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Where/who-we-are (see previous talk by Ryu Hayano)
Antiprotonic helium:
... what it is, how to create it.

... motivation, why we care at all
Our scientific goal
Experimental method, layout
Latest results, compare to earlier

, Historical context
Interpretation of results
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CPT Symmetry: proton - antiproton
= To test CPT: compare properties of particles-antiparticles

= No CPT violation observed so far — the quest is towards continuously
higher precisions, to discover something “in the next digit”

= High-precision antiproton experiments:

= Cyclotron frequencies in a Penning trap: g/m ~ 9 x 10"
(TRAP @ LEAR, ATRAP @ AD)

= spin-flip in Penning trap IJg/HP ~ 5x10° (aim: 107)
ATRAP@AD (recently), BASE@AD (future)

= Antihydrogen spectroscopy — future
(ASACUSA, ATRAP, ALPHA @ AD)

= Antihydrogen gravitation — future
(GBAR,AEGIS @ AD)

= What other high-precision measurements can we do with

antiprotons besides Penning traps?
LASER SPECTROSCOPY OF ANTIPROTONIC HELIUM!
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Alternative way to trap P: exotic atom

= P stops in material — replaces an electron in an atomic orbit — cascades
down immediately (and annihilates)

- Emitted radiation: X-ray. Spectrum — m_ (precision: 5 x 10®)
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Alternative way to trap P: exotic atom

= P stops in material — replaces an electron in an atomic orbit — cascades
down immediately (and annihilates)

- Emitted radiation: X-ray. Spectrum — m, (precision: 5 x 10°)

Antiprotonic helium (same story?)

- P replaces one electron:
nucleus + P + electron
in high Rydberg state (n~38, I~n-1)
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P stops in material — replaces an electron in an atomic orbit — cascades
down immediately (and annihilates)

Emitted radiation: X-ray. Spectrum — m_ (precision: 5 x 107)

Unique!
Antiprotonic helium (same-stery?) e
P replaces one electron:

+
nucleus + P + electron

in high Rydberg state (n~38, I~n-1) o)

~3% in metastable states — [ '
(lifetime: 3-4 ps, enough for experimenting) 3. | /97%
antiproton's atomic transitions are in \ é 7 3% metastable |
the visible range - ¥ '
(laser spectroscopy, high precision) c

o . _
Simple enough for 10° calculations, or better * " ||

30

(see next talk by V. Korobov)

Time [us]

daniel .barnalcern.ch LEAP 2013, Uppsala, Sweden Asacusa collaboration


mailto:daniel.barna@cern.ch

Measure atomic transition frequencies of antiprotonic helium: Vo

Compare it to theoretical 3-body calculations: v,

[V.]. Korobov, for example: Phys. Rev. A77 (2008) 042506]
(see next talk)

Interpretation:

Frequency is function of many constants: v. (m__, q, m_, m;)
Use this hydrogen-like parametrization:

>l<

—Rc zeffnzn )(1—1>

nl—>n N ,2

Known to extremely high Screening by electron; use QED to

recision
P calculate

Let v,(ms/m)= v, = mg/m_ —adimensionless fundamental
constant
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Long history, continuously increasing precision

10~° ' |
AD, high density
/ —_ target

10—6 collisional shifts
c Pulse-amplified CW
.g laser, frequency
S 107 comb
e Doppler-width @
o T=10K
= 10—8 | decelerating-RFQ, _ /
- pbar stops in
aa low-density target

10-9 laser linewidth

lty—lﬂ
1995 2000 2005 2010
Year
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Long history, continuously increasing precision

10~° ' |
AD, high density
/ LIEAIR target
10-6 collisional shifts
- Pulse-amplified CW
.g laser, frequency
I 10~7 comb
= Doppler-width @
o T=10K
E 10-8 decelerating-RFQ, _
o pbar stops in
o low-density target
10-9 laser linewidth
2-photon spectroscopy,
overcoming the Doppler-limit This talk...
1010 ! '
1995 2000 2005 2010
Year
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Principle of laser spectroscopy

— — 40
-—  — 39
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_ — 38
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Energy levels of _ — 37
antiprotonic helium i -80 eV 3
— n=36 é
. NS
notation of levels: (n,}&) @
Q
— — 35 g
— " 0 rD
P principal et
— 34 quantum number r%
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-90eV 8
o
“—~~~~ —— 33 <
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m
Q
]
=
— 32 °©
N 2
i
B Metastable states 3
P orbital v 31 Shortlived states 100 eV &
quantum
number \3:30 31 32 33 34 35 36 37 38 39
daniel .barna@cern.ch LEAP 2013, Uppsala, Sweden Asacusa collaboration



mailto:daniel.barna@cern.ch

Principle of laser spectroscopy

— — 40
0 _ — 39
Why metastable . ——— —
* In high-L states, negligible —_ — 38
overlap with the nucleus TSN T . A
* Electron removes “~A~~ T 80 ev- Z
degeneracy, protects from N=36 g
collisions A IV =
. . . (]
* Due to large ionization 35 X )
potential: Auger would Ny - <
require transitions with P principal g
large An, which would o~ —— 34 quantum number 5
. ()
require large AL 90 v ?
(suppressed) VeV o
AN 9"
]
Q)
]
-
— 32 °
NN 2
a
B Metastable states 3
P orbtital 31 Shortlived states o
quantum
number \3:30 31 32 33 34 35 36 37 38 39
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Principle of laser spectroscopy — 40
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Principle of laser spectroscopy — 40
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Principle of laser spectroscopy

61— Prompt annihilation (97%)
- To measure the

e | resonance lineshape:
© [ | Annihilation peak in coincidence
o with laser pulse * Scan laser frequency
S r
= 3 .
= » Register peak area
.-E = vs. laser frequency
- 2 ~
= F
[ = b
o
*

ok

. I . | I . I . | i ! I !
3000 4000 =000 6000 7000 8000 9000 10000

time (ns)
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The big and the small....

Size 3 meters 8 cm
Lifetime 70 years 1 year
Heartbeat , :
28/minute 550/minute
rate
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The big and the small....

Size 3 meters ~cm 8 cm 32 pm
Lifetime 70 years several months 1 year 2-3 microseconds
Heartbeat magnetron, axial, p atomic transition

28/minute cyclotron 550/minute

rate 10 kHz - 100 MHz

300-1100 THz

Man-made, care is

needed to make it Nature-made,

precise perfect
More difficult to
Easy to calculate calculate (but
possible)
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Experimental layout A

bunch from AD

40-100 keV

Identical laser Achromatic
beam transport

Heterodyne
spectrometer

&

&
Low-density (1018 cm3) Q,b
cryogenic (15K) helium <

gas target
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The heart of the experiment:

Pulse-amplified CW laser system , 1) CW seed stabilized/measured
/ by frequency comb

Frequency comb _ o
Fabry-Perot ca'f/v/ ] 2) pulse-amplified
| | ‘ ‘ | T éPound-.D_re _r—HaII
L1 B o i 3) frequency doubled/tripled
/ ral ‘ H CWTi:S j?
Photonic fiber Fl 1 S22 v, gVl (.
Vew . Vew +400 MH/

E=60-100 mJ
p linewidth = 6 MHz
i qelay PUISElENgth = 30-100 ns

80

AOM
!FIZ - - /

j.ELz 1 . —— L
' \ Output _ .
o M1 <= ' ...highestresolution reported so
! far for a nanosecond laser...”
' [M. Hori, A. Dax, Optics Letters
EOM's 34,1273 (2009)]

PD1 Stabilization

S S <0 % h Pulsed Nd:YAG laser

532 nm, 300 mJ

1

Pulse stretcher N+  Vacuum tube
(pump for amplifiers)
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Frequency measurement by the frequency comb
T=1/f

rep
4>
Frequency comb
Fabry-Perot cavity :l A A A
I ‘ I | iPound-Drever—Hall
1 L1 L1y v +  stabilization <> -
f Ve ey | IQ CW Ti:S laser |
> el B L 822 nm, 500 mW
Photonic fiber Fl 1
Vew ] Vew +400 MHz - P[sz _
A & Mirrors
AOM
F| 2 P ﬂ 80 m delay
A4 & C2 S
J) S e %If e DA .
T PN pass amplifier Uy &
% Output
(- -
S 31 % n & C1 M <= P
oc < I
&
— eows
i
Prism :
Vé_ .. . o
A PD1 Stabilization
< ¢ &
% 'Q> & D i || D Pulsed Nd:YAG laser
532 nm, 300 mJ
Pulse stretcher— &+ 9  Vacuum tube

(pump for amplifiers)

daniel .barnalcern.ch LEAP 2013, Uppsala, Sweden Asacusa collaboration


mailto:daniel.barna@cern.ch

Frequency measurement by the frequency comb

Frequency comb

Il

‘ll[’\)

i Pound-Drever—Hall
y stabilization

CW Ti:S laser

822 nm, 500 mW

Fabry-Perot cavity :l

. T=l/,
JUb UL
<> | >

* Fourier-tr.

>

frep
>
— frequenc
fN f0+Nfrep 9 y
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Frequency measurement by the frequency comb

T — 1/ f rep
_ — <>
Frequency comb
Fabry-Perot cavity :l A A A
‘ ‘ : Pound-Drever—Hall
1 | | Lly Vv y stabilization —> -
CW Ti:S laser L] |

822 nm, 500 mW

* Fourier-tr.

A (beatnote

detected by
photodiode)

L
fN:f0+Nfrep frequency

fCW:fO-l-Nfrep_A

Determine from a
rough wavelength
measurement
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Frequency measurement by the frequency comb
T=1/f

_ _ <>

Fabry-Perot cavity :l A A A

i Pound=Drever—Hall

y Stabilization > > >
CW Ti:S laser |

822 nm, 500 mW
* Fourier-tr.

A (beatnote

detected by
photodiode)

rep

Frequency comb

Il

‘ll[’\)

>
frequency

Measu/\ fN f0+Nfrep
visible

frequency by few=JotN fr,—A

measuring
e —— | 4t

frequencies
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Measurement & compensation of the chirp

« Even though the CW seed

presueneyean:. 8 [| Fabry-perot cavity [] laser is very stable...
| ‘ ’ ‘ Qb POLI[Wd‘Pf'GV?F‘HEIH . .
s Ly v +__stabilization » ...the pulse amplification
Y. oY D =] BN | CWTi:S laser introduces a frequency drift
e S L] | 822 nm, 500 mW 1 Al -
Photonic fiber Fl1 ("chirp”) during the pulse.
i — Vow +400 MHz Fo2
AOM - * due to the sudden change of
cio o :
v = 55— refractive index in the
Y amplification cells
L2
L3
C

PD1 Stabilization

&

>

- ¢

Q a A N1
D v Ve—— 1

Pulsed Nd:YAG laser
532 nm, 300 mJ

Pulse stretcher % <? Vacuum tube

(pump for amplifiers)
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Measurement & compensation of the chirp

Heterodyne measurement of

e P . [ Fabry-Perot cavity :I the Chirp:
| | l Q:) EPound—Drever—Hall
Lq >V s _stabilization * Up-shift the CW by 400 MHz
£ O[] ——] , S TS laser _— (stable reference)
Photonic fiber Fl 1

e Superimpose the

i ) Vow +400 MHz G
” AOM ] - pulse-amplified output
m del
. « Measure the beatnote:
- 1 M-'::?:T'--—__,__ﬁ_lh . .

Output Deviation from
o :i v, 400 MHz=chirp, which can
b be reconstructed by FFT,
. filtering, FFT', taking the
derivative of the complex
phase

« Compensation: two EOM

& N D 1 D e e M e (electrc_)-optlcal modulator)
' 532 nm. 300 mJ cells with proper voltage
Pulse stretcher Q) <? Vacuum tube

(pump for amplifiers) pulses
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Measurement & compensation of the chirp

-
£ 0.2f(®) p
Frequency comb -~ 3
<f} [: Fabry—-Perot cavity :] . -
D
‘ ’ Qb Pound-Drever—Hall »n 0.1
|l | ‘ Lly v v Stabilization Q
L1 c
Y. .y [M o |  CW Ti:S laser > i
V> = o ! N ~ I 822 nm, 500 mW 0
Photonic fiber Fl 1 a; LR Pl
VCW : . \,lcw +500 MHZ % 1-01 1-02
AOM Time (us)
Fl 2 F
3-pass amplifier C Uncorrected
L2 d i S 50 /
L3 o
> = '
£ O0OfF*+
(&)
=50}
1 | L | L
, PD1  Stabilization 1.01
<= ¢ & Time (us)

A & N 1 A !
A ¥ ¥ F—x—1F |ruleedNGIAG ansr Corrected (remaining chirp is taken

532 nm, 300 mJ . . .
Pulse stretcher — ~ ¢”  Vacuum tube into account in the analysis)
(pump for amplifiers)
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2-photon spectroscopy: one-color

(n,)
v (n-1,1-1)
) %
v, =V .
laser atomic Y n2.12)
Red/blue shifts (due to thermal
motion) cancel each other
—p to first order
Thermal
R v ——— Problem:

transition probability is small —
would need gigawatt scale lasers
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2-photon spectroscopy: two-colors

V,TV,=V

atomic

(n,)

(n-1,1-1)

(n-2,1-2)

"Drawback”: Doppler-width |V1_V2|
is reduced "only” by a factor
(residual Doppler-width)

vl—l—v2

Thermal
Two-photon
(36,34) — (34.32) 100 MHz 1525 THz
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2-photon spectroscopy: two-colors

V,TV,=V

atomic

4

(n-2,1-2)

Advantage: we can choose the
virtual intermediate state close to a
real state

Av <10 GHz

Thermal

Increases transition probability by

several orders of magnitude, without
really involving the population of the
intermediate state (if not "too” close)

movement
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Measured three 2-photon transitions

N ’/Q Q
o P ¢y v a2 o » D & \\,/’\ \(/41
{,;ﬁﬁ sgg.zﬁ 5390'5/1 N 00
i% P15 3%70’35 Zeds ] 5.62 ﬁﬁ“éf %354_176%&‘ 40
4 G0 26208 76579,/ 10304 40 3 g__/— ~ 77352 J8047
D He+ 00 p = o 2) He"' oy 1538 A M# 39
p WVAMA = 67550 S77117 2 39 p £ 679.52
b5 77 67387 Z0 & —— 7 4o 676.59 28
597.60 E
597-5 égéﬁg—iﬁg 38 ,.,M,.,\g":,o, B £ Pz 594_5 594 51
A A 52750 5080 367y 37
gL 37 W W 3‘4 522775
4?0.4 469£ 4!28“11 ;5}4‘15 V4 36
¥ 36 W Y / 461746
W W 4164 :}3_95 46278
‘ 35
VAR 3714 A V:6 GHZ 40871
| %34 Av=6GH
WA A / 3af.90
331.34
33
WA Y
?2.79
B 32 Av=3GHz e 32
(to increase transition probability) 77-40
n=31 wwwwwy N=31
| =30 31 32 33 34 35 36 37 38 39 40 41 =30 31 32 33 34 35 36 37 38 39 40
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Measured three 2-photon transitions

Q
"/b 4// < _\\_ .
_gf — 3539 81051 a7o47 29061
e = 7§2i£0’ 776.05 41
: 579 7:7 35 L%
0L e Tﬁ/ 40
. 67911
W_ﬁ 673§ 675.{9 67747 2 29
o 597760

597.£ !5:9455‘9& 38

szg,é szsé 5:2%7

4694 468711

36

E4He+

WWAAAMANY
470.72

416.32

35
WAAMAAAAA 371_4\
o 7 34 Caution! These states are

331.34

populated metastable
states, avoid single-photon

vwmwvs)"'w‘w"w_é 33
/ transitions from these
5 states

n=31

| =30 31 36 37 38 39 40 41

32 33 34 35

34 35 36 37 38 39 40

LEAP 2013, Uppsala, Sweden

daniel .barna@cern.ch
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2-photon spectroscopy: annihilation signal

S 00- Clear annihilation peak

coincident with laser pulse (36,34)
-

Y

S -0.1-
2 01 1 (35,33)
I_ A
5
© -0.2- Vs —4
E y p He
5 (34,32)
< 20 25 30

Elapsed time (us)
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2-photon spectroscopy: not a 1-photon signal?

> 004  Canitoriginate from a

B single-photon transition? \ (36,34)
4]

E; V, "N * —

D 0.1 1 & (3533)
E * Doppler

o Av

o -0.2- V2 VaVaVy - _4

> Y He
s - (34,32)

=> T T T v T

< 2.0 25 3.0

Elapsed time (us)

Doppler bandwidth typically 0.4 — 1 GHz << Av =6 or 3 GHz
Should be OK!
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2-photon spectroscopy: not a 1-photon signal?

S 00- No signal if v_ is detuned by 0.5 GHz

- (36,34)
:g 'F’w*'**“#"‘pwﬂﬂvﬂwﬂﬂdﬁﬂﬁﬂﬁﬂﬂﬂ

2 011 Vi (35,33)
I_

z

@ -0.2- fv2 —4

E y p 'He

5 (34,32)

< 20 25 30

Elapsed time (us)

Our signal is clearly a 2-photon signal
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Intense laser fields can shift two-photon
transition frequencies proportionally to:

Rabi frequencies between
/ parent and virtual
0l_ O intermediate states (depends
I 2 on laser intensity)

Av
\ detuning from the real
intermediate state

Minimize it by
- adjusting laser intensities such that Q ~ Q, (<5 MHz)
. average results with £Av (<0.5 MHz)
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Measured resonance profiles

1 P “He (33,32)—(31,30)

P 3He (35,33)—(33,31)

\lriH/
1 0 1 1 —

Laser/requency offset [GHZ] Laser frequency offset [GHZ]

P “He (36,34) — (34,32)

|
L

Fitting function: numerical
simulation of the optical
rate equations

L Fractional

~ precision of
Hyperfine lines caused by  [— resonance
the interaction between - frequency:
S ¢ (S,,,) — 2.3-5x10°

[Nature 475 (2011) 484] Laser frequency offset [GHZz]
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Measured resonance profiles

1 P “He (33,32)—(31,30)

P 3He (35,33)—(33,31)

W
| | 5 l

Laser frequency offset [GHZ]

Doppler-broadened - Fractional
single-photon transition ~C precision of
(36,34)—(35,33) = resonance
[M.Hori et.al. PRL 96 (2006) [ frequency:
243401] = 2 3-5x 109

1

———

r{ '_ —

1III I|I

k

[Nature 475 (2011) 484]

Laser frequency offset [GHZ]
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Transition frequencies: exp - theo

p ' He(36,34)—(34,32) | EXp. —e—
—®—  $'He(33,32)—~(31,30) |Theo. —=—
- P 3 He(35,33)—+(33,31)

-15 -10 -5 0 5 10 15
(Vth - Vexp)/Vexp [ppb] Agreement: (2-5) x 10-°

2-photon

[Korobov
Phys.Rev.A77,042500]

daniel .barna@cern.ch LEAP 2013, Uppsala, Sweden Asacusa collaboration


mailto:daniel.barna@cern.ch

Transition frequencies: exp - theo

) 5 1 He(36,34)—(34,32) Exp. —e—
2-photon p 1 He(33,32)—(31,30) |Theo. —=—
—— p ® He(35,33)—(33,31)
-50 -25 0 25 50
(Vih — Vexp) /Vexp [PPD] Agreement: (2-5) x 10~

much better than before!

Comparison to earlier results: 1-photon  [pRL 96 (2006) 243401]
u

p'He ~_, a p *He - *
. -
= ] B =
n m °
—_—
@ | = -
| l | | | | | | l |
-20 -25 0 25 50 -50 -25 0 25 20

(Vtn — Vexp)/Vexp [PPD] (Vth — Vexp) /Vexp [PPD]
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The antiproton-electron mass ratio
from 2-photon spectroscopy
[Viflt) (mp/me)_v

(1)

(i) ]2

exp

Minimize Z

| =transitions O

\

m,Im,=1836.1526736-(1+1.3-10"")

[Nature 475 (2011) 484]
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The (anti)proton-electron mass ratio

Antiprotonic helium 1-photon _—— Earlier 1-photon

PRLI6(2006)243401 result!
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The (anti)proton-electron mass ratio

Washington Penning trap
|PRL75( 1.995)3598|

GSl/Mainz electron g-factor in 25
PRL88(2002)011603

proton

GSI/Mainz electron g-factor in O™
PRL92(2004)093002

Antiprotonic helium 1-photon

_PRLO6(2006)243401
\ Earlier 1-photon
CODATA2006 average result!
o o |
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(m,5/m. — 1836.152) /107"
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Washington Penning trap Assume CPT, proton=antiproton
PRL75(1995)3598 Average of 4 expts. gave the "official”
' proton-electron mass ratio in 2006

GSl/Mainz electron g-factor in 25
PRL88(2002)011603

proton

REVIEWS OF MODERN PHYSICS, VOLUME 80, APRIL-JUNE 2008

GSI/Mainz electron g-factor in O™ CODATA recommended values of the
PRL92(2004)093002 fundamental physical constants: 2006

- - - Peter J. Mohr, Barry N. Taylor, and David B. Newell
Antiprotonic helium 1-photon i Y

_PRL96(2006)243401

”...assume that CPT is a valid
symmetry, [.....] take the masses of
the antiproton and proton to be
CODATAZ2006 average equal and use the data to determine
the proton-electron mass ratio.
Since the proton relative atomic mass
is known more accurately than the
electron relative atomic mass from
other experiments, the mass ratio
yields information primarily on the
electron relative atomic mass...”

—_
06 06.5 67 67.5 68 €

(myp/m. — 1836.152)/107°
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The (anti)proton-electron mass ratio
Washington Penning trap

PRL75(1995)3598
; - i
GSl/Mainz electron g-factor in 25 _,5
PRL88(2002)011603 g
GSl/Mainz electron g-factor in O™
PRL92(2004)093002
) « Use CODATAZ2002 proton value
(they included our results later)
CODATA2002 average « Agreement 1.3 x 10°°
Antiprotonic helium 2-photon « Precision of P/e is approaching P/e
Nature47552011)484
Latest 2-photon result!
66 66.5 67 67.5 68 68.5 69

(m,5/m. — 1836.152) /107"
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The (anti)proton-electron mass ratio

Washington Penning trap
|PRL75( 1.995)3598|

GSl/Mainz electron g-factor in 25
PRL88(2002)011603

proton

GSI/Mainz electron g-factor in O™
PRL92(2004)093002

Antiprotonic helium 1-photon

_PRL6(2006)243401

Antiprotonic helium 2-photon

Nature475| 2011)484

CODATA2010 average
=

06 66.5 67 67.5 68 68.5 69
(m,5/m. — 1836.152) /107"
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The (anti)proton-electron mass ratio

Washington Penning trap
|PRL75( 1.995)3598|

GSl/Mainz electron g-factor in 25
PRL88(2002)011603

proton

GSI/Mainz electron g-factor in O™
PRL92(2004)093002

Using our 2-photon result

Antiprotonic helium 1-photon to determine electron
) PRL96(20.06)243401 ) atomic mass:

m_=0.0005485799091(7)u
Antiprotonic helium 2-photon

Nature475i 2011)484

CODATA2010 average
=

06 66.5 67 67.5 68 68.5 69
(m,5/m. — 1836.152) /107"
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SUMMARY

First 2-photon spectroscopy of antiprotonic helium:
m_/m_= 1836.1526736-(1+1 .3:107)

It is approaching the precision of m_/m_

CPT test: agreement with proton-electron mass ratio: 1.3x10°

Assuming CPT, determine electron relative atomic mass :
m_=0.0005485799091(7)u

Among others, antiprotonic helium spectroscopy contributes to the
current “official” proton-electron mass ratio

WE HOPE

to be able to determine m_/m_to an accuracy competing with m_/m_in
the near future (....)
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Thanks for your
attention...

... and to the CERN PS, AD team, CERN Cryolab, CERN Main Workshop, J. Alnis,
D. Bakalov, J. Eades, R. Holzwarth, V.I. Korobov, M. Mitani, W. Pirkl, T. Udem
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