cients are di$erent from the naive values and depend on (n; l). Kino et al. [25] obtained a
theoretical value f=fM +fQ ≈ 4:1–4.5 for the transition (39; 35)→ (38; 34). Using this value, we
obtain

|jM | ≈ |jQ|¡ 5× 10−7 : (135)

Citation: D.E. Groom et al. (Particle Data Group), Eur. Phys. Jour. C15, 1 (2000) and 2001 partial update for edition 2002 (URL: http://pdg.lbl.gov)
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A test of CPT invariance. Taken from the p/p charge-to-mass ratio,
above.

VALUE DOCUMENT ID

(−9±9) × 10−11 OUR EVALUATION(−9±9) × 10−11 OUR EVALUATION(−9±9) × 10−11 OUR EVALUATION(−9±9) × 10−11 OUR EVALUATION

∣∣qp + qp
∣∣/e

∣∣qp + qp
∣∣/e

∣∣qp + qp
∣∣/e

∣∣qp + qp
∣∣/e

A test of CPT invariance. Note that the p/p charge-to-mass ratio, given
above, is much better determined. See also a similar test involving the
electron.

VALUE DOCUMENT ID TECN COMMENT

<5 × 10−7<5 × 10−7<5 × 10−7<5 × 10−7 6 TORII 99 SPEC pe−He atom
• • • We do not use the following data for averages, fits, limits, etc. • • •
<2 × 10−5 7 HUGHES 92 RVUE

6TORII 99 uses the more-precisely-known constraint on the p charge-to-mass ratio of
GABRIELSE 95 (see above) to get this result. This is not independent of the TORII 99
value for

∣∣mp−mp
∣∣/mp , above.

7HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra-
tios.

∣∣qp + qe
∣∣/e

∣∣qp + qe
∣∣/e

∣∣qp + qe
∣∣/e

∣∣qp + qe
∣∣/e

See DYLLA 73 for a summary of experiments on the neutrality of matter.
See also “n CHARGE” in the neutron Listings.

VALUE DOCUMENT ID COMMENT

<1.0 × 10−21<1.0 × 10−21<1.0 × 10−21<1.0 × 10−21 8 DYLLA 73 Neutrality of SF6
• • • We do not use the following data for averages, fits, limits, etc. • • •
<3.2 × 10−20 9 SENGUPTA 00 binary pulsar
<0.8 × 10−21 MARINELLI 84 Magnetic levitation

8Assumes that qn = qp+qe .
9 SENGUPTA 00 uses the difference between the observed rate of of rotational energy loss
by the binary pulsar PSR B1913+16 and the rate predicted by general relativity to set
this limit. See the paper for assumptions.

p MAGNETIC MOMENTp MAGNETIC MOMENTp MAGNETIC MOMENTp MAGNETIC MOMENT

See the “Note on Baryon Magnetic Moments” in the Λ Listings.

VALUE (µN ) DOCUMENT ID TECN COMMENT

2.792847337±0.0000000292.792847337±0.0000000292.792847337±0.0000000292.792847337±0.000000029 MOHR 99 RVUE 1998 CODATA value
• • • We do not use the following data for averages, fits, limits, etc. • • •
2.792847386±0.000000063 COHEN 87 RVUE 1986 CODATA value
2.7928456 ±0.0000011 COHEN 73 RVUE 1973 CODATA value

HTTP://PDG.LBL.GOV Page 2 Created: 5/23/2001 13:11



•  Before ALPHA 
–  Δme+/me+ ~ 10-7 

–  ΔQe+/Qe+ ~ 3x10-8 
(Pbar mass, charge 
anomaly negligible) 
 
Cf: PDG 2014 
–  Δme+/me+ : 8 x10-9 

(x 10 overestimate of 
precision!) 
–  ΔQe+/Qe+ : 4 x 10-8 

Positron charge & mass before ALPHA 
(MCF at LEAP 2016) 

Makoto Fujiwara 

Ps(1s-2s) ≈ ½ mQ2 



•  After ALPHA-1  
–  Both Δme+/me+ and  
ΔQe+/Qe+ improved 
marginally ~ x2 

Positron Charge & Mass after ALPHA-1 

Makoto Fujiwara 

Ps(1s-2s) 

ALPHA-1 

Preliminary 



•  After ALPHA-2  
–  Ignore pbar charge & 

mass anomaly (4x10-10) 
–  ΔQe+/Qe+ ~ 7x10-10 (1σ), 

40-fold improvement 
over pre-ALPHA 

–  Δme+/me+ ~ ±2x10-8,    
~5 fold improvement 

–  But central value shifted 
due to disagreement 
between theory and exp 
in Ps(1s-2) 

Positron Charge & Mass after ALPHA-2 

Makoto Fujiwara 

ALPHA-1 

ALPHA-2 
Ps(1s-2s) 

Preliminary 



Cold Antihydrogen Brief History 

•  1999: Antiproton Decelerator at CERN 
•  2002: Production of cold anti-H (ATHENA) [Nature] 
•  2004: ALPHA LOI 
•  2006: ALPHA first beam  
•  2010: Trapping of anti-H [Nature] 
•  2011: Confinement for 1000 s [Nature Phys.] 
•  2012: First spectroscopy via microwaves (10-3) [Nature] 
•  2012-14: Construction of ALPHA-2 
•  2016: Charge neutrality of anti-H (10-9) [Nature] 
•  2017: First laser spectroscopy (10-10) [Nature] 
•  2017: x200 improved microwave [Nature (in press)] 



Breakthroughs: increased anti-H trapping rates 

•  “Stacking” 
–  Repeated loading of anti-H in trap 
–  Each cycle ~ 200 sec;  

 (anti-H lifetime > 1000 sec) 

•  Trapping improvements 
–  Improved ALPHA-2 cryostat 
–  Improvements in # per trial and duty cycle 
–  Detection improvements  
 

 

0.01	

0.1	

1	

10	

100	

1000	

2008	 2010	 2012	 2014	 2016	 2018	

N
um

be
r	A

n#
-H
	

Year	

AnC-H	per	trial	

AnC-H	per	Hour	

On June 7, 2017, 
>100 anti-H trapped 
(online, preliminary!) 

ALPHA-1	 ALPHA-2	

Makoto Fujiwara 32 



First Laser Spectroscopy (Nature 2017) 

ALPHA-Canada                Research Proposal                 M. Fujiwara (PIN: 290734):   A-10 

  Fig. 8: 1s-2s-2p transitions of (anti)H 

simplicity allows unrivaled comparison with theory. The 1s-2s transition in atomic H has been 
measured43 to a precision of 4×10-15 with room for improvement. The antimatter equivalent of hydrogen 
is thus an ideal system for studying the equivalence of physics in matter and antimatter. Ordinary H 
atoms are difficult to detect with high efficiency. In contrast, a very important experimental advantage 
exists for anti-H spectroscopy. The transition of a single anti-atom from a trapped to an un-trapped state 
can be detected via annihilation signatures generated when the anti-atoms hit the (matter) walls of the 
apparatus. This is the reason why – with even just a few trapped anti-H – spectroscopic studies such as 
those we intend to perform will not only be possible, but will produce significant results from the very 
start.  
A simplified energy diagram of (anti)H is shown in Fig. 8. 
Absorption of 243 nm photon pairs from counter-propagating laser 
beams will induce Doppler–free (to first order) 1s–2s transitions. 
The excited states can either (a) de-excite back to the original state, 
(b) decay into the strong field seeking hyperfine states and hence 
are expelled from the magnetic trap, or (c) be photo-ionized by the 
243 nm photon. Transitions will be detected for atoms that follow 
branches (b) or (c). These transitions will be detected in one of 
two modes: (1) appearance mode: the annihilations of anti-H 
resulting from the 1s-2s transition are detected directly in the Si 
detector; (2) disappearance mode, where at the end of the resonant laser irradiation, the remaining anti-H 
are released from the trap, in which case one sees a reduction in signal if the anti-H are expelled from 
the trap during laser irradiation. By sweeping the laser frequency, and plotting the annihilation count rate, 
the 1s-2s resonant frequency will be determined. A possible signature for a 1s-2s transition that follows 
branch (c) is detection of pbars produced from laser induced ionization from the 2s state.   
ALPHA’s 1s-2s spectroscopy effort is led by Hangst (Aarhus), and is currently a high priority 
measurement for the ALPHA-2 device. ALPHA-Canada will vigorously contribute to this program in 
several significant ways based on our unique expertise: (a) detection of 1s-2s transitions via 
annihilations, (b) laser cooling to prepare a cold and dense sample of anti-H, (c) control of antimatter 
plasmas, magnetic field characterization, and anti-H spin manipulations via PW techniques, and (d) 
background and physics analyses. These will occur in addition to supporting operation of the ALPHA-2 
device. Aspects of the 1s-2s spectroscopy campaign will motivate theses for our HQP trainees.    
(b) Simulations for 1s-2s transition: Detailed simulations have been 
performed, taking into account anti-H orbits in the ALPHA trap, the 
magnetic field profile, Zeeman and time of flight broadening, as well 
as photo-ionization (Fig. 9). An example is shown for a disappearance 
measurement at a 243 nm laser power of 2 W, with a beam waist of 
200 microns, and an irradiation time of 500 s. The line shapes for both 
hyperfine sublevels (c to c and d to d transitions) are shown. With 
these parameters, a few weeks of beam time will be sufficient to 
observe the 1s-2s transition. Because of the five mirror coil 
configuration employed in the ALPHA-2 device, which permits 
homogenization the static magnetic field, Zeeman broadening is 
significantly reduced and the linewidth will be limited by time of flight broadening to Δf~60 kHz 
(FWHM), corresponding to a few×10-11 level of precision in the 1s-2s energy level. Even at this initial 
level, new constraints on combinations of fundamental constants such as the e+ mass and charge can be 
obtained as a test of CPT.44 Furthermore, we will be sensitive to the pbar charge radius (Sec 2.2). 
However, in order to maximize the potential of ALPHA-2, we require laser cooling (see below).  
  

 Fig. 9: simulated 1s-2s lineshape 

Personal information will be stored in the Personal Information Bank for the appropriate program.
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•  Trap ~14 anti-H per cycle 
•  Inject laser for 600 sec: 

1.  on-resonance, or   
2.  off-resonance 

•  If  on-resonance, anti-H is destroyed 
•  Observe annihilations with Si vertex 

detector 

Off-resonance	
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Cut based 
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Annihilation detection: Key 



 Observation of 1s-2s transition in trapped anti-H  

•  First laser spectroscopy on anti-H 
   Nature 541, 506 (2017) 

“A dream come true for entire field!” – M. Hori  

•  1st demonstration: 
–  Precision already 2x10-10;  

 Δf ~ 400 kHz 
–  Among most precise 

measurements with 
antiparticles 

–  Sensitive to antiproton internal 
structure at 20% level 
     ΔE ~ 1.1 rp

2 (MHz) 

•  Next steps in 2017 
–  Resonant lineshape 

50 – 100 kHz benchmark 
–  Laser cooling 

Lyman-alpha laser developed at 
UBC 

–  New HFS spectroscopy  

 
 
 

f	(1sc-2sc)		=	2,466,061,707.1	(4)	MHz		
f	(1sd-2sd)		=	2,466,061,103.0	(4)	MHz	 34 



•  Analysis so far assumed: 
δmpbar/mpbar, δQpbar/Qpbar << δme+/me+, δQe+/Qe+ 

•  Next generation Anti-H exp’ts can no longer assume this. 
•  In general, need 4 independent measurements to 

determine mpbar, Qpbar, me+, Qe+. Possibilities: 
 

Antiproton Mass & Charge 

Measurement Leading order 
dependence 

Current 
precision (1σ) 

Near future 
prospects 

Pbar/p cyclotron Qpbar / mpbar 7×10-11 Base: 10-11 ? 

Pbar He mpbar Qpbar
2 4×10-10 ASACUSA: 10-10 ? 

e+/e- cyclotron Qe+/me+ 1.3×10-7  Harvard ? 
Ps(1s-2s) (me+/2)  Q e+

2 5×10-9 ETH: 5×10-10 ? 

Anti-H (charge) Qpbar + Qe+
 7×10-10 ALPHA: 10-12 ? 

Anti-H (1s-2s) me+ Qpbar
2 Q e+

2 2x10-10 ALPHA: 10-12 ? 

Anti-H studies entering precision era! 



ALPHA-g:  
Gravitational force on antimatter 

Makoto Fujiwara 36 



Antimatter Gravity Measurement 

•  Gravity 
–  Never measured with antimatter	

•  Very difficult experiment since gravity is so weak 
•  Now plausible due to long confinement time 
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Antimatter Gravity Experiment 

G G? 

Apple Anti-apple 

H 

•  Does antimatter fall down?   
–  Many indirect constraints incl. EP tests 
–  Experimental question!  

 (e.g. Lykken et al, arXiv:0808.3929) 
–  Anti-H “gas” will sag due to gravity  
–  Need anti-H cooling to ~mK 
　1/2kT=mgh 
  Vertical trap：h~1 m 

–  Position sensitive detection via 
annihilations 

•  Laser cooling essential step: 
development at UBC 
–  NB: Cold atom tests of gravity: ~10-10 

 

Vertical  
trap 

38 
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ALPHA-g 
Experimental Concept 

•  A long (~ 2m) vertical trap 
–  Anti-H production region 

Production, trapping, & 
cooling 

–  Measurement region 
•  Sagging of anti-H “gas” 
•  Anti-atomic “fountain” 
•  Anti-atomic 

interferometry 
•  uW spectroscopy  

•  Major Canadian funding  
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Radial TPC Construction at TRIUMF 

Makoto Fujiwara 

GEANT simulation 

2.3 m long, Radial thickness:10 cm 
à Radial drift Time Projection Chamber 
 
Excellent track recognition! 
(~90% reconstruction efficiency) 

1/8 Prototype  
Early January Magnet Design Summary

Joel Fajans
1/10/2016

•To stay on the schedule outlined by BNL, we need to send a reasonably complete schedule to BNL by 
the end of this month.
•These presentation attempts to summarize the decisions reached, the decisions mostly reached, and 

the decisions in progress. 

•Our experimental goals:
•An easy, quick, and certain Up/Down measurement.
•A plausible route to 1% level precision measurements.
•Provisions for a u-wave experiment at a later date, but within the CFI grant cycle.

•Magnet Design Principles:
•The magnet system should be compatible with the above goals.
•The design must be robust to persistent fields.
•The system cannot be too long.
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ALPHA-g Trap Design: C. So 

Makoto Fujiwara 41 

24 superconducting magnets! 



ALPHA-g design & simulations 

Aiming for measurement in 2018! 
Makoto Fujiwara 42 

AnC-H	free	fall		
simulaCons	



ALPHA Future Prospects 

Makoto Fujiwara 43 



Challenge 

44  NSERC Polanyi Award, Feb 3, 2014 

“we congratulate NSERC for bravely recognizing the best and most basic research, and 
we applaud our prizewinners for adding an important milestone to the history of 
science.’’  --- Message from Dr. John Polanyi to the ALPHA-Canada team 
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ALPHA CPT Road Map 

Makoto Fujiwara 

Nature 2012 

Nature 2016 
Nature 2016 

•  Charge 
•  Lamb shift 
•  2s-4s 

•  Anti-H+ ion 
•  Molecule 
•  BEC? 
 



Future? 

Makoto Fujiwara 



Future: Anti-atomic fountain & interforometry 

47 

Hamilton et al, Phys. Rev. Lett. (2014) 

by ALPHA [28], but oriented vertically. Atoms are laser
cooled to 20 mK in the trap [24] and then adiabatically
released into the interferometry cell. Interferometry is
performed using a powerful off-resonant laser, retro
reflected using a mirror that divides the interferometer cell
and the trap. Atoms leaving the interferometer in the
upwards-moving output leave the trap and annihilate at
the top of the vacuum chamber. The spatially resolved
detection of annihilation products can count how many
atoms leave the interferometer in the upper and lower output,
respectively. This measures the phase shift between the
interferometer arms and, thus, gravity.
Ramping down the trapping fields provides adiabatic

cooling. A solenoid enclosing the entire setup (not shown)
produces a homogenous, constant, vertical bias field B1

of 1 T. Octupole coils around the entire setup provide
radial confinement by raising the field near the radial
walls; mirror coils provide vertical confinement. A second
solenoid surrounding only the trap region can be used to
modify the bias field in the trap to B2. Figure 1(b) shows
the potential experienced by atoms on the axis. It consists
of gravity mgz, where m is the atom’s mass and z the
vertical coordinate, a homogenous contribution V1 by the
overall solenoid that is modified to V2 by the trap solenoid,
and barriers of Vm due to the mirror coils.
We use a pulsed Lyman-alpha laser for laser cooling to a

three-dimensional temperature of ∼20 mK, corresponding
to a rms thermal velocity of ∼10 m=s [24]. During this
time, the magnets are run at full fields; see [28] for details
on their design. In the second phase, which lasts 400 ms,
the octupole current is ramped down and the atoms are then

allowed to expand to undergo adiabatic cooling. In a third
phase, which lasts another 400 ms, the lower and upper
mirror coil currents are ramped down for further adiabatic
cooling. After these phases, most antihydrogen atoms are
still trapped. In the fourth phase, atoms are released over
16 s. To achieve a nearly constant average vertical velocity,
the trap solenoid is turned off completely while the upper
mirror is ramped linearly. This results in particles entering
the interferometer cell with the velocity distributions
shown in Fig. 2, with widths as narrow as 0.4 m=s rms
vertically and 5 m=s horizontally. These figures can be
improved further by optimizing the magnetic field con-
figurations and ramp time constants. The interferometer
cell is basically another magnetic trap. The overall potential
seen by an atom depends on the radius coordinate r asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V6ðr=ρÞ6 þ V2

1

p
, where V6 and ρ are constants.

The atoms enter the interferometer cell through an
aperture. Without special precautions, a 1-cm aperture will
pass most atoms. The area of the aperture can be reduced q
times if the trap potentials are ramped down q times more
slowly, without changing the velocity distribution. This
follows from the conservation of phase space density and is
confirmed by our simulations. The atoms are prevented
from colliding with the walls by periodically poled refrig-
erator magnets, see Fig. 1(a), which generate a repulsive
potential that decays very fast with distance from the wall.
Alternatively, we can use an off-axis multipass cell, see
Fig. 1(c) [29], which may also allow us to use a lower-
powered laser.
The atom’s fall under gravity and turn around ∼86 cm

above the trap center before they reach the top of the
interferometer cell, unless they are receiving an upwards
momentum kick from the interaction with photons from the
laser. Whenever the atoms reach the bottom, they are
bounced back by the mirror coils with a probability of
Pb, unless they disappear through the aperture and are then
likely annihilated at the walls. The probability Pb is
controlled by the magnetic fields.

FIG. 1 (color online). (a) Schematic. Atoms are extracted from
the vertical magnetic trap (bottom) into the interferometer cell
(top) by adiabatically lowering the trapping potentials, creating
an antihydrogen fountain. The octupole is wound onto these walls
of the vacuum chamber, which have an inner radius of 2.22 cm.
(b) Potential, not to scale. (c) Schematic of an off-axis
multipass cell.

FIG. 2 (color online). Vertical (left) and horizontal (right)
velocity of extracted atoms, measured 40 cm above the trap’s
center, versus time. Blue lines indicate the 1σ velocity spread,
green lines the density of the velocity distribution. The fields are
ramped exponentially with time constants of 40 ms. For release,
the upper mirror is ramped linearly within 16 s to 0.01 of its initial
value, the lower mirror to 0.1, and the octupole to 0.15.
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week ending

28 MARCH 2014

121102-2

The atom interferometer is formed by the atoms’
interaction with counterpropagating pulses from a laser
whose wavelength is far-off resonant with any atomic
transition, see Fig. 3 (left). Interaction with two laser
beams transfers the atom from a state ja;pi, where a
denotes the trapped 11S1=2 state of hydrogen and p the
atom’s external momentum, into a state ja;pþ ℏkeffi,
where keff ¼ k1 − k2 is the beams’ effective wave vector.
The Bragg condition, or energy and momentum conserva-
tion jpj2=ð2mÞ þ ℏω1 ¼ jpþ ℏkeff j2=ð2mÞ þ ℏω2, where
ω1;2 are the laser frequencies, selects a certain initial
momentum p within a finite range given by the Fourier
width of the laser pulses [30]. The interferometer sequence
is repeated at a rate of, e.g., 20 Hz. The two counter-
propagating beams are generated by retro reflection on a
mirror (Fig. 1) with two passes through a Pockels cell.
Ramping the phase shift introduced by the cell controls
ω1 − ω2. This has the advantage that no laser beams need to
pass the trap region, allowing greater flexibility in the
placement of components there. If the trap offers unin-
hibited optical access from both sides, however, we may
avoid the use of optical elements inside the vacuum
chamber.
If the Bragg condition is satisfied, the probability of the

Bragg transition is given by Pab ¼ sin2ðΦR=2Þ, where
ΦR ¼

R
Ωð2Þdt is given by the two-photon Rabi frequency

Ωð2Þ. A ΦR ¼ π=2 pulse creates an equal superposition of
wave packets that separate vertically with a recoil velocity
of ℏkeff=m; a ΦR ¼ π pulse acts as a mirror. For a far-
detuned infrared laser, Ωð2Þ ¼ αI=ð2ϵ0ℏcÞ is given by the
atom’s dc polarizability α, the laser intensity I, and the
vacuum permittivity ϵ0. For hydrogen, α ¼ ð9=2Þ4πϵ0a30
exactly, so that Ωð2Þ ¼ 9πa30I=ðℏcÞ, where a0 is the Bohr
radius. Since the dc polarizability is nonzero for any atom,
the interferometer can work with any species.
A combination of π=2 − π − π=2 pulses, spaced by

intervals T, split and recombine the matter waves so that
they interfere, Fig. 3 (right). The probabilityP↑ of detecting
the atom at, e.g., the upper output of the interferometer, is

given by the phase difference ϕ accumulated between the
matter waves on the two paths [13],

ϕ ¼ ðkeff · gÞT2: (1)

To leading order, this is independent of the atom’s initial
velocity and position. Detecting the atoms in the upper and
lower output of the interferometer measures the phase
difference and thus g. The population in the upper output
can be written as P↑ ¼ Acos2ðϕ=2Þ þ B. An ideal inter-
ferometer would have a contrast C ¼ A=ðAþ 2BÞ of one.
In practice, this ideal contrast is not realized, e.g., when
laser pulses miss the atom. In our proposal, however, such
atoms keep orbiting in the trap and thus have a chance of Pb
to encounter the laser beam again and take part in an
interferometer. In a simple model, the total probability that
an atom is eventually scattered upwards is given by a
geometric series

Pdet ¼ P↑

X∞

n¼0

ð1 − P↑ÞnPn
b: (2)

Such atoms reach the top of the interferometer cell, where
they annihilate with the walls and are thus detected.
Figure 4 (left) shows that fringes of a near-unity peak-
to-peak amplitude are obtained. Because of the increased
slope, the interferometer can, in principle, surpass the
sensitivity limits of a single interferometer for a given
atom number.
We simulate the interferometer for the dimensions shown

in Fig. 1. The simulation fully takes into account the
geometry of the trap, the laser beam, and all magnetic
fields, the three-dimensional motion of the atoms, and the
quantum mechanics of the beam splitters. It starts with
tracing the paths of a laser-cooled sample of antihydrogen
at 20 mK in the trap for 0.1 s and then simulating the
adiabatic release from the trap (Fig. 2). The laser beam has

FIG. 3 (color online). Left: Bragg transition. Right: Space-time
diagram of the Mach-Zehnder atom interferometer. A long pulse
separation time T ¼ 0.05 s has been chosen to clearly show the
interferometer.

FIG. 4 (color online). Left: Fringes of a simple interferometer
with A ¼ 15%, roughly what can be achieved with a 10-mm
radius laser beam in a 25-mm radius trap. Atom recycling leads to
higher visibility and sharpens the features. Right: Simulation of
the full atom interferometer. The number of atoms detected at the
top of the interferometer cell versus pulse separation time T
shows the expected sin2ðkgT2Þ signature. Inset: Simulation
taking into account a 5-mm diameter aperture in the mirror,
with 256 s adiabatic release time.
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Δφ = (keff⋅g) T2  



 
•  Anti-H addresses fundamental questions  
•  18 years since the start of Antiproton 

Decelerator at CERN, we entered the precision 
physics era 
–  Laser spectroscopy at 10-10 level 
–  Microwave, charge neutrality at 10-9 etc. 

•  Developing gravity measurement: ALPHA-g  
•  ELENA, upgrade to AD, under construction 
•  Exciting future ahead for 2020-25 and beyond! 
•  Excellent students à photos 
 
 

Summary 
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Our Hard-working Students Recognized  

49 Calgary Sun 

CBC TV 

CERN Homepage 
“Andrea Gutierrez, Ph.D. student from UBC” 

Finnish paper 

Hydomako Thesis (Calgary)  
published as book: Springer  
“Best of Best” Thesis Series  
(20 downloads, since Jan.) 

Calgary Sun 
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