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H2
− is the simplest anti-protonic ion 

 with bound excited states  

p e+ p     (compare with  H2
+  p e−p) − −

− 

H+   (e+ p e+)  has no bound excited states 
− − 

Electronic ground state 2Σ1/2 
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H2
+ Ro-Vibrational Spectroscopy <10-16 
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2014 
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__ 
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Tests of CPT using anti-hydrogen 
Compare 1s-2s (2 photon) transition and 
and 1s Hyperfine splitting (HFS) 
 
Measurements on Hbar: 
1s-2s to 2 x 10-12  (ALPHA 2017) 
1s HFS to 4 x 10-4 (ALPHA 2017) 
 

Measurements on H: 
1s-2s to 4 x 10-15 (Garching 2011) 
1s HFS to 7 x 10-13 (Paris-Sud, Orsay 2011, MASER) 

 

1s-2s comparison measures    q(e+)4 m(e+) − q(e−)4 m(e−) 
 
Dependence on m(e)/m(p) through reduced mass correction, 
but is x1836 less sensitive   
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Why H2
+/ H2

− ? 

B) Working with neutrals is harder than ions… 
     
Atom traps are very weak, inhomogeneous B… 

− 

A) Best optical atomic clocks: (2018 record 2.5 x 10-19 !) 
 
1) Single ion, e.g. Al+, Yb+ 
 

2) Ultra-cold atoms in an optical lattice, e.g. Sr, Yb 
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Optical Lattice for H/H ? − 

H atoms    

Need high intensity 
 
Magic wavelength for 1s-2s is 513 nm 
A.  Kawasaki, PRA 92, 042507 (2015) 

Ideal: H and H in the same lattice! 

_ 

− 
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H2
+ Ro-vibrational levels 

Pilon and Baye, J.Phys B (2012) 

Over 420 bound levels 
 ×2(2N+1)(2I+1) sub-states 

V=19 

V=0 
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H2
+ Ro-vibrational levels 

Many, very narrow (<µHz width) transitions 
 
But no fluorescence, how to detect? 
 
How to initialize the state?  

Even N, I=0, Para;  odd N, I=1, Ortho 
Ortho, Para are “separate species” ΔN = 0,±2 

Vibrational levels decay by E2 transitions  
Mean lifetimes are ~week, or longer 
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Continuous Stern-Gerlach effect to 
detect electron spin-flips 

 
 
 
 
 
 
 
 
                     

 
 

Analysis trap 
Inhomogeneous B 

Precision trap 
Uniform B 

Sven Sturm et al, Nature 2014,   ge(12C5+) to 3 x 10-11 

2 Penning traps 

Identifies  
e− spin-state MS 
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Continuous Stern-Gerlach effect to 
detect electron spin-flips 

 
 
 
 
 
 
 
 
                     

 
 

Analysis trap 
Inhomogeneous B 

Precision trap 
Uniform B 

Sven Sturm et al, Nature 2014,   ge(12C5+) to 3 x 10-11 

Will work for 
H2

+ and H2
− 

_ 

2 Penning traps 

Identifies  
e± spin-state MS 
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Bound e± magnetic moment of H2
−/H2

+ 

 N=0: no hyperfine structure! 

1/2 

B 

−1/2 fs(e spin-flip) = 28.02.. GHz/tesla 

Measure 
bound positron spin-flip  
frequency in high B 
 
Calibrate B by measuring  
Cyclotron frequency 

Easier than  p magnetic moment (Ulmer et al.),  
Magnetic moment is ~600x larger  

Ms 

− 

Zeeman effect  
for a s1/2 electron 

− 
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Ratio of spin-flip to cyclotron frequency 

Sensitive to g(e+)m(p) /m(e+) − 

CPT test #1 
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Even N, N≠0: add rotational HFS 

electron spin-rotation interaction 

electron spin-flip transition 
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Even N, N≠0: add rotational HFS 

B = 5 tesla e.g. consider v=0, N = 2  

14 MHz 

56 MHz 

140 GHz 

MN 

+2 
 
−2 

+2 
+1 
  0 
−1 
−2 

Identifies MN ! 

MS 

+1/2 

-1/2 

Zeeman splitting of N=2 
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Even N, N≠0: add rotational HFS 

B = 5 tesla e.g. consider v=0, N = 2  

14 MHz 

56 MHz 

140 GHz 

MN 

+2 
 
−2 

+2 
+1 
  0 
−1 
−2 

Identifies MN ! 

Identifies v and N !  

MS 

+1/2 

-1/2 

Zeeman splitting of N=2 
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Change in e± spin-flip freq. due to spin-
rotation interaction identifies v, N ! 

few x 10-6 change to e± spin-flip frequency of ~140 GHz 
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Odd N, add nuclear spin HFS 
I = 1, 3x as many states … 

Fermi-contact interaction 
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Triple resonance for HFS 
Measure ΔMN = ±1 or ΔMI = ±1 transitions 

+2 
 
−2 

+2 
+1 
  0 
−1 
−2 

MN 
MS 

+1/2 

−1/2 

Use e± spin-flip to identify 
initial and final states 

Combinations of transitions  
separate Zeeman from Hyperfine 

Zeeman: µR.B, µp.B   like p g-factor 
 
HF:   µp.µe    like H HFS 

− 

−  

CPT test #2 

1 

2 

3 
Identify 
initial state 

Detect 
transition 

56 MHz 
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CPT Test #3:  Vibrational Transitions 

+2 

V=1,  
N=2 

V=0,  
N=2 

MS 

1/2 

−1/2 

1/2 

−1/2 

MN 

+2 

65.4 THz 
(4.58 µm) 

140 GHz 

140 GHz 

Mid-IR Laser 

Change in e± spin-flip frequency 
signals vibrational transition  

E2 

initialize 

detect 
or, use Raman 2E1  
transition and NIR lasers 

V=0 

V=1 

or, 2E1 
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Also detect vibrational transition using 
change in mass-energy 

V=1 

V=0 

One vibrational quantum 
(ΔE/c2)/M(H2

+) = 1.4 x10-10 

N 

E (103 cm-1) 

See: Smith, Hamzeloui, Fink, Myers, PRL in press 
Detect rotational energy change in H3

+ from cyclotron frequency 

Works for N = 0 
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H2
−

 /H2
+ Ro-Vibrational Spectroscopy <10-16 

in a 5 tesla Penning trap !? 

− 

Quadrupole shift ~ 25 Hz 
 
Calibrate to ~10-6, from characterization of trapping fields  
using ion’s motional frequencies   
 
     è   σ(f)/f  < 10-18 
 

(N=2, ”stretched to stretched”)  Zeeman shift = 7.5 x 105 Hz ! 
 
But, from cyclotron or e spin-flip, σ(B)/B  << 10-9    
 
     è  σ(f)/f  < 10-17 

Zeeman Effect: Karr, Hilico et al  
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H2
−

 /H2
+ Ro-Vibrational Spectroscopy <10-16 

in a 5 tesla Penning trap? 
 

If cool Axial (fz = 1 MHz) and Cyclotron (fc = 35 MHz) modes 
of ion to 20 mK;  
Magnetron (fm = 14 kHz) (by coupling to axial mode) to 0.3 mK 
 
zrms = 1.44 µm,   rc = 0.058 µm,   rm = 0.17 µm  
 

Hence, in Lamb-Dicke regime for transverse laser irradiation  
at λ = 4.5 µm  è  No 1st order Doppler shift 
 
Second-order Doppler shift:       0.9 x 10-15 

How to cool:  
Image current cooling, with dilution refrigerator 
Electrical coupling to laser-cooled ion in another trap 
Sympathetic cooling with laser-cooled –ve ion 

− 
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How to make H2
−  − 

σ = 6 x 10-15 cm2 at 0.01 eV 
X. Urbain et al. J. Phys B (1986) 

Inject H+ into p plasma, n = 106 cm-3, T = 100K 
R = 1.4 x 10-3 s-1   (~1/10 minutes) 

− − 

σ = 1.1 x 10-12 cm2 at 0.01 eV 
M. Stenrup et al. PRA (2009) 

Hence, expect 1 H2
− for every ~200 H+ injected − − 

GBAR: 1 H+ every 2 minutes, so 1 H2
− in ~ 6 hours − − 



Edmund Myers, LEAP 2018 Paris

State Initialization: v, N 

Expect v < 8, N < 10 

V=0 

Reduce v: 
 “Stark Quench”  
(Induce E1 decay) 
 
E = v x B = (ω x rc) x B 
 
rc = 4 mm, B = 10 T 

Reduce N:  
 
Step-wise Δv = ±1, ΔN = −2 
E2 v= 0 è  v=1 è v=0 ..  

V=1 
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Things to do 
Experimental development: 
•  H2

+ e− spin-flip detection 
•  H2

+ precision spectroscopy in a Penning trap 
•  H2

− making 
 
Theory: 
•  Zeeman structure B = 0 - 10 T 
•  Stark quenching 
•  Raman transition rates 
•  H2

− making 
_ 

_ 



Edmund Myers, LEAP 2018 Paris

Things to do 
Experimental development: 
•  H2

+ e− spin-flip detection 
•  H2

+ precision spectroscopy in a Penning trap 
•  H2

− making 
 
Theory: 
•  Zeeman structure B = 0 - 10 T 
•  Stark quenching 
•  Raman transition rates 
•  H2

− making 

Thanks for your attention! 

_ 

_ 
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Quantum Logic Spectroscopy? 

H2
+ Be+ 

Laser cool,  
detect motional state 
via change in  
fluorescence 

Absorbed photon  
imparts momentum 
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 How to make H2
−  − 

(1) 

(2) 

(3) 

(4) 
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Penning Trap: Cyclotron Frequency Ratio 

ωc

+

    

€ 

ωc =
B

(m / q)
R = ωc0

ωc1

=
q0
q1
m1
m0
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   Testing CPT with H2 :  
(with one ion in a Penning trap) 

 
•  Antihydrogen molecular ion has advantages 
   compared to antiprotons and antihydrogen  

•  Use cryogenic Penning trap: measure cyclotron frequency and  
    positron spin-flip frequency: gives m(e+)/m(p) 
 
•  Positron spin-flip frequency can be used to identify state !!   
 

•  Hence, measure rotational and nuclear-spin Zeeman 
    transitions, and also ro-vibrational transitions (non-destructively) 
 
•  Make H2   from  H+ (Gbar) 

 _ 

− −   

_ _ _ 
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Tests of CPT using anti-protons 

Compare mass and magnetic moments of p and p in  
a Penning trap 
 
 
a)  m/q is same to  9.0 x 10-11 (Harvard 1999) 
                             6.9 x 10-11 (BASE 2015)  
                            
 
b)  gp  is same to 1.5 x 10-9 (BASE 2017) 
 

    For proton, gp measured to 3 x 10-10 (Mainz) 

_ 
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First trapping of anti-protons 1986 

Trapping and manipulating single anti-ions   
in Penning traps is (now) relatively easy 

Gabrielse et al, (1999): p, p m/q same to 10-10 
 
 
Ulmer et al, (2017): p, p magnetic moment same to 10-9 − 

− 



Edmund Myers, LEAP 2018 Paris


