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This last of a series of three measurements improves the comparison of antigpdtand proton
(p) by almost a factor o10° over earlier exotic atom measurements, and is the most pré&igetest
with baryons by a similar large factor. Measuring the cyclotron frequencies of a simultaneously trapped
p and H™ ion establishes that the ratio gf m for p and p is —0.99999999991 =+ 0.000 000 000 09,
more than 10 times the accuracy over our previous measurement.9 Phis0~!! comparison makes
the first use of simultaneously trapped patrticles for sub-ppb spectroscopy. [S0031-9007(99)08869-9]

PACS numbers: 06.20.Jr, 11.30.Er, 14.20.Dh, 32.80.Pj

The first comparison [1] of the antiprotép) and proton  measured while it has a small cyclotron radius, and the
(p) established the discovery of tipe Later comparisons, other is “parked” in a cyclotron orbit large enough to pro-
deduced from measurements of x-ray transition energieduce no detrimental effect at our accuracy. (The alterna-
for p orbiting as “heavy electrons” in exotic atoms [2— tive of two trapped ions sharing a magnetron orbit was
4], attained a fractional accuracy 6fx 1073, In this used to demonstrate much less precise mass spectroscopy
Letter, we report the last of a series of three comparisonglL0], but has not led to the predicted improvements in ac-
of the charge-to-mass ratios fprand p. Together these curacy.) Our accuracy is comparable to the most precise
improve upon the exotic atom measurements by nearlynass spectroscopy of conventional ions in environments
a factor of 10° (Fig. 1a), and this third measurement more favorable than that of an accelerator hall [9,11].
improves our second by more than a factot@{Fig. 1b). The new comparison is the most precise testBf" in-

The three comparisons each involye accumulated at variance made with baryons by approximately 6 orders of
4.2 K using the slowing, trapping, cooling, and stackingmagnitude. C, P, andT represent the charge conjugation,
techniques developed by our TRAP collaboration [5,6] toparity, and time reversal transformations, respectively.
reduce by10'" the energy ofp from the unique Low The invariance of physical laws under the combined trans-
Energy Antiproton Ring (LEAR) at CERN. Charge-to- formationCPT is widely assumed to be true, despite vio-
mass ratiosg/m, are deduced from cyclotron frequencies, lations of C, P, andT separately. The Lorentz invariant,
v. = gB/(2mm), in a magnetic field3. The first[7]used local field theories that describe all interactions but grav-
100 trappedp and p for a 40 ppb comparisonl (ppb= ity are invariant unde€PT [12]. The most recent specu-
107%). The second [8] used individually trapp@dand p lations aboutCPT violations have arisen in the context
to attain a 1 ppb comparison accuracy.

Two new features of this third comparison @fm for 104 F— : : : ,
p and p allow us to attain a 90 ppt accuracy gpt = 102 |© Bevatron (p discovery) @ ()
1072 = 1 meV). First, anH~ ion is used in place of _ 105} cery 4 , )
a p to eliminate the most important systematic uncertainty§ 104F  BNL . 2?3,?%‘3
of the previous measurement (see below). The measureg 10t 1 4 ® Trapll
v.(H ™) is simply converted to.( p) using g 10 ¢ g,

ve(p) = 1.001089218750 (2) v.(H ™). 1 3 ig TRAPI ]

The conversion adds no uncertainty to our measurement 10} TRAPII o - TRAP Il
since the).1% correction from the electron-to-proton mass ~ 10%% _ TRAP Il (this work) o { 0 ¢
ratio [9], the 14 ppb correction for th& binding energy, 1960 1970 1980 1990 2000
and the 0.8 ppb correction for tl&~ electron affinity are year

all known much more accurately than needed. The seconds 1 (a) Accuracy in comparisons @ and p. (b) The

new feature is that thg and H~ are in the same trap at measured difference betwegym| for p and p (TRAP IIl) is
the same time. Oscillation frequencies of one particle arénproved more than tenfold.
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of string theory [13,14]. CPT invariance implies that the ». via an invariance theorem [20],

magnitudes of the inertial masses, charges, mean lives, and NI 2 2

magnetic moments are identical for a particle and its an- ()" = (o)™ + ()" + ()™, 2)
tiparticle. Despite the fundamental importanc&@fT in-  independent of the leading perturbations of an imperfect
variance, precise experimental tests are scarce [15]. OnRenning trap (e.g., tilts of the magnetic field and quadratic
one lepton measurement (comparing the magnetic momeirhperfections in the trapping potential). Attaining an ac-
of et ande™ [16]) and one meson mass comparison (ofcuracy of 90 ppt10~'2) in v, requires that’. be measured

K andK? [17]) are of comparable or higher precision thanto this accuracy and that be measured to 600 ppb. Since
the baryon comparison reported here. The new measure;, is needed to only 1%, occasional measurements and the
ment also constrains possible violations of Lorentz invari-estimater,, ~ v2/(2v!) suffice.

ance in a recent compilation of extensions to the standard The cyclotron and axial motions of a trappgcor H~
model [18]. induce detectable oscillatory voltages across resdr@Rt

Our measurements take place within an “open acces<ircuits (e.g., Fig. 2). Energy dissipation in the circuits
Penning trap [19]. A spatially uniform, 5.85 T magnetic damps these motions into thermal equilibrium with the
field is superimposed upon an electrostatic quadrupoleuned circuits near 4.2 K. To maximize signal and damp-
produced by applying potentials to stacked cylindricaling, the quality factor @) for each circuit is made as large
rings. These electrodes are gold-plated copper with aas possible. The circuit resonant gt is tuned slightly
inner diameter of 1.2 cm. A cross section of the centralvith a varactor, and) = 900. Oscillatory voltages ap-
ring electrode is represented in Fig. 2a. Careful choiceplied to one ring section can selectively excite only one
of electrode lengths and applied voltages produce the higparticle, since observed resonance widths are much nar-
quality electrostatic quadrupole potential required to makeower (<1 Hz) than thel0°> Hz difference between, for
particle oscillation frequencies as independent as possiblée two species. Special relativity shifts the cyclotron fre-
of excitation energy. A useful orthogonality keeps the wellquency [8] in proportion to the cyclotron enerdy by a
depth from changing when electrode potentials are tunetiny but clearly observed fractior; E./mc? < 2 X 1077,
to improve the quadrupole potential [19]. The trap is inDriven axial motion (Fig. 2c) is similarly detected using
an enclosure kept at 4.2 K by liquid helium, producinga superconducting inductor and shield (made of NbTi to
a vacuum that earliep measurements indicated is better permit operation in the larg® field) with a highQ =
thans x 10~7 Torr [7]. 3200 at v..

A p in the Penning trap (or al ) oscillates in three Loading a singlep and H~ for measurement typically
motions [20]. The harmonic axial motion, at frequencyrequires 8 hours, starting with a 250-ns pulse of 5.9 MeV
v, = 1.149 MHz, is along the direction of the magnetic antiprotons from LEAR. Approximately0?® of the 10%
field. The trap-modified cyclotron motion, at frequency p slow below 3 keV in a degrader, are caught in the trap
v! = 89.3 MHz, is a perpendicular circular motion, as [5], and then cool via collisions with X 10° cold trapped
is the magnetron motion at the much lower frequencyelectrons to 4.2 K [6]. More electrons yield more cold
v, = 7.4 kHz. These three eigenfrequencies determings, but the number used allows of ord800 H~ to be
trapped at the same time, presumably as hydrogen atoms
liberated from the degrader pick up cooling electrons.
These electrons must be ejected to avoid collisions that
strip the H~ and shift oscillation frequencies. They are
centered with sideband cooling [20], then escape when the
trap potential is repeatedly pulsed off for 200 ns, leaving
trapped the more massiyeandH ~.

—— To reduce the number gb and H~, we excite their
cyclotron motions with strong frequency-chirped driving
pulses applied to one section of the ring electrode, then
slowly reduce the trapping potential frogv to 0.7 V.
Meanwhile, strong noise-broadened drives increase the ax-
ial energy of any contaminant electrons and negative ions,
encouraging them to leave the trap. We resolve the rela-

6 5 4 3 2 45 o 4 tivistically shifted cyclotron resonances of the few re-

vy - 89 246 453.58 Hz vy — 1149 430 Hz maining p and H™, ar_ld selectively drive their cyclotron
motions until only ongp and oneH ~ remain trapped. One
FIG. 2. (a) Central trap electrode, viewed aloBg and the  of these is then excited to a large cyclotron orbit. The other

LCRdetection circuit used to observe the signal induced by frees ~antered for measurement via sideband cooling [20]
cyclotron motion (b). Driven axial signal (c) induced across a '

similar circuit, as the drive is stepped up or down in frequency(SIOW mO(_:IuIations of the t.rapping pot'entia! permit side-
every 4 s, is delayed by a detector time constant. Thus ~band cooling even when, is temporarily shifted.) An
(needed to+0.7 Hz) is midway between the peaks. improved technique for expelling electrons from the trap
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increased the lifetime of a trappéfl, but generally not Despite a meticulously tuned magnetic field, the field val-
beyond 1 day, although we have been able to kegp a ues at the location of thg and p differed by up to 1 ppb.
trapped for months. (On two occasions we kepgt and  This systematic uncertainty, and the effect of an imper-
H~ together for 5 days.) We presume that energdtic  fect electrostatic quadrupole, are negligible wheirip)
ions are stripped via collisions with undetected electronsaind ».(H ~) are compared, because the trapping potential
in large orbits, a loss mechanism not available f®.aln  is changed by less than1%. Another substantial advan-
our measurements of relativistic decay curves (e.g., Fig. 3}Jage is that the disruptive process of loading a new particle
we do not see the distortions that occur when even a singl@ncluding rapid applications of high voltages, loading and
electron is near the trap center. dumping large electron clouds, etc.) is avoided. Also, the
A measurement begins with a pulsed excitation of thep andH ™~ are interchanged much more rapidly, so that the
inner particle to a cyclotron energf. = 200 eV and magnetic field drifts less between measurements.0p)
radius of350 um. Energy lost to the detection circuit andv.(H ™).
makesE . decay exponentially. The relativistically shifted Tiny and unavoidable drifts in the magnetic field are
cyclotron frequency thus decays exponentially back to amrucial sincev. for p and H~ are measured at different
unshifted value (Fig. 3a) which can be extracted from artimes. External fluctuations iB (from nearby accelerator
exponential fit. Occasional excitation pulses (three arenagnets, cranes, etc.) are reduced by up to a factor of
shown in Fig. 3b) keep the outer particle in a large enougli50 within our self-shielding solenoid [21], and by eddy
orbit (e.g.,E. > 4 keV andr > 1.6 mm in Fig. 3) that currents induced in the copper vacuum enclosure. With
no shift inv! or v, is observed as the energy of the outercareful regulation of the gas pressures over the helium
particle changes. After the inner particle’s cyclotronand nitrogen dewars for the superconducting solenoid, the
energy decays enough so that we can no longer reliablffeld drifts primarily in response to temperature changes
measure the cyclotron resonance, the particle positions ane the accelerator hall. External magnetometers, pressure
interchanged, using sideband cooling to remove the energgensors, and thermometers allow us to fit only data taken
associated with the large orbit. Between four and eightvhile B drifts slowly enough in time to be modeled with
cyclotron excitations, alternating between centergd a polynomial of order4 or less (e.g., Fig. 4). One fit
and H~, were completed during each measurement (e.gparameter is the possible difference betweegm for p
Fig. 4), along with measurements pof. The automated andp.
measurements took place during the night, when magnetic For the first eight measurements, large summer tem-
noise and drift, electrical noise, and mechanical disturperature fluctuations in the accelerator hall produced field
bances were lowest. drifts as large as 2 parts i)° per hour. We could re-
Simultaneously trappeg andH ~ (with nearly the same liably observe small cyclotron excitations with relativis-
g/m) avoid systematic uncertainties of concern in a directic shifts of onlyAv. = 0.3 Hz. The cyclotron damping
comparison ofp andp (which differ in the sign ofy/m).  time was(y.)~! = 14 min, and it took about two hours
Beforev.(p) could be measured in the earlier experimentto switch betweerp andH ~. Fits for each measurement
[8], the p had to be ejected from the trap and the trap-of six to eight cyclotron decays hag? (per degree of
ping potential reversed. Patch effects on the electrodeseedom) as large as4, and small offsets in the residuals
prevented an exact reversal of this potential, with the resuliear the end of some decay curve showed the desirability
thatp andp resided at locations separated by up@oum.  of less field drift and more rapid switching betwegrmand
H~. Although such offsets could not mimic a difference
betweenry/m for the p andp, we used the 290 ppt scatter
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FIG. 3. (a) Special relativity shifts the cyclotron frequency of
p as our detector slowly removes its energy. (b) Simultaneous
signal from anH~ kept in a large orbit by three pulsed FIG. 4. Fit to cyclotron decays op and p (from H™)
excitations. superimposed upon a slightly drifting magnetic field.
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violations would makev.(p) andv.(H ™) differ in addi-
500 | % first 8 measurements final ] tion to the familiar mass and binding energy corrections,
2 o result without making|q/m| different for p andp. -
= 1414 o L [J We are g_rateful for access to the unique LEAR faC|I_|tyZ
500 | % improved damping ] and to J. Kim for early experimental assistance. Prelimi-
and detection nary data analysis is in the Ph.D. theses of A. Khabbaz
FIG. 5. Nine measurements of fractional differencesqifv| [22] and C. Heimann [23]. Support came from AFOSR,
for the p and p, and their weighted average. NSF, and ONR of the U.S., from the BMBF of Germany,

and from KOSEF of Korea.

smaller uncertainties from the fits, as the uncertainties for
these measurements (Fig. 5).
For measurement nine, smaller autumn temperature
variations and better regulation of the dewar pressure re- «cyrrent address: CB440, JILA, Boulder, Colorado.

duced the field driftté X 107" h™". Increased coupling  [1] 0. Chamberlain, E. Segré, C. Wiegand, and T. Ypsilantis,

between the cyclotron motion and th&R circuit, and Phys. Rev100, 947 (1955).
reduced circuit capacitance, improved the signal to noise[2] E. Hu, Y. Asano, M. Chen, S. Cheng, G. Dugan, L. Lid-
and damping. Cyclotron excitations witkw, = 0.1 Hz ofsky, W. Patton, C. Wu, V. Hughes, and D. Lu, Nucl.

could be reliably detected, and we could shift between  Phys.A254, 403 (1975).

p and H~ every hour. The fit had? = 1.0 and the  [3] P. Robersoret al, Phys. Rev. C16, 1945 (1977).

residuals showed no offsets because we better determine%} g- ROGt;T)r:ise,lspehys).(Rel\:/.eim7,K358H(:|?n7e8r)8.0n <. Roiston

a smaller magnetic field drift. Unfortunately, our mag- C P T TE e T ro ’

netometers showed the onset of magnetic activity after \Ffv' ljoelker, T Trainor, H. Kalinowsky, J. Haas, and

. . . . Kells, Phys. Rev. Lett57, 2504 (1986).

the first fogr decgys shown in Fig. 4, and LEAR closed [6] G. Gabrielse, X. Fei, L. Orozco, R. Tjoelker, J. Haas,

before additional improved measurements could be taken. *  yalinowsky, T. Trainor, and W. Kells, Phys. Rev. Lett.

Nonetheless, this short measurement alone gives a 170 ppt 3 1360 (1989).

comparison ofy/m for p andp. [7] G. Gabrielse, X. Fei, L. Orozco, R. Tjoelker, J. Haas,
The largest uncertainty is the imperfect modeling of H. Kalinowsky, T. Trainor, and W. Kells, Phys. Rev. Lett.

the magnetic field drift. Other systematic uncertainties 65, 1317 (1990).

contribute much less, as can be demonstrated with greal8] G. Gabrielse, D. Phillips, W. Quint, H. Kalinowsky,

sensitivity by looking for changes during a cyclotron G. Rouleau, and W. Jhe, Phys. Rev. L&, 3544 (1995).

decay. The orbit of the outer particle is kept large enough ~ There is a one digit misprint in Eq. (2), which should read

that no shifts inv/. and v, can be observed while the outer OD'99F9 99?]998581)' van Dvck 4 P. Schwinb

orbit changes radius. Uncertainties due to extremely small[g] . Farnham, R.S. Van Dyck, Jr., and P. Schwinberg,

. ) . Phys. Rev. Lett75, 3598 (1995).
residual magnetic gradients are also smaller as long as tl?fo] E.A. Comell, K.R. Boyce, D.L.K. Fygenson, and D.E.

appropriate sideband cooling procedure is used to pool Pritchard, Phys. Rev. A5, 3049 (1992).

andH" to the same location for measurement. A slight[11] F. DiFilippo, V. Natarajan, K. Boyce, and D. Pritchard,
mistuning of our relatively lonQ cyclotron detector also Phys. Rev. Lett73, 1481 (1994).

produces no observable shift. [12] G. Luders, K. Dan. Vidensk. Selsk. Mat. Fys. Me@8, 5

A weighted average over the nine measurements (Fig. 5)  (1954). .
thus yields a greatly improved comparisonggfm for p  [13] V. Kostelecky and R. Potting, Nucl. Phy8359 545
andp: (1991).
[14] J. Ellis, N. Mavaromatos, and D. Nanopoulos, Phys. Lett.
./ q B B 293 142 (1992).
p)/z (p) = —0.99999999991(9). ©) [15] Particle Data Group, C. Casst al., Eur. Phys. J. 3, 1
(1998).
The accuracy exceeds that in our previous measurement 6] R.S. Van Dyck, Jr., P. Schwinberg, and H. Dehmelt, Phys.
more than a factor of 10 (Fig. 1b), and improves upon the  Rev. Lett.59, 26 (1987).
earlier exotic atom measurements by a facto6 of 10°.  [17] L.K. Gibbonset al., Phys. Rev. D65, 6625 (1997).
At a fractional accuracy = 9 X 101 = 90 ppt there is [18] R. Bluhm, V. Kostelecky, and N. Russell, Phys. Rev. D

thus no evidence fo€ PT violation in this baryon system. 97, 3932 (1998).
This is the most precise test @fPT invariance with a [19] G. Gabrielse, L. Haarsma, and S Rolston, Int. J. Mass
baryon system by many orders of magnitude. Spectrom. lon Phys88, 319 (1989);93, 121 (1989).

4 . . 20] L.S. Brown and G. Gabrielse, Rev. Mod. Ph 233
Finally, the comparison op and H~ also uniquely [20] (1986). s,

establishes the ”’T_‘i_th; <4 X 107%%, where rl} = [21] G. Gabrielse and J. Tan, J. Appl. Phg8, 5143 (1988).
hiw.(p)f/mc? quantifies extensions to the standard mode[22] A. Khabbaz, Ph.D. thesis, Harvard University, 1998.
that violate Lorentz invariance, but n6¥P7T [18]. Such [23] C. Heimann, Ph.D. thesis, University of Bonn, 1998.

7

m

3201



