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Laser measurements of the density shifts of resonance lines in antiprotonic helium atoms
and stringent constraint on the antiproton charge and mass
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We have performed laser spectroscopy of metastable antiprotonic helium quhaé)(formed in helium
media of 0.2-8.0 bars at 5.8—-6.3 K and have observed a density dependence of the resonance vacuum
wavelengths for the known transitions, () =(39,35)—(38,34) and (37,34)(36,33). They showed linear
redshifts of 0.630.01 GHz and 0.22 0.02 GHz per 1 g/l, respectively. With the shift parameters above, the
transition vacuum wavelengths were extrapolated to zero-density limits, yielgind97.2570-0.0003 nm
and\,=470.7220@- 0.0006 nm, respectively. These values, with a 0.5-ppm precision, were compared with the
result of recent theoretical calculations on the energy of the Coulombic three-body system, including relativ-
istic corrections and the Lamb shift. The agreement between our experimental values and the calculations has
become as good as>x210 6. This excellent agreement in turn provides a precise value of the antiproton
Rydberg constant that surpasses the currently known precision and sets a severe constraint on the antiproton
charge -Qp) and the massNl};) that both|Q,— Qyi/e and |M,—M]/M, be less than 510 ', when a
more precisely known constraint on the charge-to-mass ratio is combined. Thus we have opened a possibility
of determining fundamental constants of the antiprof&1.050-2947@9)04501-1

PACS numbgs): 36.10-k, 42.62.Fi, 32.70.Jz, 06.20.Jr

I. INTRODUCTION culation by Korobov[23] together with relativistic correc-
tions [24]). These theoretical calculations are based on a
Since the discovery of anomalous longevity of amipmton%hree-particleEe* He2* =5He*) model in which the;?He*
in helium medig1] we have studied this peculiar phenom- 4,0, s tacitly assumed to be isolated and in vacuum. Ex-

enon and proved that it is due to the formation of metaStabI%erimentally[S] these exotic atoms were produced by stop-

antiprotonic helium atoms pHe*) [2—6] by performing . ; . .
laser-induced annihilation spectroscdi@yg]. We have so far PInd P particles in(0.5-1-bar helium gas, cooled down to

found 13 resonance lines and clarified the level structure>~10 K in order to(@) freeze out impurity gases that other-
lifetime, and population opHe® atoms[9-19]. The mea- WIS€ would strongly quench the me@astab|l[181,5,16—18
sured transition energies for all the lines discovered showeid (b) to obtain a high enough density to produce a small
good agreement with theoretical predictidi’s20-24 (es-  stopping volume. In such relatively dense media pitée”
pecially with that of the molecular-expansion variational cal-atom is subject to frequent collisions with surrounding nor-
mal helium atoms so that the assumption of in-vacuum iso-
lation is by no means true. In fact, under this condition we
*Present address: Institute of Physics, Komaba, University of Tohave observed that certain metastable level lifetimes are
kyo, 3-8-1 Komaba, Meguro-ku, Tokyo 153-8902, Japan. shortened drastically with increasing density, as reported in a
TPresent address: Japan Society for the Promotion of Scienceéeparate papdd9]. Further effects of collisions are to shift
5-3-1 Kojimachi, Chiyoda-ku, Tokyo 102-0083, Japan. the resonance frequencies away from their original values
*present address: Department of Physics, University of Tokyoand to broaden the linewidth. In this paper we will focus on
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. the observed frequency shifts, the evaluation of which be-
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TABLE I. Summary of the shift measurements. Calibrated val-
6.2K 530 mb ues for the central vacuum wavelengths of the two resonances at
™ different target conditiongtemperature, pressure, and correspond-
E 0 [ e : : : : : ing density are shown with relative errors that include both statis-
S 024 02 028 03 032 034 036 038 04 tical and systematic errors for the relative wavelengths among dif-
§ 5.8K 1.6 bar ferent targets. In contrast to Fig. 2, the data points taken at similar
= conditions are averaged over in the table. The data writtetalic
% gg were taken for the purpose of the absolute calibration of the wave-
Tu/ 0 : : : : : : lengths with respect to the standard reference lines and the errors
® 024 026 028 03 0.32 0.34 036 0.38 04 given are the absolute errors instead.
«©
§ 5.8K 2.9 bar T (K) p (barg P (gll) *dp A (nm) = SN reliabs
o 0 m 6.2 0.17 1.380.03 597.2582 0.0003
024 026 028 03 032 034 036 038 04 6.2 0.31 2.43:0.05 597.258%0.0003
15.2 1.00 3.1%70.03 597.2598 0.0003
6.3K 4.5 bar 6.2 0.53 4.3%0.09 597.260% 0.0003
M% 5.8 0.54 4.780.10 597.2606 0.0002
] - - - , - , _ 6.2 0.94 8.0%0.18 597.262% 0.0004
024 026 028 0.3 0.32 0.34 0.36 0.38 0.4 5.8 1.56 16.1 0.6 597.268% 0.0005
5.8K 8.0 bar 5.8 2.0 23.¢61.1 597.273% 0.0006
5.8 2.9 455 597.28850.0007
6.3 4.5 786 597.31190.0022
5.8 8.0 1272 597.357G:-0.0011
Wavelength — 597 nm 6.3 0.18 1.430.02 470.7223 0.0003
i ) ) 5.8 0.50 4.3%0.09 470.722%0.0003
axes is not the same for different target conditions. 58 0.59 52%¥0.11 470.72240.0002
6.3 0.82 6.830.14 470.72320.0006
came essential in determining precisely the unperturbed trarf:> L.17 10.£0.2 470.723%0.0004
sition energies to be compared with the theoretical calcula®-3 0.97 10203 470.7236:0.0017
tions. 6.0 1.18 11.60.3 470.72390.0007
5.8 1.66 17.50.6 470.72440.0013
5.8 25 32:2 470.7280.001

Il. EXPERIMENTAL SETUP AND CONDITIONS

The experimental apparatus was the same as that usecjI|Hes [25,26]. The error for the absolute values of the wave-

the former measuremeni8] except for some mod|f|cat|0_ns length meter was specified as 600 MHz, but the relative error
of the target chamber of the cryostat. For complete detall_s Oamong different readings was found to be better from the
the experimental apparatus and technique, the reader is re- o —
ferred to Refs[8] and[19]. Our method was to stimulate eProducibility of the central wavelength of tigHe™ reso-

transitions between pairs of metastable us) and short- nance itself. Thésystematig error in relative frequency was

lived (~10 n9 states and to observe resonant enhancemeljili‘us 300 MHz. . . :
of antiproton annihilation, which follows the subsequent Au-, W€ have observed density shifts of the resonance lines
" — o . : . (n,1)=(39,35)—~(38,34) (597.26 nm and (37,34)
ger transition topHe?" ions [7]. Since we irradiated each ~.(36,33) (470.72 nn). These transitions lie at the ends of
pHe" atom with its own laser pulse distributed spatially in metastable radiative cascade seresn—|—1=3 and 2,
the p stopping region with a large radial width of 1.5 cm respectively. We measured resonance profiles by scanning
[full width at half maximum(FWHM)], a high-power laser the wavelength at different helium target conditions. Our
with a high repetition rate was required. We used a dye lasetlata were taken at various laser powers. As expected, the
(Lambda Physik LPD3002Epumped by a XeCl-excimer la- laser power did not have any influence on the center of the
ser (LPX240i) at =308 nm. In contrast to our previous resonance, though the width was increased for higher power
measurements, higher resolution of the laser frequency was account of saturation broadening.
required in view of possible small shifts. Thus the bandwidth In a series of experiments in 1995, our target pressure was
(FWHM) was narrowed from the conventional 5 GHz to limited to a maximum of 1 bar by the strength of the quartz
typically 1 GHz by using an intracavitytalon and aligning window of the target vessel. The temperature was kept at 6.2
the lasers carefully; in particular we took care to suppress thi, except for a few points taken at 15 K. In the next year we
amplified spontaneous emission. Under these conditions tHenproved the target system and took data at higher pressures
narrowest achievable bandwidth was 1.0 GHz. up to 8 bars. We made use of the supercritical phase of
The frequency or, equivalently, vacuum wavelength washelium, where the density increases with pressure continu-
measured by a wavelength mei@urleigh WA4500 that  ously without a phase transition from gas to liquid. Thus we
was calibrated with respect to standard iodine and telluriuntould achieve as high a density as that of liquid helium;
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FIG. 2. Central vacuum wavelength plotted against the densnyﬁ-“j S ?Q:‘
of the helium target at relatively low densities. The encircled data = [

taken at 15 K fall roughly on the linear line. The extrapolation to
the zero-density limit gives the transition wavelengths ofikke*

- ; - Laser step-motor position
three-body system unperturbed by collisions. The line thickness ) (arbitrary step number)

covers the statistical error of the linear fit to the data.

FIG. 3. A 597-nm resonance profile was taken with a target of
540 mb at 5.8 K, together with standard iodine-absorption lines in

helium of 8 bars at 5.8 K is denser than liquid heliup ( order to give an abs_olute _vvavel_ength calibratioa) «{(f) corre-
=125 g/l at 4.2 K under atmospheric pressure. Many datasSPond to reference Ilngs listed in Table Il. The central vacuum
were taken at 5.8 K with different target pressures, but wevavelength was determined to be 597.26@50002 nm.

avoided the(3-5)-bar region, which is close to the critical

point where the density changes drastically with slight preswhere)\ is the extrapolated value at the zero-density limit.
sure fluctuations. Instead, we took one data point at 6.3 Kin In order to give a reliable calibration for the absolute

order to do the measurement at a well-defined density.  wavelength values, one or two sets of resonance data for

each transition inpHe"™ atoms were taken simultaneously
lIl. OBSERVED SHIFTS with the standard atomic-absorption signals. Figure 3 shows
a resonance profile of the 597-nm line taken at our common
Figure 1 shows resonance profiles taken for thearget condition of 540 mb and 5.8 K, together with the
597.26-nm line at different pressures ranging from 530 mb tgypsorption and transmission signals from a standard iodine
8.0 barls at temperatures of 5.8-6.3 K. The g(aphs plot theg|| and a spectrum analyzéan d@alon) with a 3-GHz free
normalized count of the resonance peak area in the delayeg)eciral range. The central vacuum wavelength was obtained

annihilation time spectrpd—6] versus the calibrated vacuum as 597.2606 0.0002 nm for this condition and this value

wavelength. The center shifted toward longer wavelength :
. : t for th lut length calibra-
and the width became broader for higher pressures. We dwas used as a standard for the absolute wavelength calibra

. I %ion in determining the values for other ddee Table)l
termined the central vacuum wavelengths by fitting the pro- Figure 4 plots all the data at different target conditions,

file data with a Lorentzian convoluted with a Gaussian of the | . )
. . .which show 0.61%0.01 GHz and 0.22 0.02 GHz redshifts
laser bandwidth and plotted them against the target density. r 1 g/l for the 597-nm and 470-nm linésee Table II).

The target temperature and pressure were always monitor e shifts are linear within the experimental error, except for
and recorded on the data tape and their calibrated values P Y P

: . . One data point at our maximum density of 127g/82 mol/l
were converted into the density using a progf@W] based ) . ]
on the cryogenic helium database. It was essential to use thf| r the 597-nm line. For t.hat Ilne_the density has. large errors
conditions near the critical point, due to the high sensitiv-

database, especially at the supercritical phase where thE . . :
ideal-gas assumption is totally broken. ity of the density on fluctuations of the temperature during

. o . ctihe measurements. The fitting results gave the same shift
The results at different target conditions are summarize Slope within the error, regardless of whether or not these data
in Table | and Fig. 2(for lower density conditions which P ' €9

show linear redshifts for both transitions studied. The data agﬁg?] Irlﬁlgdn?galgutrg?ngtr?tn\?\;ag] Imﬁtggii (;f rt:a?xﬁrzgrr?mdet;as?t
15 K fit very well on the line if plotted against density, but ' y

; ; e . 2 g/l = 8 mol/l because the parent statel() = (37,34) was
not against pressure. This means that the shift is pro ortlon§1 - . . . .
to thgdensiit)yp with no significant dependence orF: thF()e tem_quenched by collisions at high density, reducing the height

erature. The vacuum wavelengthis thus expressed in the of the resonance peak until it disappeared as the density in-
?orm ' P creased19]. One interesting fact is that the 597-nm transi-

tion energy is more sensitive to collisions than the 470-nm
transition energy, while its lifetime shortening effect is much
A=N\o+tSp, less marked19]. These phenomena are not understood yet.
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TABLE Il. List of reference } and Te absorption lines used for A
the wavelength calibration. The identification number of the lines +597 nm  +470 nm
and the wave number values are taken from RgfS,26 and are o 10— T -
listed together with calculated corresponding vacuum wavelengths. & gg | m Jdoss Lovs
a—f correspond to the lines in Fig. 3. oy 60 3 L ]
c L 4
7] 7 597 nm ] - 0.76
Wave number Vacuum wavelength 40 | Jos |
Line No. (cml) (nm) 20 F e ] - 0.74
[ .'..”TJ w470 nm ] N
128, reference lined 0 ;'lﬂdl T L
4509 16742.0419 597.29871 0 50 100 150
4510 16742.2272 597.29210 Density (g/)
4511 16742.3125 597.28905
4512 16742.4869 597.28283 FIG. 4. Central vacuum wavelength plotted against the density
a 4513 16742.7148 597.27470 of the target helium for ther(!) =(39,35)—(38,34) (597-nm and
b 4514 16742.9009 597.26806 (37,34)—(36,33) (470-nm resonance lines. No resonance was ob-
c 4515 16742.9484 59726637 served for the 470-nm line at density higher than 32 g/l because of
d 4516 16743.0984 597 26102 the quenched population of the parent state, which is no longer
e 4517 16743.4965 597.24682 metastable.
f 4518 16743.5754 597.24400 wavelengths\, are the ones that should be compared with
4519 16743.8554 597.23402 the theoretical one.
4520 16744.0762 597.22614 We determined this value taking special care of the abso-
lute wavelength calibration. Only the data at relatively low
1307, reference line& densities were used for the extrapolation. In this way we
59 21242 6542 470.75097 obtained\ ,=597.257@- 0.0003 nm anq 470.72211).0005 _
60 21243.4691 47073291 nm for the two resonances. The errors include both statistical
61 21245 9655 470.67760 and systema_lt|¢callbrat|or) errors ar_1d are smaller than the
laser bandwidth. Thus the accuracies have improved by one
aReferencd 25]. order of magnitude compared to our earlier repf8t& 1] on
bReferencd26]. the discovery of those resonances. These more recent values

were compared with those of the relativistic calculatiag,)

by Korobov [24] and small but significant discrepancies
were revealed:Niy,— Ag)/\g~8 ppm for 597 nm and 6 ppm
for 470 nm, as indicated by open circles in Fig. 5.

The observation of the shifts has provided a more direct Furthermore, recently Elandest al. [28—3(0 and Kino
comparison between the experimental transition energies arat al. [31,32] have come up with calculations including not
the theoretical calculations. The wavelengths of the 13nly relativistic corrections but also the Lamb shift. Korobov
known resonant transitions agree especially well withhas also revised his calculation in the meantime, using the
molecular-expansion variational calculations by Korobovatomic-expansion variational method instd&8]. All their
[23]. The discrepancy found was generally about 50 ppm fowalues agree with each other, and with relativistic corrections
the “favored” (n,I)—(n—1]—1) transitions and about 100 and the Lamb shift taken into account, the discrepancies be-
ppm for the “unfavored” f,1)—(n+1]—1) transitions. tween theoretical and experimental values have become only
These discrepancies were further reduced to several ppm a-few ppm or less, as shown in Fig. 5. In particular, the latest
ter taking into account the relativistic eff§@4], as shown in  values by Korobov and by Kinet al. agree with each other
Ref. [14]. In the figure therein, however, the experimentalextremely well, in spite of the fact that they have used dif-
values compared were for our common condition of 0.5 baferent computational methods with different basis sgso
at approximately 6 K, while the theory calculated values foret al. use a coupled-rearrangement-channel variational
an isolated three-body atomic system, i.e., at the zero-densitpethod[31,32.) Korobov now claims that his values for the
limit. Now that we know that density shifts occur for the nonrelativistic energies are accurate to 0a.u. (corre-
597- and 470-nm transitions, their extrapolated vacuunsponding to parts per frder accuracies for transition en-

IV. TRANSITION WAVELENGTHS
AT ZERO-DENSITY LIMITS

TABLE Ill. Extrapolated vacuum wavelengthg at the zero-density limit and shift parameters in various
units. The larger errob\ for the 470-nm line than for the 597-nm line is due to a larger error in the
calibration of the absolute wavelength.

Wavelength Density shift
Transition Ao Sh\g Avlp AvIN (ANN) p
(n,H—(n",1") (nm) [GHz/gM)] (10" 2\GHz/cm 3) [ppmAg/N]
(39,35—(38,39 597.257G-0.0003 —0.61+0.01 —4.05+0.07 1.22-0.02

(37,39—(36,33 470.722(3-0.0006 —0.22+0.02 —-15+0.1 0.34:0.03
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theoretical calculations do, the agreement is a signature of

|(39,35)(38,34) | _ Experimental

“value -7 the excellence of theoretical treatments and calculation tech-
Nonrelativistic v niques of the Coulombic three-body system including QED
caloulations corrections. On the other hand, if we take the calculation

7\ Relativistic correction|

/
/

><-T results for granted, this in turn gives a stringent test of the
, ; fundamental constants of the antiproton. In that sense, the
r o :_T current work provides the best test ground of the Rydberg
| Kmoedl constant[R..(p)], charge ¢Qj), and mass M) of the
N o_j’ antiproton. From the agreement between the experimental
Elander et al. L e and the theoretical results with their errors taken into consid-
. . . y . eration, we postulate the relation for the transition energies

597.220 240 260 (AE) of the pHe" atoms

Koroi)ov

Vacuum wavelength [nm]

|AEth_ AEexptl _ |7\th_ 7\O|

— 6
AE o 2x10

70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50

to deduce constraints on the fundamental constants.

Deviation (ppim)

The charge-to-mass ratiQ,/My of the antiproton is
known with a high precision of to be the same as that

| (37,34)—(36,33) | .. Experimental of the proton from a measurement of the cyclotron frequency
Svalee T in a trap experiment at Low Energy Antiproton Ring
Nonrelativistic Tw (LEAR), CERN by Gabrielseet al. [34]. This provides an
°al°“l‘“iff}§_\Relaﬁvisﬁc oo extremely severe constraint as
Qp_ ﬂﬂ <1x10°°,
M

470,700 720 740

Vacuum wavelength [nm]

but does not mean that the charge and the mass were deter-
mined with that high precision. A poor constraint is known
for Q, (and Mpy) only to such a precision that
|Qp— Qpl/e<2x10"° [35], from an x-ray measurement of
antiprotonic atom$36] that has determined the antiproton’s

Rydberg constant to a precision o&x80 °. The relation
FIG. 5. Experimental values of the vacuum wavelengths forbetween the precision of the transition energy and that of the
transitions (39,35)-(38,34) and (37,34)>(36,33) compared with " charge and the mass is written in the following equation

recent theoretical valud24,29,32,3% which agree within the pre- 1357 it \ve neglect a small correction due to the finite mass of
cision of a few ppm when the relativistic corrections and the Lamb

shift are taken into account. The so far known precision of thethe heavy nucleus:
antiproton Rydberg consta(®0 ppn) is comparable to the discrep- M-620-2 u 2
ancy in the figure between the nonrelativistic calculations and our AEMROC(B)E P& Qp o 4(& «M=3 &
experimental value, while the error of the present measurement of 2(47780)2ﬁ2 P M5, P My,
0.5 ppm(upper figurg is by far better than that. Note that the ppm 1)
scale applies to both transitions.

-1

and thus
ergieg and that his relativistic values with the Lamb shift are
precise within a computational uncertainty of 0.5 p[®8].
Also, his estimation shows that the contributions of higher-
order relativistic and QED terms to the energies are at least
one order of magnitude smaller than the Lamb sfif], . P .
which justifies his values to the ppm accuracy. These theoo ¢ the valuerLMp Is precisely knowr|34].

f .
reticians are currently working for even more accurate values N OUr case, theHe™ atom is a three-body system and the
and further results are anticipated. relation above may not be rigorously applied, but a similar

equation should be used in order to set a new limit on the

antiproton chargéand the magsfrom the achieved precision

of the pHe" transition energy. Very recently, Kinet al.

_ have performed energy calculati¢87] with p charge and
The excellent agreement between experiment and theomyass that simultaneously deviate slightly from their original

has opened a possibility of deducing fundamental constantgalues(i.e., the values for the protpnThe simultaneous de-

of the antiproton by means of high-resolution spectroscopysiation ensures the required condition that the charge-to-

of the pHe' atom. If we assume th€PT invariance be- mass ratioQ,/My be constant. Note that no deviation is

tween the properties of the proton and the antiproton, as thadded to the helium nucleus and the electron. Their results

SAE R.(p) _8Qy oMy
AE  R.(p) e T wm

@

p

V. PRECISE DETERMINATION
OF ANTIPROTON CHARGE AND MASS
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give a +(4.1-4.5-ppm shift of transition energies for the medium. The central frequency showed linear redshifts of
two resonances in question perl-ppm simultaneous devia- 0.61+0.01 GHz and 0.220.02 GHz per 1 g/l for the
tion of thep charge and the mass: 597-nm and 470-nm transitions, respectively. The extrapo-
lated values at zero-density limits were compared with recent
theoretical calculations including relativistic and QED ef-
fects and showed agreement at precisions of 2 ppm. This
(3) already surpasses the currently known precision of the anti-
proton’s Rydberg constant, giving the best constraint on the

p charge and mass. Thus the high-precision spectroscopy of

pHe* atoms has opened a possibility of measuring funda-
mental constants of the antiproton.

AE g e

SAE  S\g 605 [8Q= M=
= 0_ 2 ( Qb _ p), f~4.1-4.5.
e M,

With this equation we obtain
o6Qy, SMy
&<5>< 107, —P<5x1077, 4
e Mp
which gives more than one order of magnitude better con-
straint on the antiproton charge and mass than the currently
known value. Moreover, the experimental precision itself is
as good ago\g/N\g|=0.5 ppm (for the 597-nm transition

wavelength and will be improved in the near future. So the . . - .
potential limit is even narrower than the status quo as far agERN for their tireless dedication to providing us with the

the experimental sector is concerned. So far, our data haJ¥€cious antiproton beam and to the CERN cryogenics group
been limited to the two transitions, but we are ready to ex{OF invaluable help in modifying our cryostat. We are grate-
tend these measurements to other transitions to test tHél to Dr. V.I. Korobov and Dr. Y. Kino for the stimulating
theory. It would be most welcome that theoretical work in dlscyss[ons and for giving us their theoretical results prior to
the near future advances to a precision below ppm, takm@ubhcatlon. The present work was supported by the Grants-

into account small effects including higher-order QED termsIn-Aid for Specially Promoted Research and for International
Scientific Research of the Japanese Ministry of Education,

V1. CONCLUSION Science and Culture, the _German Bundesmir_listerium fu
Forschung und Technologie, and the Hungarian National
In summary, we have observed density shifts of the laseBcience Foundation. H.A.T. acknowledges support of the Ja-
resonance lines of antiprotonic helium atoms in dense heliurpan Society for the Promotion of ScienGtSP$.
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