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Quantum jumps between Fock states of a one-electron oscillator reveal the quantum limit of a

cyclotron.

With a surrounding cavity inhibiting synchrotron radiation 140-fold, the jumps show a

13 s Fock state lifetime and a cyclotron in thermal equilibrium with 1.6 to 4.2 K blackbody photons.
These disappear by 80 mK, a temperature 50 times lower than previously achieved with an isolated
elementary particle. The cyclotron stays in its ground state until a resonant photon is injected. A
guantum cyclotron offers a new route to measuring the electron magnetic moment and the fine structure

constant.

PACS numbers: 03.65.—w, 42.50.Ct

The quantum limit of an electron cyclotron accelerator
is demonstrated for the first time. When the cyclotron is
cooled to 80 mK, 50 times lower than previously realized
with an isolated elementary particle, quantum nondemoli-
tion (QND) measurements show that the electron stays in
the ground state of its cyclotron motion for hours, leaving
only in response to resonant photons deliberately intro-
duced from outside. At higher temperatures, blackbody
photons are present in sufficient numbers to occasionally
excite the electron cyclotron motion. QND measurements
show the cyclotron oscillator remains in an excited en-
ergy eigenstate for many seconds before making an abrupt
gquantum jump to an adjacent state. The striking isolation
of the electron from its environment is due to a 140-fold
cavity-induced suppression of the spontaneous emission
of synchrotron radiation. Analysis of the quantum jumps
provides away to measure the temperature of the electron,
the average number of blackbody photons, and the spon-
taneous emission rate. Quantum jump spectroscopy pro-
vides away to precisely measure the frequency separation
of the lowest quantum states. A variety of applications
are mentioned in conclusion.

The quantum cyclotron provides an unusual opportunity
to observe and manipulate long lived states of a harmonic
oscillator.  When written in terms of raising and lower-
ing operators, the Hamiltonian of the two dimensiona cy-
clotron He = hrc(afa + 1/2) is formaly equivalent to
that of the familiar one dimensional harmonic oscillator.
The energy eigenstates of the electron cyclotron (|n = 0),
[n=1), ... in Fig. 1a) are often called Landau levels.
They are formally equivalent to the familiar number states
of the harmonic oscillator, often called Fock states in
quantum optics. Though these states are well-known to
every student of quantum mechanics, the production, ob-
servation, and use of Fock statesin experimentsis surpris-
ingly difficult and rare. The unusually high probability
P > 0.999 to be in the ground state of the quantum cy-
clotron, and the extremely long lifetime of the Fock states,
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should make it possible to excite any superposition of the
lowest Fock states with a properly tailored sequence of
drive pulses.

We report the nondestructive observation of Fock states
ashighas|n = 4). Only zero- and one-photon Fock states,
[n = 0) and |n = 1), have previously been observed for a
radiation mode of a cavity [1,2], though efforts are under
way to observe two-photon and higher Fock states [3]. A
ground state occupation fraction P = 0.95 was reported.
Vibrational Fock states of a laser-cooled Be* ion in a
potential well have also been selectively excited, starting
from a similar ground state occupation of P = 0.95 [4].
The formation of these Fock states was deduced destruc-
tively, from repeated measurements which transferred the
population of identically prepared states to internal energy
levels, whose monitored time evolution reveaed the origi-
nal state. Very recently, the |n = 0) and |n = 1) Fock
states of neutral atoms oscillating in aone dimensional har-
monic well were also observed [5] with P = 0.92 for the
ground state.

The quantum cyclotron is realized with asingle electron
stored in a cylindrical Penning trap [6,7] that is cooled
by a dilution refrigerator. The trap cavity (Fig. 1b) is a
good approximation to a cylindrical microwave cavity at
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FIG. 1. (a) Energy levels of the one-electron cyclotron oscil-

lator. (b) Electrodes of the cylindrical Penning trap cavity.
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frequencies up to 160 GHz [8]. Tiny slitd35 um) in  neticfield. The resulting magnetic bottle,

the walls of the cavity make it possible to apply a trapping > 2 2 2\ 1o . .

potential between the central ring electrode and the two AB = Bpflz” = (X" +y7)/2)z — 20+ y9)}, ()

flat end cap electrodes. The small slits include quarteis similar to but much bigger than what was used to deter-

wave “chokeflange$ to minimize the loss of microwave mine an electron spin state [12]. Coupling the combined

radiation from the cavity. The potential is made a bettercyclotron and spin magnetic momeiato AB gives a term

approximation to a harmonic potential along the centrain the Hamiltonian that is harmonic in

symmetry axis of the trap by tuning an additional voltage . -

applied to the two compensation electrodes. V =~/ AB =2ugBsa’a +1/2 + 5,/Mz% (2)
Cavity radiation modes that couple to the cyclotron oswhere ug is the Bohr magnetors, is the spin operator,

cillator [8,9] have quality factors as high @ =5 X  and the electrog value is taken to b. ThisV makesy,

10%. The energy in a 150 GHz mode with thi value  shift in proportion to the energy in the cyclotron and spin

damps exponentially with a 50 ns time constant that isnmotions,

very short compared to all relevant time scales. (The fre- B
quency widths of the cavity mode resonances, for example, Av; = 8(n + 1/2 + ms). ©)

are much wider than the oscillatercyclotron resonance A one quantum excitation of the cyclotron oscillator shifts
width.) The radiation modes of the cavity are thus therthe monitored, by 6 = 2ugB,/(mw,) = 12.4 Hz, sub-

mal states with the temperature of the trap cavity. Therstantially more than the 5 Hz axial linewidth and the 1 Hz
mal contact to a dilution refrigerator allows us to adjustresolution.
the trap temperature betwedr2 K and 70 mK (only to The measurement of the cyclotron energy is an example
80 mK when our detector is on). We detune the frequencyvf a QND measurement [13,14] in thatandH, commute,
of the one-electron cyclotron oscillator away from the ra-[\/, H.] = 0. The desirable consequence is that a second
diation modes to decrease the spontaneous emission ratfheasurement of the cyclotron energy at a later time will
Two of the three motions of a trapped electron (charggjive the same answer as thist (unless a change is caused
—e and massm) in a Penning trap [10] are relevant to by another source). This is not generally true for measure-
this work. Our central focus is upon the circular cyclotronments with a quantum system. For example, measuring the
motion, perpendicular to a vertical3 T magneticfield,  position of a free particle would make its momentum com-
with cyclotron frequency. = eB/27m = 147 GHzand  pletely uncertain. After additional time evolution a second
energy levels separated bys.. The Fock stategn),  measurement of the particteposition would give a differ-
often called Landau states for the particular case of &nt outcome.
charged particle in a magnefield, decay via spontaneous  Five one-hour sequences of QND measurements of the
emission ton — 1) at a rateny, wherey is the classical one-electron oscillatés energy are shown in Fig. 2. Each
decay rate of the oscillator. In free space for dield, s for a different cavity temperatur®, as measured with
y = (4meo) 116m2pie?/3me? = (94 m9 1. Thisisthe g ruthenium oxide sensor attached to the ring electrode.
rate that is inhibited by the trap cavity. Greatly expanded views of several quantum jumps are
The electron is also free to oscillate harmonically alongshown in Fig. 3. Energy quantization is clearly visible, as

the direction of the vertical magnefield,, at a frequency  are the abrupt quantum jumps between Fock states. The
v; = 64 MHz = p;/1000. We drive this axial motion by

applying an oscillatory potential between the ring and an

end cap electrode and detect the oscillatory current induce = =z . a2K 14
through a resonant tuned circuit attached between the rin—, | AT B0 LAY L0 O W .
and the other end cap. The electron axial motion damps é= . — "I':
energy dissipates in the detection circuit, yielding an ob- 7 | ; 1] ;o L3ER as
served resonance width of 5 Hz for the driven axial motion.E © Y adisistl At e L g
With appropriate amgiication and narrow bandwidth de- ;2 zgK | &40
tection we are able to measure smalHz) shifts inv,. A =5 _J RO AR E ;E
heterostructurdield effect transistor (HFET), constructed = Yral 10
with Harvard collaborators just for these experiments [11].5 1 0.5
provides the radiofrequency gain that is needed while disZ 8 ——r - = oo
sipating only4.5 uW. The dilution refrigerator had dif ~ &% 08 K b
culty with the nearly700 times greater power dissipation o s b e
(3 mW) of the conventional MESFET used initially. B 5 10 15 20 25 30 35 4D 45 S50 012
The cyclotron and axial motions of the electron would g (minutes) n

be uncoupled except that we incorporate two small nickek5 5 Quantum jumps between the lowest states of the one-

rings into the ring electrode of the trap (Fig. 1b). Theseglectron cyclotron oscillator decrease in frequency as the cavity
saturate in and distort the otherwise homogeneous magemperature is lowered.
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5 4F 5 4F Al 5 41 - average quantum number superimposed upon the curve
23 @ .o g 23 @ n = [e"/KT — 1]~! which pertains for an oscillator in
£, 42K £, 42 KM €, [80MK | g |80mK thermal equilibrium at the measured cavity temperaiure
2, ! E1 | 2, |2 L / For temperatures of.2 K, 1 K, and80 mK, n varies dra-
g N g / g ] matically from0.23,t09 X 104, t06 X 10~%,
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: : ‘ ‘ : 5 5 o Below 1 K the oscillator resides in its ground state

0 100 o 70 0 15 1 for so long (we estimatd0? years for80 mK) that it

time (s) time (s) time (s) time (s)

is difficult to directly measure the oscillator temperature
FIG. 3. Excitations to excited Fock states which are stimu-Tc. The best we can do is to establish that at some con-
lated by 4.2 K blackbody photons in (a) and (b), and by anfidence levelC, this temperature is below a limit given
externally applied microwavéeld in (c) and (d). by kT < hwve/In[1 — yt/In(1 — C)] if we observe no
excitation for timet. When no excitation is observed for

upward quantum jumps are absorptions stimulated by the — ° h(; for e>§ample, we establish thag < 1.0 K at the
blackbody photons in the trap cavity. The downward tran-~ — 68% corfidence level. For temperatures b_eld)\M,
sitions are spontaneous or stimulated emissions. Mostjlackbody photons have been essentially eliminated, and
we see the oscillator in its ground stdte= 0), with oc- e o_ne—eleptron cyclotron oscillator is virtually isolated
casional quantum jumps to excited Fock states. Figure 350M ItS environment.
shows a rare event in which 4.2 K blackbody photons se- We can separate'ly measure the g for the upward
quentially excite the one-electron cyclotron oscillator tolUmps (corresponding to stimulated absorptlon), ar_ld the
the Fock statdn = 4). It takes of order2 s of signal 'at€ I'em for downward jumps (corresponding to stimu-
averaging for us to ascertain the quantum state of the c gted and spontaneous emission togeth_er).TF_ef 1.6 K
clotron oscillator. This true measurement time is less’ '9- ° shows a h|st_ogram of the qlwell times|n = 0) in
being the time required to establish the quantum state iFfa) and' forln =.1> In (b). Both histograms decrea_se ex-
principle. An estimate of this time [15] unfortunately uses ponentlally,J?dlcatlng ralrldom Processes, softtied life-
assumptions that do not correspond well to the experimeriMes(Ias) " and(I'em)”" are just the average values of
tal conditions. the dwell times. The rates for stlmulat_ed emission from
We analyze the quantum jumps to measure the tem'-mto In — 1) and for stimulated absorptl_on.from - D .
perature of the cyclotron oscillatof,,. The measured to |n) are expected to be equal by th_e prlnmple_of (_jetalled
probabilitiesP,, for occupying Fock stateln), averaged bfalance. Thus the spontaneous emission rate is simply the
over many hours, are shown to the right in Fig. 2 for eacrpﬁference between the observed emission rate and the ob-

cavity temperature. The measufglfit well to the Boltz-  Served absorption rate, = T'em — T'aps. AtT = 16K
mann factorsP, = Ae "7/kTe which pertain for ther- (Fig. 5) the measured stimulated absorption rate is negli-

H -1 - 171 —
mal equilibrium, demonstrating that averaged over hourQ'bCI:y smaller Sohthi‘g’ ~lgn =13s. ifeti
the oscillator is in a thermal state. Ttig determines omparing thel3 s spontaneous emission lifetime
T.. Measurements with thisquantum Boltzmann ther- that is measured with the4 ms.expected for free space
mometet (solid points in Fig. 4a) shows that is equal shows that spontaneous emission of synchrotron radiation
to the cavity temperatur®; the cyclotron oscillator is in 'S Strongly suppressed. The 140-fold inhibition is due to
thermal equilibrium with the blackbody photons in the the copper trap cavity that encloses the electron oscillator

cavity. The solid points in Fig. 4b show the measureoilG]' By adju;ting the magnetiteld, the frequency of_the
cyclotron oscillator is tuned away from resonance with the
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FIG. 4. (a) The oscillator temperatures deduced from the

measured occupation times in each number state (solid pointf)IG. 5. Histograms of the dwell times preceding stimulated
and deduced from the transition rates (open points) arabsorption fromn =0 to n = 1 in (a), and for spontaneous
compared to the temperature of a ruthenium oxide thermometeand stimulated emissions from= 1ton = 0 in (b), both for
attached to a trap electrode. (b) Measured average values T = 1.6 K. Dwell times less than 5 s are excluded since short
and{ as a function of cavity temperature. dwell times are obscured by detection time constants.
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radiation modes of the trap cavity. The electron oscillatorcited states, to probe the nature of decoherence and quan-
then couples only very weakly to the modes of the radiatum measurement. Quantum jump spectroscopy offers the
tion field, and spontaneous emission is suppressed. Ww@ospect to measure the frequency between the lowest
would not otherwise be able to signal averagdisigintly  Fock states (and spin states) with the exquisite precision re-
to observe the quantum jumps so distinctly, nor would theguired to sigrficantly improve the very accurate measure-
excited Fock states persist so long. ment of the electron magnetic moment reported 12 years

The measured emission and absorption rates determirago [12]. Spectacular theoretical advances made in recent
the average numbef of resonant blackbody photons quantum electrodynamics calculations [17] should allow a
within the cavity. Quantum electrodynamics indicates thatlO-fold improvement in the determination of tfiee struc-
stimulated emission fronin), and stimulated absorption ture constant. A better lepton CPT test, comparing the
into |n), both have the same rate giventiyy. Appliedto  magnetic moments of the electron and positron, should be
n = 1, this means thalaps = €y andl'em = (1 + €)y. possible, along with a better measurement of the proton-
The average number of blackbody_photons in terms ofo-electron mass ratio.
measurable quantities is thus given &y= T'sps/(T'em — We are grateful for early experimental contributions by
I'aps). The measured open points in Fig. 4b agree welK. Abdullah and D. Enzer, for very recent contributions
with the expected curvé = [e"*/KT — 1171 andn = ¢ by B. Odom and B. DUrso, for the HFET Collaboration
as predicted. Fitting to the measurédives an indepen- with R.G. Beck and R. M. Westervelt, and for helpful
dent measurement of the temperature of the cavity (opeconversations with W. Itano. This work was supported
points in Fig. 4a). These agree well with the directly mea-by the NSF with some assistance from the ONR.
sured cavity temperature.

Extremely precise quantum jump spectroscopy of the
lowest levels of the quantum cyclotron should become
possible with blackbody photons eliminated from the trap [1] X. Maitre, E. Hagley, G. Nogues, C. Wunderlich, P. Goy,
cavity. Quantum jumps (e.g., Figs. 3c and 3d) will take M. Brune, J.M. Raimond, and S. Haroche, Phys. Rev.
place only when externally generated microwave photons _ Lett. 79, 769 (1997). _
are introduced into the trap cavity, increasing in rate as thel2] M. Weidinger, B. Varcoe, R. Heerlein, and H. Walther,
drive frequency is swept through resonance. One chal- in Abstracts of ICAP 1§University of Windsor, Windsor,

. 5 . X 1998), p. 362.
lenge is that the® term in the magnetic bottle [Eq. (1)] [3] P. Domokos, M. Brune, J. Raimond, and S. Haroche, Eur.

not only couplesy; to the cyclotron energy [Eq. (3)] as Phys. J. D1, 1 (1998).
is desired for good detection sensitivity. It also shifts the 4] p. Meekhof, C. Monroe, B. King, W. ltano, and D.J.
cyclotron frequency in proportion to the axial enengy Wineland, Phys. Rev. Let76, 1796 (1996).

with Ave = 6E,/hv,. The measured distribution of cy- [5] I. Bouchoule, H. Perrin, A. Kuhn, M. Morinaga, and
clotron frequencies shows that the current axial detector C. Salomon, Phys. Rev. B9, R8 (1999).
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